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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

January 15, 1959 

Research and Development Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Mr. W. J. Larkin 

Subject: Monthly Letter Report No.2, Project No. B-153 

Gentlemen: 

Covering the Period from 15 December 1958 to 15 January 1959 
Contract No. AT-(40-1)-2483 

Ia Experimental Progress 

All the necessary counting and safety equipment for the tracer permeation 
studies were received. The Georgia Tech blanket by-products license was 
approved by the AECo Suppliers of the required isotopes of the noble gases 
were contacted and quotations are being prepared. 

Molds were made for casting permeation samples. The first specimens 
cast were cup shaped with 2-5/8-inch outside diameters and wall thicknesses 
of about 1/4 inch. Disks were made from the cup shapes by cutting off the 
wallse These samples appear satisfactory for the permeation studies and 
will be tested when the necessary isotopes are obtained. 

Two experimental silica slips were obtained for preliminary fabrica
tion studies of tensile test specimens, transverse specimens, and permeation 
disks. The slips were designated No.1 and No.2 for convenience. The only 
essential difference in the two slips was the particle size. The particle 
size of No.1 was 10 percent less than 1.1 microns and 90 per cent less than t 

microns. t The particle size of No.2 was 10 per cent less than 1.3 microns 
and 90 per cent less than 40 microns. 

Stoddard tensile test specimens, shown in Figure 1, were cast in plaster 
molds using both Slip No.1 and No.2. These specimens were dried at about 
160 0 C and fired in a gas kiln at about 2000° F for 2 hours. These speci-
mens were tested at 0 inches per minute on a Dillon Model L tester. The 
average tensile strength of the No.1 samples was 1400 psi. The average 
tensile strength of the No.2 samples was 668 psi. 

t 10 per cent particle size pOints are estimated. 



Researcb, and Development Division r' -c.- ~7anuary 15, 1959 
Oak Ridge Office 

Some difficulty was experienced in tensile strengths because 
of the samples breslking at the intersection of the straigh.t section wi th 
the conical holding end. A new model, designated B, was designed to make 
thi.s transition more gradual... A typical B tensile test specimen and mold 
are shown in 2.. No B samples have yet been tested. 

Transverse rupture strength specimens, 3/8 inch in diameter and 3 
inches in length were cast in plaster molds, cured and. fired as before, and. 
tested wi th a Dillon Mode.l. L tester at 0.125 inches per minute. The No .. 1 
samples had an avera.ge transverse of 5490 The No.2 samples 
had. an average transverse strength of 1150 

(;onstruction W'3S completed. and. check runs were begun on the high tempera
t'lre x-ray camers 0 

12.: 8 Future Wor'k 

New si.l:i.ca sli.ps will. be obtai,ned and tested. to permit selecti.on of a 
standard. slip to cast samples for irrad.iation and. devi tri,fication studies. 

Shell-casting stuclies will be ini tiated. to determine the 
casting anA heat 

of 

Samples of B tensile test specimens will be prerBred !'::md. compared with 
the Stoddard 

A:rproved.~ 

~.D.lU~ 
J~ DD Walton, Head. 
Ceramic Branch 

Respectfully 

a.~e~ing 
Senior InvestigFitor 
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Figure 1. Stoddard Test Speciman and Mold. 

Figure 2. "BTl Test Speciman and Mold. 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

February 16, 1959 

Research and Development Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Mr. W. J. Larkin 

Subject: Monthly Letter Report No.3, Project No. B-153 

Gentlemen: 

Covering the Period from 15 January to 15 February 1959 
Contract No. AT-(40-1)-2483 

I. Experimental Progress 

Quotations were received on A-39, Kr-85, and Xe-133. Krypton was selected 
for the initial permeation studies because of its low cost and immediate availa
bility .. 

Experimental Slip No.3 was obtained for strength determinations. Slip No. 
3 had a particle size of 10 per cent less than 0.9 micron and 90 per cent less 
than 35 microns. 

"B" tensile test specimens, described in Monthly Letter Report No .. 2, were 
cast in plaster molds using Slip No.3. Samples were cast in both vertical and 
horizontal molds. The samples were fired in a gas kiln at 20900 F for 2 hours. 
Both types were tested at 0.125 inches per minute on a Dillon Model L tester. 
No noticeable difference was detected in the two fabrication techniques. For 
37 samples, the average tensile strength was 1630 psi plus 40.5 per cent minus 
34.0 per cent with an average deviation of 15.2 per cent. The trend, shown by 
Slips No.1 and 2, for strength to be increased by a smaller particle size is 
qualitatively followed by Slip No" 3. Construction of the furnace for high 
temperature tensile testing was completed. 

Fabrication studies were begun on casting single tube shell and tube heat ex
changers. Because of the greater difficulty involved in casting integral exchangers J 

the first castings were made of the shell only" Some cracking was noticed in the 
shell but this is thought to be due primarily to mold sticking and should be capable 
of elimination 0 

In order to furnish a basis for predicting the cross section of the basic 
fused silica to be subjected to in-pile irradiation, an emission spectrograph 
was run on Slip No.3. The slip contained roughly 0 .. 1 - 0.5 per cent magnesium, 



Research and Development Division 
Oak Ridge Operations Office 

-2- February 1959 

0.5 - 3 per cent iron, 0.1 - 0,,5 per cent copper, and traces of titanium, 
aluminum and calcium. The iron did not appear bound and should be 
capable of being removed by acid 

Samples of cristobalite were obtained from U. S. Steel and the Bureau of 
Standards. A of the amorphous silica used in the tensile tests was devit-
rified at 2400° F for a period of 48 hours. These three samples were compared for 
cristobalite content by x-ray diffraction and found to be equally crystalline. 
Based on this observation, x-ray cristobalite standards will be established by 
divitrification of the standard slip upon its selection .. 

II. Future Work 

A standard 
the program. 

will be selected for future use throughout the remainder of 

Studies will be extended toward successful casting of integral 
shell and tube heat exchangers. 

tube 

The tensile test furnace will be tested and 
determinations will be begun. 

temperature tensile strength 

Approved: 

O~ad 
Ceramic Branch 

Respectfully submitted, 

~ill~ 
J" Do Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

Research and Development Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Mr. W. J. Larkin 

March 18, 1959 

//~i~~A"}t' 
/~\j '("'>, 

./ (~v RECEiVED ,~ .. 
/ 
\ MAY23 1962 

\\ 

Subject: Monthly Letter Report No.4, Project No. B-153 
Covering the Period from 15 February to 15 March 1959 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

, "~"'" , . ',,%;1'.,...' 

J~ A 500-mc ampoule of Kr-85 was received from Oak Ridge. Are-encapsulation 
system was designed to produce approximately 3-mc ampoules which will be used 
for individual diffusion tests. 

EXperimental Slip No.4 was tested thoroughly and evaluated for use as 
the standard slip for the remainder of the project. This slip was essentially 
a production batch of the previously tested Slip No.3. 

The particle size of Slip No. 4 was found to be 10 per cent less than 0.9 
micron and 90 per cent less than 35 microns. Semiquantitative emission spectro
graphs on two random samples of Slip No. 4 showed approximately 0.12-per-cent
maximum-total metallic impurities. The slip contained approximately 0.001 per 
cent magnesium, 0.008 per cent iron, 0.008 per cent aluminum, 0.04 per cent 
copper, 0.0003 per cent Silver, 0.001 per cent titanium, 0.0003 per cent nickel, 
and 0.001 per cent calcium. The average tensile strength of Slip No. 4 was 
approximately 1540 psi when fired in a gas kiln at about 2100° F for 2 hours. 

The calibration curves were completed for x-ray diffraction determination 
of cristobalite content in the fused silica matrix. These curves will permit 
the resolution of cristobalite content within 0.25 per cent. Similar calibra
tion curves were determined for the high temperature camera. The resolution 
obtainable in the high temperature camera is expected to be less than one per 
cent in ranges above 10-per-cent-cristobalite content and less than 2 per cent 
below 10 per cent cristobalite. 



Research and Development Division 
Oak Ridge Operations Office 

-2- March 18, 1959 

Investigations were begun to determine the influence of firing temperature 
and firing time on the mechanical properties of the slip-cast silica. Trans
verse test specimens were cast and fired for 2 hours in a gas kiln. The firing 
temperatures were determined only approximately by the use of pyrometric cones. 
Four representative transverse samples were analyzed by x-ray diffraction for 
cristobalite content. The results of the exploratory .investigation showed that 
the strength to increase with firing temperature was apparently a result of higher 
cristobalite formation. These results are summarized in Table I. 

TAl3LE I 

EFFECT OF FIRING TEMPERATURE ON MODULUS OF RUPTURE 

Firing Temperature (Approx. ) Modulus of Rupture Cristobalite Content 
(0 F) (f'sr) (%) 

2050 2000 0.85 

2090 3140 1.2 

2100 4700 1.5 

2160 5175 2.4 

Studies were begun to determine the effect of testing temperature on the 
tensile strength of the slip-cast fused silica. Because of faulty design and 
operation, the furnace on the tensile-testing machine burned out early in the 
study.. Although insufficient results were obtained prior to burn-out of the 
furnace, to concretely establish a trend, the tensile strength appeared to 
increase with testing temperature. Tentative results indicated that the ten
sile strength may be increased by as much as 30 per cent at 20000 F. 

Techniques were developed by which integral single tube shell and tube 
heat exchangers could be cast. The tendency of the shell to crack was 
eliminated by coating the plaster molds with a layer of graphite. 

II. Future Work 

The influence of firing temperature and firing time on the strength of the 
slip-cast fused silica will be more extensively investigated. 

X-ray diffraction studies will be coupled with electron microscopy and 
physical testing to determine the mechanics of the cristobalite formation. 
Attempts will be made to relate the mode of formation to the increase in 
strength noted with higher cristobalite content. In particular, an examination 
will be made of the possibility of nucleation and growth across particle 
boundaries, resulting in greater cross-linking of the particles. 



Research and Development Division 
Oak Ridge Operations Office 

-3- March 18, 1959 

High temperature x-ray diffraction studies will be begun to establish 
nucleation and crystallite growth curves for the slip-cast silica. 

Methods will be developed for joining the simple fused silica heat exchangers 
to conventional water and steam lines. Upon successful completion of this study, 
experiments will be initiated to establish typical heat transfer characteristics 
of the exchangers. 

Upon completion of the re-encapsulation of the Kr-85, the permeation studies 
and surface-sealing studies will be begun. 

Approved: 

J~~ 
Ceramic Branch 

J. D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

Research and Development Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Mr. Wo J o Larkin 

Subject: Monthly Letter Report No.5, Project No. B-153 
Covering the Period from 15 March to 15 April 1959 
Contract No. AT-(40-1)-2483 

Gentlemen: 

10 Experimental Progress 

April 22, 1959 

The re-encapsulation system designed to produce 3~mc ampoules was tested 
in a dry run using capsules containing airo Consideration of the apparatus 
indicated that the radioactive krypton would be trapped in a bellows through 
which the capsule-breaking plunger was introduced into the system o This obser
v~tion resulted in a reworking of the system to com~letely eliminate any gas
trapping crevices Q 

Preliminary studies were made up to 1800° F to determine the effect of 
temperature on the tensile strength of slip-cast fused silica o tIEl! tensile test 
specimens, described in Monthly Letter Report No.2, were cast in plaster molds o 

The bars were air dried and fired at 2100° F for two hours in a gas kilno Six 
specimens were tested at each temperature using a Dillon Model L tester operating 
at a crosshead speed of 0 0 125 inches per minuteo The results of the tests are 
summarized in Table I. 

In order to prevent heating the holding fixtures, the high temperature 
furnace on the tensile tester was so constructed as to heat only the central 3 
inches of the specimen. This resulted in portions of the sample with less than 
three times the cross sectional area of the central zone being cold during the 
test. As the testing temperature was increased, therefore, many of the samples 
broke outside of the hot zone because of the great increase in strength of the 
silica with temperature" In calculating the tensile strengths of specimens 
which broke outside of the hot zone, the area of the hot zone was used o These 
strengths consequently represented only the highest test stresses which were 
applied, and not the true tensile strength of the silica o Because of the high 
percentage of breaks outside the hot zone at temperatures of 16000 and 1800° F, 



Research and Development Division 
Oak Ridge Operations Office 

- 2 -

TABLE I 

April 22, 1959 

EFFECT OF TESTING TEMPERATURE ON SHORT-TIME TENSILE STRENGTH 

Testing Temperature 

(0 F) 

70 
200 
400 
600 
800 

1000 
1200 
1400 
1600 
1800 

Tensile Strength 

(PSI) 

1200 
1200 
1200 
1300 
1600 
1800 
2000 
2300 

> 2600 
> 3600 

the tensile strengths at these temperatures could only be roughly approximated o 

At higher temperatures, essentially no hot zone breaks were obtained 0 Attempts 
were begun to increase the strength of the cold zone of the tensile test bars 
by resin soaking in order to decrease the tendency of the bars to break outside 
the hot zone. 

The investigation of the influence of firing temperature and firing time 
on the modulus of rupture of the slip-cast fused silica was shifted to a Globar 
fired tube furnace to provide better temperature control a At a specified tem
perature, indicated on the furnace control, a temperature profile was obtained 
by reading a thermocouple placed at measured positions in the tube o From the 
profile, the firing temperature of articles in the tube could be accurately 
estimated o 

Studies were begun of the modulus of rupture of bars fLxed at tempera
tures of 2100°, 2200°, 2300° and 2400° F for 2, 4, 8 and 16 hours o Initial 
results from the 2100° and 2200° F firings indicated an initial increase in 
fired strength with firing time and firing temperature, perhaps due to an in
tergranular cristobalite formation. This initial increase was followed by a 
decrease in strength on longer or higher temperature firing, probably due to 
extensive cristobalite formation which would weaken the bars during sudden 
cooling from the firing temperature~ 



Research and Development Division 
Oak Ridge Operations Office 

- 3 - April 22, 1959 

High temperature x-ray diffraction investigations were begun to determine 
the kinetics of cristobalite formation in the slip-cast fused silica. Diffi
culties were immediately encountered in accurate measurement of the temperature 
of the sample. A thermocouple on the back of the sample holder failed to indi
cate the true sample temperature because of the temperature drop across the silica. 
Since the devitrification process in silica seems to depend greatly on temperature, 
small errors in temperature measurement in the range of 2100° F could completely 
invalidate the devitrification test results o In order to minimize the temperature 
errors, calibration runs were begun using materials, such as quartz, which undergo 
sharp phase transformations at well-known temperatures. These calibrations were 
carried out by spreading a very thin layer of the test material over a fused 
silica sample in the sample tray_ Determination of the thermocouple temperature 
at the point of trace change gave the calibration point. 

IIQ Future Work 

The resin-soaked tensile test specimens will be tested at 2000° F to 
determine the ability of the treatment to eliminate cold zone fractures. If 
this treatment fails to yield satisfactory results, the specimen will be rede
signed to have a larger cold zone area and smaller hot zone area o 

The firing temperature and time studies will be extended and correlated 
with cristob~lite growth. 

Temperature calibrations of the high temperature x-ray camera will be 
completed and cristobalite growth curve determinations will be started. 

The Kr-85 will be re-encapsulated in the modified handling system and 
permeation investigation will be started. 

Approved: 

~~Head 
Ceramic Branch 

~~llY SUbmi~ted, 

J'.. Do Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

May 21, 1959 

Research and Development Division 
Oak Ridge Operations Office 
D. S. Atomic Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention~ Mr" We J. Larkin 

Subject~ 

Gentlemen: 

Monthly Letter Report No.6, No. B 
the Period from 15 April to 15 May 1959 

Contract No o AI-(40-1)-2483 

, \:"-
,~ ; 

Attempts were made to prevent cold-zone fractures in the tempera"ture 
tensile tests by strengthening the ends of the test bars with various addi-
tives" the ends of the bars with phenolic resins and with Silica, 
deposited from ethyl silicate, increased the cold·,zone by 
at least 50 per cent", This increase in strength was ineffective in preventing 
cold-zone fractures at 2000° F\ Of six bars prepared in this manner, only one 
broke in the hot zone at 2000° Fo 

A.'l evaluation of systems which would elimi,na'te cold-zone bre9.ks indicaTed 
tha~ the most practical would be one which would uniformly heat ~te en~ire 
silica test specimena In to locate a120ys with suitable high 
ature to be used as hea;t:;ed fixtures, g, reference was found 
to holders fabricated for ORIn. b~' the Inco Investment Company o Thee,e 
holder~3 were found to be of ideal size and des for use with fuse1 silicA. 
samples and to have suffi~cient. te:nperature for "Jse at 2000° ,F G 

These holders were ordered and. was of the r.ew tenr-d,le -teet ::::pec 
imens required. 

Consideration was made of several proposed methods of attaching the cast 
fused-silica heat exchangers to pipe lines", I"rom the standpoint of ease of 
fa'brication and versatility, a j oint, was selected which was es iden
tical. to that used with Pyrex pipe. ends were cast on the inlets and 
outlets of the heat exchangers a These ·tapered ends were shaped to accept the 
standard Corning molded asbestos inserts a.nd al.~minum , used with 
pipe. With these , connections could be made to standard s1:eel, 
plastic, or pipe 0 Construction was begu.n on a steam and water supply 
system for the cas~ heat 
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Oak Ridge Operations Office 

-2- 21, 1959 

TheKr-85 was re-encapsulated in the modified handling system in approxi
mately 5-mc ampoules. No difficulty was encountered in the modified 
system o Since water displacement was used, no contamination of the system 
occurred" 

Check runs were begun to evaluate the performance of the permeation sys
tem described in Monthly Letter Report No o 10 Permeation discs Oo25-inch-thick 
were used for the check runs o The discs were not sealed in any way and had 
porosities of approximately 10 per cento Mathematical interpretation of the 
results of the check runs was beguno This treatment will be used to establish 
the permeation rate for unsealed silica which will be the basis for comparison 
of the sealing techniques to be investigated" 

Firing time and temperature studies were extended to temperatures of 2240° 
In order to investigate the influence of temperature and time on the degree of 
particle bonding, surface area determinations were made using the standard ni
trogen2adsorption technique" The surface area of the dried, unfired slip was 
5. m /gm o The surface area of the cast and fired samples was found to de
crease detectably with firing time. Porosity determinations were begun to 
establish the mechanism of this surface area decrease~ If the porosity, as 
determined by water absorption, decreases, the surface area decrease would be 
attributed to simple sealing of the pores o Failure of the porosity to decrease 
at the same rate as surface area would indicate a point~bonding mechanismo 

In order to obtain an indication of the influence of size on the fired 
strengths of the transverse specimens, both 3/8- and 3/4-inch~diameter bars 
were included in the firing studies o The agreement between the strengths of 
the two sizes was quite good o 

X-ray determinations were made of the cristobalite content of the trans
verse bars. In the region below 10 per cent cristobalite, these determinations 
are accurate to only an absolute error of O. per cento In view of this error, 
the fact that no correlation of cristobalite content with strength was obtained 
was not too surprising. 

Table I lists the surface areas, strengths of and 3/4-inch bars, 
and cri.stobalite content for the three firings for which complete data have 
been obtained" 

Platinum-shadowed carbon replicas were made of the fired test bars for 
examination by electron microscopy" No conclusions could be drawn from the 
first samples as to the bonding made o 

The high temperature x-ray camera was applied to the investigation of the 
devitrification rate of the fused silica slip. First results indicated a 
strong dependence of the devitrification rate on surface area. A necessity 
was indicated for modification of the camera to permit testing of fired bodies 
as well as powders at elevated temperatures. Tentative plans for the neces
sary modification were drawn up. 
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Oak Ridge Operations Office 

21, 1959 

TABLE 1 

PROPERTIES OF SLIP,-CAST FuSED SILICA F::RED AT 2060° F 

Modulus of Rupture Cristobalite 
Firing Time 3L8~Inch Bars 3L4-Inch :Bars Surface Area Content 

(HI' ) (Psi) (Psi) (M2 jGm) (%) 

2 1300 1460 2.74 1.5 

4 3100 1430 2 0 48 1.25 

8 4000 4130 1070 1 -7 • I 

A prototype of the irradiation capsules to be used in the WfR was fabri
cated from 6061 aluminum& The prototype was forwarded to the WTR staff for 
evaluation" 

II" Future Work 

Tensile test specimens will be designed and fabricated for use with the 
Ineo Company holding fixtures" Upon receipt of these fixtures and satisfac,
tory design of the new specimens, a new furnace will be designed and con
strlJcted to provide the desired testing temperatures" 

Permeation studi.es will be continued and sealing techniques will be inves
tigat~edQ 

Investigations will be extended to determine the influence of firing con,
ditions on the surface area, porosity, cristobalite content~, and strength of 
the cast fused-silica a 

Studi.es will be initiated to evaluate the appli.cati.on of sel.ected area 
electron diffraction to t.he i.nvestigation of intergranular and intragranular 
cristobalite growth" 

Approved~ 

?f,<B,I»~ 
J o D. Walton, Head 
Ceramic Branch 

Respectfully submitted, 

5J~le~ 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

June 17, 1959 

Research and Development Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Mr. W. J. Larkin 

Subject: Monthly Letter Report No.7, Project No. B-153 
Covering the Period from 15 May to 15 June 1959 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

The ORNL tensile specimen holders for high temperature testing were 
received from the Inco Investment Castings Company. Split aluminum master 
molds were machined to fit the 3/4-10 threads of the ORNL holders. From 
these positive aluminum masters, negative plaster molds were prepared. The 
cylindrical fused silica samples cast from these molds were similar to ASTM 
samples, threaded on both ends and with center sections reduced to either 
one-half or three-eighths of an inch. Some difficulty was encountered in 
producing bubble-free threads, but this trouble was largely eliminated by 
coating the aluminum masters with a detergent solution prior to casting. 
Firing studies were begun to determine the conditions which would produce 
minimum distortion in the fired samples. 

The permeation studies were continued using unsealed silica discs and 
discs whose porosity was decreased by soaking in hydrolyzed ethyl silicate. 
Some leakage of Kr-85 from the system was noted. This leakage was effec.
tive1y eliminated by the use of thick interface gaskets which were fabri
cated from overp1asticized polyvinyl chloride. When coated with silicone 
vacuum grease, the gaskets formed a leak-free seal to the silica. 

Mathematical treatments which have been investigated have failed as 
yet to correlate the results of the permeation studies. Qualitatively, 
however, soaking the permeation disc once in ethyl silicate and firing it 
cut the permeation rate in half. Quantitative comparisons were begun to 
determine the effect of porosity on the permeation rates. These compari
sons will be pointed toward the development of a successful mathematical 
treatment. 



Research and Development Division 
Oak Ridge Operations Office 

-2- June 17, 1959 

Investigations to determine the influence of firing conditions on the 
strength, cristobalite content, surface area and porosity of the slip-cast 
fused silica were continued to 2300° F. Reduction and analysis of the data 
from these studies and construction of graphs to show the trends noted were 
begun for inclusion in Monthly Letter Report No.8. 

Studies were begun to establish the influence of cristobalite content on 
the thermal expansion characteristics of the slip-cast fused silica. Pre
liminary results of the dilatometric study indicated that the a-~ cristoba
lite inversion would be detectable at about 10 per cent cristobalite. 

Construction was begun of a platinum-wound cell furnace for use in the 
high temperature x-ray camera. This furnace should provide better tempera
ture control and will permit the use of cast and fired silica as well as 
silica powder in the rate determinations. 

The prototype of the containment capsule to be used in the irradiation 
of the Slip-cast silica was approved by the WTR staff. Six containment 
capsules were fabricated and production of samples for encapsulation was 
begun. 

II. Future Work 

Tensile strengths of the cast silica will be determined at elevated 
temperatures using the new threaded samples and the ORNL holders. 

An intens~ve study will be made to yield a mathematical treatment 
capable of correlating the results of the permeation study. 

Dilatometric studies will be continued to determine quantitatively the 
influence of cristobalite on the thermal expansion characteristics of the 
slip-cast silica. 

Upon completion of the x-ray furnace, the cristobalite growth rate 
studies will resume. 

Approved: 

F.O~ 
.ff".J. D • Walton, Head 

Ceramic Branch 

Respectfully submitted, 

j . .G,F~ 
J. D. Fleming, ~~ 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David Fe Cope, Director 

Subject: Monthly Letter Report No.8, Project No. B-153 
Covering the Period from 15 June to 15 July 1959 
Contract NOa AT-(40-l)-2483 

Gentl,emen I 

I. Experimental Progress 

July 21, 1959 

A tubular, resistance-heated furnace was constructed for heating the tensile 
test specimens to temperatures in the range of 21000 F. Several of the threaded 
tensile test specimens were broken at 18000 to 20000 F to determine the ability 
of the system to yield valid data at elevated testing temperatures~ Some diffi
culty was ~ncountered as a result of the sharp 75 per cent threads acting as 
stress concentrators and causing premature breakso Attempts were begun to over
come this effect by rounding the threads and decreasing them to 50 per cent 
depth. 

The preliminary test data obtained with the new specimens were combined 
with the data previously obtained with the older specimens~ The data on the 
older specimens were essentially unchanged by inclusion of the recent datao 
Figure 1 shows the variation in tensile strength of slip-cast fused silica with 
temperature in the temperature range over which statistically reliable data have 
been obtained. 

The studies to determine the influence of firing temperature and firing 
time on the strength of slip-cast fused silica were completed0 The results of 
these studies are shown in Figures 2 and 3. The shapes of the curves are typical 
of processes in which strengthening or hardening results from precipitation of a 
second phase~ This observation is qualitatively consistent with the postulation 
of particle bonding by cross-particle cristobalite growth. 

Mathematical treatment of the data from the permeation experiments has 
successfully yielded reproducible permeation coefficients. Curves were plotted 
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of the hot-side and cold-side activities as a function of timeo From these 
curves, the activity difference, or driving potential, was calculated Graphi
cal differentiation of the cold-side activity curve was used to calculate the 
differential activity change, or active species flow rateo Plotting of this 
quantity as a function of the activity difference gave a straight line whose 
slope was the permeation coefficienta While this treatment is adequate to 
describe the effectiveness of the sealing techniques being investigated, more 
detailed consideration is being applied to develop fundamental understanding 
of the system. 

Construction was completed of the platinum-wound furnace for dynamic high 
temperature x-ray diffraction studies& The furnace was tested thoroughly at 
temperatures up to 23000 F. Performance of the furnace was very satisfactory 
under all test conditions. The sample temperature was held within 50 F at 
23000 F. In tentative test runs, cast silica samples were heated in the fur
nace and continuous scans were made of the (101) plane of p cristobalite using 
copper Ka radiation. Two of these runs are shown in Figure 4 together with a 
run by Verduch (J~ Am. Ceramo SOCa 41 427ff, November 1958) for comparison 
purposeSa 

Efforts to determine the nature of bonding in the silica were continued 
using optical and electron microscopy9 With optical microscopy, difficulties 
were encountered from the low contrast of the white particleso The contrast 
was improved to the point of allowing satisfactory examination at 600X by dye
ing with an ordinary blue ink& Better results were obtained by using a mono
chromatic light source to illuminate a silica sample shadowed at a low angle 
with aluminum. Electron microscopy has been continued using replica techniques 
on sawed and broken samples. Extensive investigation has been deferred pending 
development of a suitable polishing technique which would enable the point 
particle-bonding areas to be observedG 

II. Future Work 

Attempts will be pursued to develop a more satisfactory sample configura
tion for determining high temperature tensile strengths~ 

Permeation studies will be continued using discs subjected to different 
firing conditions and discs sealed with ethyl silicate 40, tetraethyl ortho
silicate, and aluminum phosphate~ 

Firing studies will be initiated to determine the influence of the above 
sealing materials on the strength of slip-cast fused silica8 

Studies of the kinetics of critobalite growth in silica will be continued 
in the high temperature x-ray camera9 
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Further investigations will be made of the application of optical and elec
tron microscopy to the fused silica systern~ 

Respectfully 

~~eming 
Senior Inves tor 

Approved: 

J!:D~~ad 
Ceramic Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

August 25, 1959 

Subject Monthly Letter Report No.9, Project No. B-153 
Covering the Period from 15 July to 15 August 1959 
Contract No. AT-(40-l)-2483 

Gentlemen: 

I. Experimental Progress 

Efforts to overcome end breaks in the threaded specimens have been 
j ~' largely ineffective. In the interest of time, a smaller sample of the B 

configuration (see Summary Report No.1) was cast in the usual manner. 
These specimens, referred to as D tensile test specimens, could 
be used with the threaded Inconel holding fixtures by means of graphite 
or Inconel ring adapters. Tests were begun to determine the suitability 
of such a configuration. In room temperature tests, the samples fractured 
at the reduced area and appeared quite satisfactory. 

The poor results obtained in the past with commercial and custom 
fabricated wire··wound furnaces for the tensile tester have prompted the 
development of a more stable furnace. Tubular froms are being cast to 
contain mixtures of carbon and silicon carbide granules which will serve 
as electrical resistance heaters. Tests of prototypes of these furnaces 
have provided very uni.form, easily controlled heating to about 2600 0 F with 
every indication of stability. 

Studies were begun to dete~ine the influence on strength of soaking 
the cast silica in tetraethyl orthosilicate and ethyl silicate 40 and 
firing to deposit silica. In order to establish standard soaking procedures, 
a series of tests was made to determine the time required for the soaking 
solutions to gel. Mixtures of the tetraethyl orthosilicate and ethyl 
silicate 40 which gel in 16 hours contain 18.0 and 18.7 per c,ent available 
Si02 respectively. In view of the close correspondance of these values, 
16 hour gelling mixtures will be used and the soaking will be continued 
until gelling occurs, In later studies, the in~luence of gelling time 
on the strength of the fired bars will be dete~ined. 
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Investigations were begun to determine the influence of firing 
conditions on the permeation coefficients for Lrypton flow through silica. 
Firings are to be made at 2000, 2100, 2200, and 23000 F for periods of time 
from 2 to 16 hours. The porosities of the discs are measured prior to 
testing. Tentative results indicate a definite trend for the change in 
permeation coefficient with porosity but in-sufficient data have been ob
tained to draw a reliable correlation. 

Devitrification runs were continued in the platinum wound high temperature 
x-ray attachment. Since platinum was evaporated onto the sample from the 
furnace in amounts sufficient to decrease the intensities of the x-ray 
beam, a correction experiment was run. Films of platinum were deposited 
onto silica samples by cathode sputtering techniques and their thicknesses 
were determined from interferometry and micro-weighi.ng techniques 0 Diffraction 
runs on these samples permitted calibration curves of intensity vSo film 
thickness to be drawn. From these curves am the peak heights of the 
platinum traces taken during the devitrification runs, corrections could 
be made to the peak heights of cristobalite to account for the platinum 
masking effects. Using this technique, runs were begun at 50 0 F intervals 
from l700 0 F to 2300 0 F. 

Investigations were continued of the observation of the bonding regions 
of the cast silica using electron microscopy Although concrete results 
have not yet been obtained, two techniques appear to show promise. 
Powder made by crushing fired silica bodies seems to retai.n sufficient 
numbers of bonded particles to afford regions in which direct observation 
of the bonded zone may be made. Particles are also stripped off the 
sample along with plastic replicas and can be subjected to direct examination. 

II. Future Work 

Upon fabrication of a suitable testing furnace, the smaller D test 
specimens will be tensile tested at elevated temperatures 0 

A firing jig for D specimens will be made and studies will be 
initiated to determine concretely the effect of firing conditions on the 
tensile strengths of the cast fused silica, The jig will control the 
position of the test specimens in t.he firing chamber and will include 
temperature monitors. 

Permeation studies will be continued to determine the influence of 
firing and soaking conditions on the gas-tightness of the silica. 

Firing studies will be continued to determine the influence of soaking 
in the organosilicates on the strength of the cast silica. 

Studies of the kinetics of cristobalite growth in cast fused silica 
will be continued in the high temperature x-ray camera 0 
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Investigations will be continued to determine the possibilities for 
direct electron microscope examination of the cast fused silica. 

Respectfully submitted: 

~~~ing 
Senior Investigator 

Approved: 

~~'~:::: 
Ceramics Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

ATLANTA. GEORGIA 

Attention: Dr. David F. Cope, Director 

September 22, 

Subject: Monthly Letter Report No. 10, Project No. B-153 
Covering the Period from 15 August to 15 September 1959 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

Major emphasis, during the past report period, was placed on completing 
the capsules for the WTR Irradiation. The first test run will be used to 
determine the rate of vitrification of cristobalite and the change in strength 
of the slip cast fused silica under neutron irradiation. 

A series of 3/8-inch bars was cast from the standard slip and fired at 
25000 F for 48 hours to assure extensive cristobalite formation. Each bar was 
cut into two 1 1/4-inch and one 1/2-inch lengths. X-ray diffraction patterns 
were made on opposite sides of the longer bars to determine the cristobalite 
content at the surface. The shorter length was crushed and analyzed for bulk 
cristobalite content. Following the x-ray analyses, the 1 1/4-inch lengths 
were sealed in the irradiation capsules so that two bars will be placed in 
each axial posi.tion in the reactor basket. If the reactor is operated at 
the anticipated power level of 20 mw, the samples should receive doses ranging 
approximately from 1 to 8 x 1020 nvt. Following the irradiation., the bars will 
again be analyzed for the surface cristobalite content and then crushed for 
hq.lk cristobalite analysis. The pre- and post-irradiation cristobalite analyses 
will permit calculation of the vitrification rate as a function of neutron 
dosage. 

Three sets of bars were cast and fired for the study of the influence of 
neutron damage on the strength of slip cast fused silica. These bars were fired 
at 23000 F wi.th one set being fired for 1/2 hour, one set for 1 hour, and one 
set for 2 hours. These three sets bracketed the optimum cristobalite content 
(Figure 8, Progress Report No.1) and had moduli of rupture of 5770., 6490" 
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and 5490 psi respectively. The bars were subjected to x-ray analysis for 
cristobalite content, both surface and bulk. Samples were sealed in the 
irradiation capsules in an arrangement such that the bars with higher cristo
balite contents will be placed in the higher flux positions of the reactor 
basket and lower cristobalite bars will be placed in lower flux positions. 

The use of bars fired on each side of the peak strength firing conditions 
should allow some conclusions to be drawn concerning the relative strengthening 
due to displacement of randomly arranged molecules, in the amorphous silica, 
and regularly arranged molecules, in the crystalline silica. 

The flux at each of the irradiation capsules will be monitored with aluminum 
discs placed between the capsules in the sample basket. As soon as possible 
after the sample basket is removed from the reactor, the discs will be counted 
in a 4\Tsystem with discrimination for Mg 27 and Na 24. This activation analysis 
should permit calculation of the neutron dosages above 4.6 mev and above 8.1 
mev for each axial capsule position. 

The sealed capsules and alluninum flux monitors were forwarded to the 
WTR for inclusion in the first testing cycle. 

II. Future Work 

Studies will be resumed to determine the influence on strength of soaking 
fused silica in organosilicates. 

Permeation studies will be continued to determine the influence of firing 
and soaking conditions on the gas retention properties of the cast fused silica. 
The sealing systems will be expanded to include carbon deposition from phenol
formaldehyde resins. 

High temperature x-ray runs will be made to complete the first series of 
devitrification rate determinations. 

The influence of firing conditions on tensile strength will be further 
investigated using an Inconel firing chamber. 

~lY 

CiL~ ~~:ming 
Senior Investigator 

APPROVED: 

~'~~J7::; 
Ceramics Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

ATLANTA. GEORGIA 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 11, Project No. B-153 

October 22, 1959 

,,'" .. 

-, -'1.' .. 
",.,.~" 
l%"" . 

Covering the Period from 15 September to 15 October 1959 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

Firings were begun of the D tensile test specimens with 1/4-inch minimum 
diameter. An. initial series of 15 specimens was dried and f.ired at 22000 F for 
four hours in the tube furnace described in previous reports. The samples were 
tested at room temperature using the Inconel holding fixtures. The average 
tensile strength was 1960 psi w1th maximum and minimum values of 3150 psi and 
1020 psi respectively and an average deviation of 23.5 per cent. 

The first 1 3/4-inch diameter, 6-inch long testing furnace for elevated temp
erature tensile testing was completed. The furnace shell and tube were cast from 
silica and silica foam was used as insulation. The furnace heating space was 
filled with a tamped mixture of 50 per cent flake graphite and 50 per cent 320 
grit silicon .carbide. Power was furnished to the furnace at 30 volts by a step 
down transformer controlled by a Variac. A power input of approximately 1.5 
kva was sufficient to heat the furnace to 24000 F in about two hours. Since 
silica was used as the furnace structural material and since granular graphite
silicon carbide served as the resistance heating element, no attempt was necessary 
to avoid thermal shock through rapid heating. The full line power was applied 
to the cold furnace and heating was allowed to proceed as rapidly as possibleo 
The furnace appeared most satisfactory and will be used for all elevated temperature 
tests unless unforeseen difficulties arise. Since the cost of fabricating an 
entirely new furnace is less than twenty dollars, the furnace will simply be re
placed if fracture occurs through devitrification of the silica. 

Studies were resumed to determine the influence, on strength, of soaking 
techniques intended to seal the porous silica. Difficulty was encountered in 
fabricating a large enough series of transverse test specimens with reproducible 
moduli of rupture. In one attempt to decrease the variation in moduli of 
rupture caused by nonreproducible factors in the testing system, a modification of 
the Dillon tester was begun to permit four point, rather than three point, loading. 
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The large deviations observed in both modulus of rupture and tensile 
strength indicated that some fabrication or firing vari.able was being 
inadequately controlled. In order to determine the best sample preparation 
technique, a statistical analysis was begun of firing methods. A series of 
bars will be fired in the tube furnace and in shielded enclosures in muffle 
furnaces. Enough samples will be used to yield a reliable comparison of 
variance and standard deviation for the different firing techniquese From 
this analysis, the most reproducible firing technique will be selected for 
future use. 

In addition to the analysis of firing technique, attempts will be made to 
obtain plaster which will produce molds of more uniform and reproducible per
meabilityo Reports have been received of a new plaster from the Bestwall 
Company which is reputed to be considerably more uniform in properties than the 
conventional plaster used in the previous studies. 

Permeation runs were continued at room temperature~ 

The first series of dynamic x-ray diffraction studies of the silica 
devitrification kinetics was completed. Analysis of the results was beguno 

II. Future Work 

Studies will be continued to determine the influence of firing conditions 
on the tensile strength of the slip cast silica. 

Elevated temperature tensile testing will be begun using the cast silica 
furnace. 

Permeation runs will continue. 

Statistical analysis of the various techniques for firing the silica will 
be completed. Based on this analysis, a standard firing method will be chosenQ 

Analysis of the high temperature x-ray diffraction data will be continued. 

Approved: 

J;~~'Head 
UgeramiCS Branch 

submitted, 

J. D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

November 25, 1959 

Reactcr Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope" Director 

Sul'ject: Monthly Letter Report No. 12" Project No. 
Covering the Period from October to 15 November 1959 
Contract No. AT-(40-l)-2483 

Gentlemen: 

J ".' I . Expe rimen tal Progre s s 

Tentative test firings of the 1/4-inch diameter D tensile test specimens 
were continued. The were suspended from notched refractory supports 
to suppress warping and fired in a large bottom loading Globar furnace. 
Fi were made at a temperature of 22000 F for times of 2, and 8 hours. 
The first showed somewhat higher tensile than those 
obtained in previous wi th the 1/2-inch speci.mens. Wi thin the limits 
of the average deviations observed, the 1/4-inch cars were 80 per cent 
stronger than the bars reported in Progress No 40 
The smaller bars, as would be expected, showed a the 
larger bars, averaging about 25 per cent. The great difference between the 

and small tensi.le test specimens prompted a more thorough comparison 
of the two types. of both sizes were begun for comparison over a 
wide range of firing variables. 

Operational was begun of the elevated temperature tensile 
te A cast silica furnace, described i.n Monthly Letter Report 
Noo was tested to 25000 F. Heating to this temperature required minutes 
at a power consumption of 2 kva. Several 1/4-inch tensile test specimens 
were broken at 21500 F with no difficulty. For a f:iri~g time of 8 hours at 
22000 F J a tensile strength of approxi.mately psi was noted at the te 
temperature of Fe Although the number of elevated temperature tests 
is Insuffi.cient for statistical the first test runs indicated 
that the tensile strength at 21500 F is at least double the corresponding 
room temperature strength. 
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Firings were completed for the statistical study of firing procedures. 
Analysis of the test results was begun. 

Casting rate studies were begun using both U. S. Gypsum No.1 and Bestwall 
K-59 pottery plasters. The U. S. Gypsum plaster was found to give a higher 
casting rate for the first few minutes of casting. For the times normally 
used in casting large objects, however, the average casting rate was higher 
for the Bestwall plaster. Higher casting rates are obviously desirable in 
that the smaller degree of sedimentation resulting should yield more uniform 
test bars. Studies were begun to compare the moduli of rupture of test 
bars cast i.n the two plasters. 

Differential thermal analysis investigations were continued as an alter
nate method of cristobalite analysis. Tentative results showed that a 
discernd..ble transition peak will be given by cristobali te contents in excess 
of approximately 40 per cent. Studies were begun to compare the reproducibility 
of x-ray and DTA analyses for cristobalite. 

In order to decrease the delay involved in reaching the expanded rate 
of effort expected for the next contract year, preliminary design calculations 
were begun for the test systems which wi.ll Tentative designs 
were drawn for the high temperature hydraulic ring tensile testing system 
and for a supplementary differential thermal analysis system. 

II. Futu~e Work 

Studies will be continued for the determination of the influence of 
speci.men size on tensile strength. 

Elevated temperature tensile testing will be continued using a large 
enough sampling to statistical evaluation of the results. 

Major attention will be devoted to organi the new areas of effort 
outl:1.ned in the renewal proposal submitted under this contract. 

Approved: 

~~~d 
Ugeramics Branch 

Respectfully submitted, 

~~. a D. Fleming 
Seni.or Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

Reactor Division 
Oak Ridge Operations Office 
Ue Sa Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

ATLANTA. GEORG1A 

Attention: Dr. David F. Cope, Director 

December 28, 1959 

Subject: Monthly Letter Report No. 13, Project No .. B-15.3 Covering the 
Period from 15 November to December 1959 
Contract No. AT-(4o-1)-2483 

Gentlemen: 

Iv Experimental Progress 

Design was completed for the apparatus for the ring tensile test developed 
by the Annour Research Foundationl .. This apparatus will consist of a hydraulic 
system powered by a variable rate pump, a stainless steel or inconel working 
piston, graphite or silicon carbide compression fixtures, and a Kanthal wound 
furnace with suitable steel superstructure to support the necessary loads. The 
applied load will 'be recorded on a strip chart recorder using the output from 
a Baldwin SR-4 pressure cell tapped directly into the hydraulic cylinder 0 The 
system wi,ll be designed for a maximum working pressure of 1000 psi and will be 
capable of applying the maximum load in from one to five minutes. 

Fabrication studies were continued in the slip casting of silica rings 
for tensile testing.. The primary difficulty encountered in ring casting was 
fabrication of a suitable core for the definition of the ring inside diameter~ 
Plaster cores were used in the preliminary studies. These cores gave good 
casting characteristics but were excessively soft and subject to scratching 
during removal from the casting. For this reason, plaster cores were useable 
only once and were discarded in favor of aluminum and silica cores, both of 
which proved satisfactory.. Slip cast silica cores were finally selected for 
routine use as a result of their better abrasion resistance finish and because 
economical mass production of cores by casting was possible.. The use of silica 
cores and plaster outer molds appears to permit routine fabrication of ring 
tensile specimens .. 

IBortz, S. A. HA Tension Test for Brittle Materials!!, Appendix 3, Progress 
Report Noc 2, Project No. G-0.39, Armour Research Foundation, Chicago, Illinois. 
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Determination of the elevated temperature tensile strength of the slip 
cast siltca was continued using the small D specimens. Testing temperatures 

1959 

were reached using cast silica furnaces described in previous reports~ Specimens 
were fired at 22000 F for 4 and 8 hours and preliminary tensile tests were 
begun at room temperature and 1000" 1500, 2000, and 22000 F. A minimum of seven 
specimens will be broken at each testing temperature for each of the three 

conditions. These tests are approximately 50 per cent completed. 

Statistical analysis of the data from the firing studies using silica was 
continued" 

Both differential thermal analysis and dilatometer studies were completed 
cast silica samples containing varying amounts of cristobalite. Analysis 

of the data was begun to obtain correlations of thermal expansion and inversion 
temperature with firing conditions for the slip cast fused silicao 

Construction was begun of a vacuum system for the deposition of thin films 
of silica~ These films will be used in the observation of devitrification of 
fused siltca in the electron microscope,. 

Casting studies were initiated to determine the feasibility of fabricating 
very th:i.n samples of silica. These samples will be required for transmission 
x-ray' diffraction designed to detect possible preferential crystal orientation 
durIng firing and devitrification. Production of fired sheets less than one 
millimeter thick was found possible although warping during firing 'was 
prevalentQ 

The irradiated silica samples were removed from the Westinghouse Testing 
Reactor and transferred to a water canal.. FollowIng decay of the activity in 
the aluminum containment capsules, the samples will be removed and subjected 
to the planned x-ray and physical testing. 

110 Future Work 

Upon receipt of the uranium dioxide, formulation and testing of the 
beryllium reductant thermets will beginQ De and construction of a suitable 
hooded, inert atmosphere, differential thermal analysis system will be begune 

Techniques will be developed for the deposition of silica films for electron 
microscopy" 

The statistical study of firing methods for the slip cast silica will be 
completed. 

The tensile strength determinations using D specimens will continue. 

Respectfully submitted, 

Approved: _ 0_ 
d:t!w~~. 

Ceramics Branch 

g~.~mi~ 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

ATLANTA. GEORGIA 

January 25, 1960 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 14, Project No. B-153 

Gentlemen: 

Covering the Period from 15 December 1959 to 15 January 1960 
Contract No. AT-(40-l)-2483 

I. Experimental Progress 

With the receipt of Davison ceramic grade uranium dioxide and Br~sh 
beryllium, the exploratory investigati.on of beryllium-uranium dioxide thermets 
was begun. The reactants were mixed in stoichiometric proportions according 
to the basic thermet reaction 

2Be + U02 = 2 BeO + U 

= -24 .. 7 kcal 

Fabrication was begun of differential thermal analysis (DTA) pellets of this 
mixture using water as a lubricant. Pellets will be pressed at combinations 
of three pressures and four lubricant percentages~ DTA curves will. be run 
on these pellets at 10 and 200 F/min. temperature increase rates to determine 
the ignition temperatures. 

Design was completed and equipment was ordered for a hooded, inert atmos
phere DTA system to supplement exi sting facili tie s and permit rapid. evalua ti'on 
of the thermets. 

Elevated temperature tensile tests were continued using the small D 
specimens. Samples were cast and fired at 22000 F for periods of 2, 4, and 
8 hours.. Tensile tests were then made at temperatures of 1000, 1500, and 
20000 F.. An increase in strength with temperature was noted in all case8~ 
The strength seemed to approach a value of about 4100 psi at 20000 F regardless 
of the firing treatment usedb Insufficient data are available to quantitatively 
confirm this observation. Further elevated temperature tests will be slowed 
until construction of the ring tensile testing apparatus is completed 0 
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Room temperature tensile tests were carried out to determine the influence 
of firing conditions on strength. Because the small D sample configuration 
used permitted firing free of warping, higher strengths were noted than were 
previously obtained with the large D specimenso In the first tests, using 
firing temperatures of 22000 F, a curve was obtained which was parallel to 
that of Figure 4, Progress Report No.1, but displaced to strengths about 
65 per cent higher. 

Work was begun on the adaptation of the graphite mold release developed 
at Los Alamosl to an aqueous system. Dixonts No. 635 flake graphite was milled 
and suspended in a variety of polar media. Casting studies were begun with 
these suspensions being used to form graphite mold coatings. 

The statistical study of fabrication variables was completed 0 In order 
to make the preliminary survey as simple and convenient as possible, the 
variables considered were limited to three, the mold, the slip, and the firing 
conditions including temperature and time. A standard statistical analysis of 
the transverse strengths was carried out in which calculations were made of the 
mean square due to each individual variable and all possible combinations of the 
three variables and of the error variance applying to the series of tests. 
The influence of each variable and each combination of variables on the fired 
strength was evaluated by comparing the mean squares with the error variance. 
The condition and manipulation of the mold did not significantly influence the 
strength since its mean square was only 390, 637 compared to an error variance 
of 229, 470. Both the nature of the slip and the firing conditions influenced 
the strength as indicated by mean squares of 3,174,337 and 2,552,420 respectively. 
This represents significance at the 001 per cent level compared to the 5 per 
cent level usually considered real from a statistical viewpoint. The study 
showed an insignificant influence of casting technique on fired strength. 
This observation is of extreme importance in the evaluation of sealing additives 
now underway as well as in implying that comparable results should be obtained 
by different investigators using the same slip and firing conditionso 

The silica samples which were irradiated in the WTR were de-encapsulated 
and are in transit to Georgia Tech. Pending analysis of the reactor power 
history during the run, the average dose has been estimated as about 105 x 
1020 nvt. No change in the silica was apparent from outside the hot cello 
Activation of the silica was very slight, resulting in only about 106 dps of 
Zn-65 activity per gram. 

II. Future Work 

Determinations of the ignition temperatures of beryllium-uranium dioxide 
thermets will be begun. 

Tensile strength determinations, both room and elevated temperature, 
will be continued. 

Iprivate communication with Rg E. Cowan, S. D. Stoddard, and Do Eo Nuckolls, 
Los Alamos Scientific Laboratoryj CMB Division. 
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Upon receipt of the irradiated silica specimens, the proposed physical 
testing and x-ray determinations will be made. 

Preliminary design considerati,ons will be begun for motion mi,crography 
of slip casting systems. 

Design calculations will be made for the test capsule to be used in the 
20000 F irradiation of silica planned for October, 19600 

Approved: 

~.~~d U geramics Branch 

Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

ATLANTA. GEORGIA 

February 19, 1960 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 15, Project No. B-153 
Covering the Period from 15 January to 15 February 1960 
Contract No. AT-(40-l)-2483 

Gentlemen: 

I. Experimental Progress 

The irradiated silica samples were received from the WTR. The average 
fast neutron (>0.8 mev) dose received by the samples was 1.5 x 1020 nvt. 'The 
samples were unchanged in physical appearance and size by the irradiation. 
Transverse strength measurements were made on the irradiated bars and on 
unirradiated bars retained from the same fired groups. A detailed statistical 
analysis of the data is underway to attempt to obtain a quantitative evaluation 
of the influence of irradiation on the strength of the slip cast fused silica. 
Preliminary evaluation of the data indicated that the strength of the silica 
was not significantly changed in any way by the irradiation. 

X-ray diffraction analysis of the irradiated silica was begun. Initial 
examinations of bars which were almost totally devitrified prior to irradiation 
showed evidence of total destruction of the cristobalite. In these bars no 
structural change or gross failure was noted. No tendency was observed for 
microcracks in the silica to heal under irradiation since the strengths of these 
samp~es remained characteristically low. 

Initial test firings were made of simple beryllium-uranium dioxide thermets 
to ensure absence of handling hazards 0 DTA pellets were pressed at 20,000 psi 
using 10 per cent water as a lubricant. Several of these pellets were fired in 
air and in argon 0 Upon reaching a temperature of approximately 17000 F, 
the pellets ignited and rapidly reached a bright white heat. During the air 
firings the pellets began oxidizing and crumbled following the reaction. The 
pellets showed no tendency to oxidize during the reaction, indicating that sub
sequent oxidati,on of the uranium formed in the reaction probably accounted for 
the eventual decomposition of the pellets. Pellets fired and cooled in argon 
remained intact and did not undergo warping during the reaction. Several 
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pellets were sectioned with a diamond saw and given brief microscopic examin
ations. The structure appeared quite dense and free of blow holes. The 
pellets were quite easy to saw and did not splinter or fragment. 

Investigations of graphite mold release suspensions were continued. 
Suspensions of milled graphite in methanol and ethanol were found to give 
satisfactory results. Bars cast using graphite as the releasing agent were 
easier to remove from the mold than bars cast using Keltex. The Keltex re
leased bars did show a lesser tendency to break during prefiring handling 
because of the support afforded the green bar by the Keltex film. In addition, 
the graphite released bars seemed to have a less smooth surface finish. Com
parisons of casting rates were begun with both releasing agents. 

Data were received from WTR and design calculations were begun for the 
instrumented capsule to be irradiated at elevated temperatures. Feasibility 
studies were begun of wire wound and sprayed conductor resistance heaters 
for the test capsule. 

II. Future Work 

Optimum pressure and lubricant ranges will be determined for the beryllium
uranium dioxide thermetso Following this study, DTA firings will be begun. 

Tensile strength determinations will be continued. 

Design of systems for motion and hot stage microscopy will be con
tinued. 

Further design studies will be made in the development of the elevated 
temperature irradiation capsule. 

Approved: 

. D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

Reactor Division 
Oak Ridge Operations Office 
U9 So Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

ATLANTA. GEORGIA 

March 25, 1960 

Attention: Dr" David F. Cope, Director 

Subject: Monthly Letter Report No. 16, Project Noo B-153 
Covering the Period from 15 February to 15 March 1960 
Contract NOQ AT-(40-l)-2483 

Gentlemen: 

I" Experimental Progress 

T~sting of the irradiated silica bars was continued" Considersble 
trouble was encountered from free surface contamination on the samples. 
Rough e~periments proved that the contamination was external to the silica, 
possibly resulting from handling inside a contaminated hot cello ~e 
majority of the free contaminant, a weak beta emitter, could be remov~d 
by acid rinsing of the samples. No detailed attempt was made to identify 
the contaminant since it did not arise from the silica itself.. Completion 
of the testing program will be delayed until the samples can be completely 
decontaminated. 

Statistical analysis of the transverse strength of the irradiated 
silica samples was completede In each case, the average transverse strength 
was slightly lower (- 10 0/0) for the irradiated samples than for non
irradiated silica. Since the number of irradiated samples was small, the 
transverse strengths of irradiated and non-irradiated samples were carefully 
compared to determine the degree of statistical significance of this strength 
decrease. In no case did the transverse strengths show a difference greater 
than about the 75 per cent level of confidence while a 95 per cent confidence 
level is normally considered minimum for stating statistical significance. 
From the viewpoint of statistical validity then, the irradiation to 105 x 
1020 nvt cannot be said to have caused a change in the strength of the silica .. 

Samples of the silica were cast in the configuration for the Armour 
ring test (see Monthly Report No. 13) and forwarded to Armour for testing. 
Six ring samples of silica fired at 22000 F for 4 hours were tested at room 
temperature. These samples gave an average tensile strength of 3260 psi. 
A series of small D configuration specimens, prepared at the same time as 
the ring samples, gave an average tensile strength of 3250 psio The agree
ment between the two methods will be more extensively explored following 
completion of the ring tester but shows promise of allowing the more simple 
ring test to be used for elevated temperature testing. 
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Detailed studies were continued to determine the optimum plaster and 
plaster condition for silica casting. A comparison of Gypsum No.1 plaster 
and Puritan plaster showed a slightly faster casting rate and slightly 
stronger castings for the Puritan plaster. The uniformity of the Puritan 
plaster also seemed significantly better than the No.1. 

Initial DTA runs were made with the pressed Be-U02 thermet mixture. 
Ignition was found to occur at about 4000 F in contrast to the rough observation 
of 17000 F made in previous work. No explanation for this anamolous behavior 
has been found. More detailed work was begun, with increased safety pre
cautions, to further explore the firing process. 

After detailed evaluation of optical hot stage designs, in consideration 
of economy a commercial unit was chosen rather than attempting to construct 
a special system~ This commercial stage manufactured by Unitron is capable 
of 15000 C operation and should be well suited to the casting investigations. 

Concurrent design studies were begun for hot stages for the RCA EMU-2 
and Philips EM-IOO. Both systems will be evaluated and the simpler stage 
will be used in all hot stage work. 

Development was continued fo the heated capsule for the WTR irradiation 
study. 

II. Future Work 

Tensile strength determinations will be continued. 

DTA firings of the U02 - Be thermets will be emphasized. Firings in 
inert atmospheres will be attempted. 

Construction of electron microscope hot stage prototypes will be 
begun .. 

Comparison of casting plasters will be completed. 

Systems development will be continued for motion microscopy and the 
heated irradiation capsule. 

Respectfully submitted, 

~~ing 
Senior Investigator 

Approved: 

~~~!&had U Ceramics Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
UQ So Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

April 26 j 1960 

Attention~ Dro David Fo Cope J Director 

Subject: Monthly Letter Report No" 173 Project No" B-153 
Covering the Period from 15 March to 15 April 1960 
Contract Noo AT-(40-1)-2483 

Gentlemen: 

10 Experimental Progress 

In order to establish an absolute standard for future correlation of 
the x-ray studies, attempts were begun to prepare a completely crystallized 
cristobalite sampleo Slip cast bars were fired for long periods of time at 
high temperatures, ground, and analyzed for the cristobalite diffraction 
peak area.. Following examination, the powder was suspended in a bromoethane
methanol mixture with a density of 2026, halfway between the densiti.es of 
fused silica and cristobali te c> The cristobali te-rich sediment was separated, 
dried, and re-analyzed for the cristobalite peak., Difficulty with evaporation 
and density drift in the flotation medium prevented accurate separation.. A 
closed flotation system is to be used in order to avoid evaporation and the 
concomitant density drift" As a further purification step; following flota
tion, an investigation was begun of selective leaching of the amorphous silica 
using hydrofluoric acid" 

Standards were prepared for x-ray fluorescence determinations of the 
surface composition of silica slip cast in different molds.. These standards, 
varying from 000001 to 500 per cent of 43 elements; will permit analysis of 
the impurities absorbed from the plaster molds during slip casting.. Compari
sons will be made of the surface contamination of the silica resulting from 
casting in plaster and in si.lica molds" 

Work was begun on developing a more suitable furnace for the high tempera
ture x-ray diffraction camera.. A method for determining the thickness of 
platinum films by x-ray fluorescence was developed in case the use of exposed 
platinum heating elements continues to be necessary" This procedure appears 
to be considerably more accurate than the i.nterference methods previ.9usly 
used" 

Preliminary investigations were begun to determine the crystallizati.on 
mechanics of amorphous silica" Several fused silica glass samples were partially 
devitrified and examined for crystallite orientation by x-ray diffraction.. In 
all cases, a marked orientation of the (101) cristobalite planes was noted to 
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occ¥!, parallel to the sample surfaeeso The method was seen to affect the 
orientation to some extent.\' but the intensity variation was invariably 50 to 100 
per cent greater for the (lOI) poleo Fused silica plates with a flat surface 
finish are being obtained to permit greater precision In the x-ray irrvestigationo 

Several microscopy techniques were st-..ldied for use in observing the slip 
casting behavior of silica 0 A combinat:.LoIl of tra..'1smi tted and reflected light, 
obtained with Ultrapak a.ttachments J revsal.ed the motlon of the silica part1.cles 
during casting with startling clarity 0 LThe same also showed promise of 
perIni tti.ng observation of the dryingbehavi.or of the cast slip <> ,·Attempts were 
begun to take motion pictures of the and drying process using this 
microscope arrangemento 

. The thermet pellets ~roduce~ fr~lll the Be.-:rO~ rea~ti~n ~ere m.ounted :md 
poll.shed for metallograph],c exa.'TI1.natl.ono PartlC,l.eS of dl,stlnctly metalllc 
appearance were noted i.n most cases 0 X~ray d:tffra,:~ti.on has proved incapable of 
analyzing the reaction productsJ presumably because the rnlxture consists of the 
very li.ght berylli.um and very heavyuranJ.umo Selected area electron diffracti,on 
patterns have been taken on stri.pped fro:':11 the therrnets wi. th polyvinyl 
alcohol 0 Collection of patterns from the pure U02,9 :BeO} and Be on hand was 
beguuo The patterns from the thermets have not corresponded with the pure 
material patterns taken to date" 

An annealing study was carried out to determine the possibility of increas
i.ng the strength of the slip cast silica by heat treatmento No improvement was 
noted over the process of post-firing quenching whether the silica was cooled 
slowly or reheatedo 

II" Future Work 

The DTA system for inert gas wll1 be completed" Fir1.ng of the 
U02 - Be thermets will then be carrled out, lm.d.er controlled conditions" 

Development of systems for m.ot.:Lon mi.crosc'opy wi.ll be contInued" 

High temperature crystallization klnet:tcs 'Wll1 be further explored 0 

The phenomenon of preferred crystal ori.entati.on i,n devitri.fication wi,ll 
be investigated .. 

Approved~ 

CJ·~WF 
Jo Do Walton J Head 
Ceramic s Branch 

Respectfully submitted, 

~, 
?J" Do Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

May 25, 1960 

Reactor Division 
Oak Ridge Operations Offtce 
Uo S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr~ David Fo Cope, Director 

PATENT .. .7..~~.;' .. ~!.~~~ BY •• ~ 
FORrv1AT ..................... 19 ......... By .................... . 

Subject: Monthly Letter Report No. 18, Project No. B-153 
Covering the Period from 15 April to 15 May 1960 
Contract No~ AT-(4o-l)-2483 

Gentlemen: 

I. Experimental Progress 

The remaining equipment and instrumentatton for the high temperature ring 
tensile tester were receivedo Construction of the furnace and loading system 
was completed 0 Construction of the control panel was beguno Studies were 
carried out in the development of a new mold design for the ring samplese 
Satisfactory castings are being produced from closed two piece molds having a 
central passageway for a brass core and two pouring spouts parallel to the axis 
of the core. 

Construction was completed on the vacuum system for deposition of the thin 
silica filmso A heated substrate holder was designed for inclusion in the 
system. The heater will permit outgassing of the substrate and control of the 
substrate temperature during film deposition9 

The inert gas DTA system was completed. The system differs from conven
tional systems in that two standard pellets are used, one for comparison with 
the unknown and one for control of the heating rate. DeSigned heating rates 
cover the range from 5 to l200 F per minute. Although immediate use of the 
higher rates is not anticipated, thermal shock of the furnace body should not 
be a limiting factor since fused silica was used exclusively in the construction 
of the furnace~ Standardization of the system controls was begun. Some 
difficulty was experienced through malfunction of the cam heating rate control. 
MOdification of the control was begun to eliminate these difficultiese 

A test prototype of a recording thermogravimetric balance was built and 
tested. The system. proved stable in operation~ Check runs were carried out 
using U02-Be thermite pellets fired in air. The firing point of the pellets 
used was found to be approximately 4500 F in air or argon as determined by DTA. 
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Thermogravimetric firings were carried out in air. The sensitivity of the balance 
was such that an oxidation of approximately 0.9 per cent of the beryllium or a 
conversion of the uranium dioxide, initially U02.04, to U02 •06 could be detected. 
No weight change was found to occur during the firing of the thermets or to occur 
prior to a post-firing temperature of approximately 600oF. At 6000 F a weight gain 
of 3.4 per cent was detected following which the pellet crumbled and was partially 
lost from the weighing capsule. Preliminary support was thus obtained for the 
suggestion of an initial reduction of the uranium dioxide followed by re-oxidation 
of the metallic uranium generated during the reduction. 

X-ray fluorescence determinations were made of the surface contamination 
resulting from casting in plaster molds. Samples were cast in three types of 
plaster using Keltex as the mold release agent. The calcium content of the 
samples fired with the Keltex film in place was found to be an order of magnitude 
higher than that of samples fired following stripping of the Keltex filmo Since 
calcium is known to accelerate the devitrification of silica, as well as generate 
undesirable activity under irradiation, efforts were begun to avoid its deposition 
on the sample surface. 

A procedure was developed which will allow motion micrography of the silica 
during slip castingo Initial work will utilize a camera speed of 128 frames per 
second although Fastax photography is available if necessaryo Illumination of 
the casting slip will utilize a controlled combination of transmitted and reflected 
lightQ 

Design calculations were completed for the heated irradiation capsule to be 
used in the studies of neutron damage of silica at elevated temperatures in the 
WTRo These calculations indicated that much of the necessary heat input to the 
silica can be furnished by gamma absorption. These calculations show a need for 
modification' of the irradiation schedule previously planned. These modifications 
are fully discussed and submitted for approval in Special Report No. 1 under the 
subject contract. 

II.. Future Work 

Construction of the ring tensile testing system will be continuedo 

Checkout and required modifications of the inert atmosphere DTA system will 
be completed. Test firings of the U02-Be thermets will be begunQ 

Provisions will be made for inert atmosphere thermogravimetric firing of 
the thermets. 

Construction will be begun of the heated stage prototype for the RCA EMU-2 
electron microscope. 

Approved: 

~.~~ G geramics Branch 

Respectfully submitted, 

~. U\ ~leming 
Senior Investigator 
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GEORGIA II'lSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy COmITlission 
Post Office Box E 
Oak Ridge, Tennessee 

June 21, 1960 

Attention~ Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 19, Project Noo B-153 
Covering the Period from 15 May to 15 June 1960 
Contract Noo AT-(40-l)-2483 

Gentlemen: 

I. Experimental Progress 

Construction of the high temperature ring tensile tester was completed 0 

Initial attempts to control the sample loading rate proved unsuccessful 
using only the single stage flow control valve. A second regulating valve 
was ordered for the hydraulic system. 

A systematic study was completed to determine the influence of plaster 
type and composition on the strength of the slip cast fused silicao MOlds 
were made of three plaster compositions using U. S. Gypsum No. 1 and Puritan 
and Bestwall K-55 plasters. The molds were conditioned and two groups of 
castings were made in each.. The bars were fired randomly in nine groups of 
40 bars each for four hours at 2200oF. Although detailed statistical 
analysis of the data is not yet complete, it appears that the bars cast in 
the three plasters were equally strong. 

Work was continued in the development of a graphite mold release. 
Suspensions produced by co-milling graphite and gum arabic in water have 
proved most satisfactory & A series of castings was made using Keltex 
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releasing agent and the milled graphite suspension. The bars were fired at 
22000 F for four hours. The average transverse strength of the bars cast 
using the graphite release was 5940 psi, almost 20 per cent greater than the 
average strength of the bars cast using Keltex. Casting times for the 
graphite release were approximately 20 per cent shorter. 

Preliminary studies were made of techniques for permeating the silica 
with ethyl silicate. A system was designed and constructed for maintaining 
a vacuum on the silica being soaked and pressure on the soaking liquid .. 
Using this apparatus, saturation of a six inch transverse bar proved possible 
in two hours. Bars were cast for a full study of the influence of the 
soaking on the strength of the silica. 

Studies were continued of the movement of silica particles during slip 
casting. MOtion pictures were rnade using a Leitz binocular microscope with 
a Homal II ocular and a 32X objective at a total magnification of about 
250Xe The pictures were made at 64 frames per second. with a Kodak Cine' 
Special camera and a 40 rum lens. Kodak Tri-X reversal film with an ABA 
rating of 200 was used. Motion of the majority of the silica particles 
was clearly recorded although the small particles were indistinct. Attempts 
were begun to improve the resolution of the system. 

Construction was begun of the prototype of the hot stage for the 
electron microscope. 

Design of the high temperature irradiation experiment was halted pending 
approval of the modified approach recowmended in Special Report No.1. 

II. Future Work 

Check out of the ring tensile testing apparatus will be completed. 
Following this check out, high temperature testing will be begun. 

Further investigation of the graphite mold release will be made. 

Motion microphotography of the slip casting of silica will be continued. 

Phase IV of this project will be reported at a later date. 

Respectfully submitted, 

9- 1J ~'A/~~~. 
b/. D. Fleming G1 
Senior Investigator 

Approved; 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING IDCPERIMENT 8TATION 

ATLANTA 13. GEORGIA 

Reactor Division 
Oal< Ridge Operations Office 
U" S u Atomi.c Energy Commis sion 
Post Offi.ce Box. E 
Oak Ridge) Tennessee 

Att.entlon~ Dr" David F .. Cope 

July 21,.') 1960 

Subject: Monthly Letter Report No .. 20,? Project No" :8-153 
Covering the Period from 15 Jlll1e to 15 July 1960 
Contract No .. AT-(40-1)-2483 

Gentlemen: 

1. v Experimental Progress 

10 

A precIsion regulating valve was installed in the hydraulic system of the 
tensi.le testing machine.. This valve allows critical control of the 

hydra\.l1.i.c fluid, flow rate so that the loading rate of the tester can be adjusted 
at wi.ll" The SR,~4 pressure cell was calibrated using dead weight loading" A 
tri.al series of slip cast fused sili.ca rings was run at room temperature" The 
loadIng rate used was approximately 500 pounds per minute.. Clearly defined 
breakIng load peaks were observed on the recorded load charts along with an 
essentially i.nstantaneous load release upon fracture.. The fracture pattern in 
1:·he sample 'vas exactly as was expected" with pyramidal fracture planes radiating 
f.::·011i the loading point" The series of ring tests gave a room temperature 
strength of 3,330 ps:Lwith a maxi.mum deviation of 14 .. 6 per cent.. These result.s 
compared q,uite favorably with strengths of 3,250 psi and 3,260 psi determined 
respectively wi.th ordinary tensile specimens and with ring specimens tested at 
the Armour Research Foundati.on.. The values determined using the usual D 
tensile test 'bars showed a maxi.mum deviation of 37 per cent while those deter
mIned by Armou.r gave a maximum deviation of 24 per cent ... 

1(l1e furnace on the ri.ng tester was taken to a temperature of 22000 F slowly 
to re~ove water from the bricko The furnace functioned satisfactorilY9 Initial 
c.heck tests "hTere begun at elevated temperatures" 

Motlon photomicrography was further explored using fused silica slip.. The 
resolution was Improved conSiderably and optimum exposure conditions were 

estahLi.shed." Efforts were begun to increase the useful magnification and photo
resoluti.on by the use of a Bolex camera<> Evaluation of Fastax photography 

s:Lnce the paxti.cle speed at higher magnifications will probably neces-
sitate fi.lm hi.gher than 64 fram.es per second" 
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Work was continued i.n the development of alumina, tungsten, and uranium 
djoxide sl1.ps for comparison with the fused silica slip" Alumina sli.ps were 
developed which gave satisfactory castingso The total shrinkage from the 
:master mold to a final casting fired for one hour at 31000 F was apprOXimately 
10 per cent" Fi.red densities approached 90 per cent of theoretical" Green 
mod:uli of rupture approached 1000 psi and moduli of rupture of bars fired for 
one hour at 31000 F exceeded 20,000 psio Attempts were begun to carry out 
motion photomlcrography using the alumina slip. 

In accordance with approval received in reply to Special Report No" IJ 
:::'onstru.ction was begun of the sample basket for the elevated temperature 
i.rradi.ation of silica" Machining of the capsule was completed using 316 
staj.nless steel for the shell and 304 stainless steel for the plugs" Alundum 
al unnnum oxide castable., foamed fused silica, and slip cast fused silica were 
stud.ied as insulators for 15/32-inch silica samples" The temperature at 
several points in the capsule will be monitored with platinum sheathed, 
alumi.num oxide insulated, platinum-platinum 13 per cent rhodium thermocouples" 
The j.rradiation will be a "maximum temperature u test using gamma heating only" 
Centerline sample temperatures are expected to approach 2000oF. 

Work was continued with thermetic mixtures of aluminum, zirconium, 
beryl1:l..um) and uranium compounds 0 A report of this work will be delayed 
pending an evaluation of the security classification status of this portion 
of the program 0 

II" Future Work 

tensile testi.ng of the slip cast fused silica will be extended to 
temperatures" 

Motion photomicrography will be further explored with both silica and 
alum:i.na slips" 

A conference wi.ll be held with WTR personnel to resolve questions 
concerni.ng the irradiation programo Following the conference" formal 
quotations will be obtained for the irradiation" 

Approved~ 

Respectfully submitted, 

2j~. 
J .. Do Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STA.TION 

ATLANTA 13, GEORGIA 

August 24, 1960 

Oak Ridge Operations Office 
Uo SG Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dro David Fo Cope, Director 

Subject: Monthly Letter Report No. 21, Project No. B-153 
Covering the Period from July to 15 August 1960 
Contract No. AT-(40-l)-2483 

Gentlemen: 

10 Experimental Progress 

40 

Tensile testing was carried out at temperatures up to 22000 F to further 
evaluate the ring testing systemo The SR-4 pressure cell was calibrated using 
dead loading 0 Silica rings, fired at 22000 F for four hours, were loaded 
at 500 pounds per minute following an initial soaking time of approximately 
five minutes at temperature. At a testing temperature of 2200oF, the loading 
curve was linear with time, as in room temperature testing, at low stress. As 
the stress was increased above approximately 4000 psi, evidence of plastic 
deformation of the silica was given by a deviation of the loading curve from 
linearity. The departure from linearity increased with increasing stress. 
Fracture of the sample finally occurred at an apparent stress of approximately 
8000 psi. Upon removal of the sample from the testing chamber and reassembly 
of the fractured parts, the ring was seen to have been plastically compressed 
to an ellipsoidal shape. This first concrete indication of plastic defo~ation 
of the silica supports previous explanations of the increase in tensile strength 
of silica with temperature in te~s of an expected plasticity. 

The performance of the ring testing system at temperatures to 22000 F was 
most satisfactory in all respects. No difficulty was encountered with hand
ling the samples. The silicon carbide breakirig platens functioned well and 
showed no evidence of deterioration. The only modification of the system 
being considered is the substitution for or supplementation of the SR-4 pressure 
cell with a SR-4 load cellon which the hydraulic loading cylinder would rest. 
This would eliminate the necessity for extensive calibration for each series 
of runs 0 

Following completion of the capsule for the proposed high temperature 
irradiation of the silica, consideration was given to the sample design4 
Since the insulation required for the irradiation will be in t" ~12!~1 
ring, an obvious possibility exists for using smallp;i~~T C~j;_ s~l~':a r~ gT,! '14 . 

... i;:2P. .... 19.. BY I~, 
FORMAT '--\ 12) ..... (:~ .. y... . 
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as insulators. The advantage of this approach would be that the insulating 
could be tensile tested following the irradiation, thereby markedly 
the information yield of the experiment. Studies were begun to determine the 
accuracy of the ri.ng test as applied to rings of the size required for the irradi
ation. 

The optical hot stage was assembled and test runs were begun at elevated 
temperatures using both unfired and fired cast fused silica. As was 
expected, some difficulty was encountered with obtaining sufficient contrast 
in the silica to permit adequate definition of the particle structure. Attempts 
were begun to increase the viewing clarity. 

First efforts were made to observe the slip casting process in alumina 
using motion photomicrography" Difficulties with viewing conditions, similar 
to those first encountered with the silica, prevented a comparison with the· 
silica systemo Work was started to improve the resolution with alumina. 

A report of the progress in Phase IV will be made later in a classified 
supplement 

II G Future Work 

Elevated temperature tensile testing of the silica will be continued. 

Tests of the silica rings for insulation of the irradiation capsule will be 
completed, 

Alumina slips will be studied further 

Approved: 

motion photomicrography. 

\0~. · 
Vi" Do Fleming 

Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

September 22, 1960 _' 

Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 22, Project No. B-153 
Covering the Period from 15 August to 15 September 1960 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

The ring tensile tester was dismantled for inspection of' the .breaking 
fixtures. Only a small crack in the silicon carbide top plate was noted. 
A new loading piston assembly, which should be more free from binding, was 
built and installed. 

6 

A series of 15 silica rings, of 9/16-inch ID and 1~5-inches OD, 
suitable for insulation in the high temperature irradiation experiment, was 
cast and fired at 2200°F for four hours. Tly~ rings were tensile tested to 
determine reproducibility in this smaller size. The average deviation was 
17.2 per cent. A second series of 15 rings was cast of the same size but 
with six 3/32-inch holes arranged on ll/32-inch centers through the rings. 
These rings would be the configuration necessary to pass thermocouples into 
the monitored samples in the capsule. Following firing of the rings at 
2200°F for four hours, they were tensile tested. The average deviatlon was 
24.8 per cent when the rings were broken with no attempt being made to 
orient the rings in a reproducible manner during testingo 

Soaking studies were begun using Ethyl Silicate 40 to decrease the 
porosity of the slip cast silica. A series of 3!4-inch diameter transverse 
bars was cast and fired for times of two, four and eight hours at 2200°F ~ 
mrs were vacuum-pressure soaked with the silicate solution and refired at 
1200 and l800°F for 16 hours. Room temperature transverse tests were made 
on the bars. With the 2000°F firings, the transverse strengths were uniformly 
increased by soaking with the 1800°F refiring giving the highest strengths. 
With the 2200°F firings, lower strengths were obtained after refiring the 
soaked bars, with the 1800°F refiring giving the lowest strengths. Although 
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this trend is almost certainly caused by the extent of devitrification in 
the silica, final analysis of the results is delayed until the 
cristobalite analyses are completed. 

A series of discs were prepared for determination of the influence of 
ethyl silicate soaking on the permeability of the silica. Initial firings 
and soaking were completed and refiring was begun. 

An air displacement porosity system was constructed for more accurate 
determination of the density of alumina and silica castingo This system 
will also permit measurements to be made on unfired castings as well as 
fired. 

Motion photomicrography of the silica and alumina slips was continued. 
Satisfactory resolution and clarity were obtained with both slips at a 
direct magnification of 300X. In both cases, attempts were made to follow 
the slip casting as the particles were drawn to a dried surface of the slip. 
This procedure gave ~uite satisfactory results with the silica but poor 
results with the alumina, presumably as a result of differences in drying 
of the two systems. Efforts were begun to form plaster sheets suitable for 
casting of the two slips during observation. 

II. Future Work 

Elevated temperature testing of the silica will be resumed. 

Initial observations will be made of the drying behavior of both 
silica and alumina slips. 

Permeability measurements will be begun with the ethyl silicate 
soaked silica. 

Respectfully submitted, 

~ ~e~ng"""L:!IIoL.....AI'VVV 
Senior Investigator 

Approved: 

c)~~d 
Ceramics Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

January 23, 1961 

Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: MOnthly Letter Report No. 26, Project No. B-153 
Covering the Period from 15 December to 15 January 1961 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

Reinstallation of the project test systems was completed and the normal 
program was resumed. 

The vacuum DTA furnace was tested up to 2000°F at a pressure of 
approximately 1 mm. Performance of the furnace and sight port was quite 
satisfactory. No problem was encountered with cooling of the sight port. 
The vacuum maintained was sufficient to prevent oxidation of the uranium 
dioxide and crumbling of the pellet. Several test runs were made in vacuum 
with aluminum-uranium di-and octoxide pellets. Ignition of the octoxide 
pellets occurred at 1600 + 50°F. No crumbling of the pellets was noted 
before, during, or after firing. Pellets formulated using uranium dioxide 
failed to ignite during heating to 2000°F. In both types of pellets, some 
sweating of aluminum was noticed as the temperature passed the melting point 
of aluminum. Attempts were begun to prepare cross sections of the pellets 
for metallographic examination for segregation as a result of the aluminum 
sweating. 

During the testing of the aluminum-uranium octoxide thermets, downdrive 
on the sample temperature axis of the recording was obtained. This apparently 
resulted from inability of the recorder to separate the inputs from the 
temperature and differential temperature connections. Runs with recordings 
made of the sample and unknown temperatures confirmed this observation. 
MOdification of the x-y recorder was begun to eliminate this downdrive. 
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Firing of the silica tensile test rings in silicon carbide was continued. 
Major efforts were directed toward optimization of mold design to improve 
casting reproducibility. A two piece mold was developed for future production 
of rings. Statistical analysis was begun of the strengths of the silica cast 
in the two types of mold. 

The arc fusion furnace was tested for production of fused silica of 
controlled purity. proper control of the bleeder gate, the level of 
quartz in the furnace was maintained just below the arc as more quartz was 
added through the top of the furnace. In this fashion, a pool of fused 
silica was formed which grew as the unfused quartz beneath it was withdrawn 
from the furnace. Two pound melts of silica were produced, cleaned, and 
analyzed for crystallinity. X-ray traces on the fused mass showed a completely 
amorphous structure. Spectroscopic samples were prepared for purity analysis. 

X-ray studies of the devitrification of the fused silica were continued. 
Runs made at 22000 F showed some signs of an induction period of a few minutes 
preceding formation of cristobalite. Lower temperature runs were begun to 
expand the induction period and improve chances of its detection. 

Checks were made of the preferred cristobalite orientation previously 
reported for dense fused silica. Both fused silica glass and slip cast 
fused silica were examined. Preferred orientation was noted with the glass 
but not with the slip cast silica. Studies were begun to detect the 
influence of prior thermal history on the preferred orientation. 

II. Future Work 

Pressing studies of the aluminum-uranium octoxide thermets will be 
begun 0 Optimum fabrication conditions will be determined. 

Preliminary studies will be made of the influence of particle size 
on ignition point and energy yield of the thermets. 

Silicon carbide firing studies will be continued using both ring 
tensile and transverse specimens. 

Respectfully submitted, 

lW h . , 
• D. Fleming 

Senior Investigator 

Approved: 

d·lJ!-~1:a~d 
Ceramics Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

23 February 1961 

Subject: Monthly Letter Report No. 27, Project B-153 
Covering the Period from January to February 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

A Tinius-Olsen Super L tensile tester was installed. Preparations 
were made to use this e~uipment for more accurate determination of the 
configuration constant of slip cast fused silica necessary for ring tensile 
testing. In order to check the accuracy of the system, a measurement 
of the Ygungts modulus of slip cast fused silica was made. The value of 
170 x 10 agreed well with the literature. 

Statistical analysis of the two molds for casting silica rings was 
completed. The four piece mold previously used gave a variance in breaking 
load of 6100 compared with 1753 for the new two piece mold. The variance 
ratio of 3.46 showed significance at greater than 1 per cent level 
of confidence. As a result of its demonstrated superiority, the two piece 
mold was chosen for all future casting work. 

In-scope tests were begun of the electron microscope hot stage. Some 
difficulty was noted with static charge build-up on the teflon insulator 
on the interior of the sample holder. Modification was begun to eliminate 
the exposed teflon~ 

Preparation was begun to allow microcinematography of a whiteware slip 
during casting. Comparisons will be made with previous studies of alumina 
and silica slips. 

Studies were begun to lead to microscopic examination of a thermet 
during firing. The characteristics of the Unitron hot stage were investi

by observing interdiffusion of carbon and tungsten thin films. 
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Boundary displacement was clearly visible at temperatures in the range of 
the thermet firing points. In some runs, under a small partial pressure 
of oxygen, oxidation of the tungsten and carbon films was observed. In 
all cases, the image clarity was excellent. 

Attempts were begun to machine graphite cups and to plasma-spray 
tungsten cups to contain the thermets and prevent damage of the hot stage 
during firing. Pellets were fired in graphite cups in the vacuum DTA 
furnace. Tenati ve results indicated that the graphite cups c·ould contain 
the thermets well enough to prevent melting the hot stage. More extensive 
studies will be made prior to firing the thermet in the microscope" 

Separation of the U02 and U308 into particle size fractions was begun. 
Short milling times were used in dry milling in rubber-lined mills with 
alumina balls to break the agglomerates. Wet screening of the milled powders 
was begun acetone as the vehicle. 

Oxidation rate determinations were begun for the uranium oxide powders 
on hand. Five gram samples were run in an air furnace using the recording 
balance to follow weight changes. Final weights were determined on an 
analytical balance following cooling of the sample. Recorded weights and 
analytical balance weights agreed within 5 mg. Roasting studies were begun 
to obtain oxides of various stoichiometry for use in the thermet investigations a 

II. Future Work 

Pressing studies of thermets will be continued. 

Microcinematography will be applied to the study of casting of a 
whiteware slip. 

Stress constant determinations of the silica will be continued. 

Hot stage microscopy will be continued toward inscope 
thermets. 

of 

Respectfully submitted, 

~~ 
~ '~leming ~ 

Senior Investigator 

Approved: 

~~~ead Oi~~~:~s Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

March 1961 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 28, Project No. B-153 
Covering the Period from 15 February to March 1961 
Contract No. AT-(40-l)-2483 

Gentlemen: 

I. Experimental Progress 

Microscopic observations were made of a whiteware slip during casting. 
The casting behavior was very similar to that of the fused silica slip in 
that particle motion was highly directional and cast areas displayed little 
thixotropic character. This behavior is decidedly unlike that of the alumina 

previously investigated. The drying mechanism of the whiteware slip 
was intermediate between the alumina and silica slips. In the alumina 
slip, essentially no indication of drying was noted. With the whiteware 
slip, drying produced areas which gradually darkened, presumably through 
water loss. The silica, however, displayed drying areas which suddenly 
became opaque, perhaps through rapid water film rupture. The nature of 
the transformation from wet to dry in a transforming area of the silica was 
very reminiscent of martensitic transformations in steel, both as to speed 
and general appearance. Microcinematography of the whiteware slip was begun. 

An apparatus was constructed in which the length and weight changes in 
a cast bar could be continuously monitored during drying. Length 
changes were indicated by a dial gage and weight changes were measured on 
an automatic electronic balance. A trial run was made using a slip cast 
silica bar 1/4-inch in diameter and four inches long. The bar was re
moved from the mold as soon after casting as possible and clamped in the 
test within two minutes. The results were somewhat surprising, showing 
an initial shrinkage of 0.0031 inch in a period of six minutes following 
the start of the test, at which time the weight loss was 0.055 gm. Following 
this initial contraction, the bar expanded with increasing weight loss, 

11 
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rega1n1ng its original length after a period of 86 minutes at which time 
the weight loss was 0.495 gmo Since this weight loss was the limit of the 
change capacity of the balance, the run was terminated prior to the point 
of complete drying. The drying rate was quite low at this point. Repeat 
runs were begun to further explore this unexpected behavior. 

In view of the poor aging characteristics of the alumina slips 
prepared by wet milling, attempts were begun to prepare slips from dry 
milled powderso Three powders were prepared by dry milling Norton 60 mesh 
No. 38 Alundum. The milling times for the three powders were 92, 115, and 
138 hours. Eight slips were prepared from each powder using different 
amounts of hydrochloric acid as the peptizero Studies were begun to de
termine the casting time, green density, green modulus of rupture, and 
drying shrinkage of bars cast from the slips. The results are expected to 
show a correlation between the or hydrochloric acid addition, and 
the casting characteristics, with the highest casting time, dried density, 
and dried strength corresponding to particular pH. The pH at which these 
parameters reach a maximum should be approximately 4, the pH of maximum 
zeta potential in alumina dispersions. 

Testing was begun of a substrate heater to be used with the evaporator 
in producing thin films for use in the electIOn microscope hot state. 
Prototypes were operated successfully at 17000 F in vacuo. Construction of 
ports was begun to permit introduction of power leads to the sample chamber 
of the electron microscope and hot stage prototypeo Some delay in t~e work 
with the microscope has been experienced as a resul.t of its heavy use for 
otherprojects4 In addition, the microscope downtime associated with 
installation of the hot stage has limited progress. These delays are 
expected to be eliminated within a few weeks by the installation of a 
rented RCA EMU-3 microscope which should be available for full time use 
by this project as required. 

Modification of the x-y recorder helped but failed to eliminate the 
downdrive associated with DTA firings of the thermets reported in Monthly 
Letter Report Noo 26. A number of runs were made with the uranium o~toxide
aluminum thermets in w~ich simultaneous recordings were made of the control, 
sample, and unknown thermocoupleso Simulations of various control and 
measurement malfunctions narrowed the source of the downdrive to several 
areas of stray AC and DC pickup in the sheathed thermocouples and thermocouple 
leads. These pickup points were eliminated by grounding the furnace chassis, 
the neutral power leg at the furnace, and the thermocouple sheaths and by 
using shielding, grounded at the furnace and at the control panel, around the 
thermocouple leads. 

DTA runs were begun in the air and vacuum furnaces using stoichiometric 
pellets of Alcoa Noo 140 aluminum and the +200 cuts of fused uranium di-
and octoxideo In the limited runs made to date with the octoxide pellets, 
a broad exothermic peak of approximately 005 mv occurred at 17800 F on 
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vacuum firingo With air firing, the same pellets produced a sharp exo
thermic peak of better than 4 mv at approximately 16900 Fo The first obvious 
interpretation for this behavior was that the aluminum oxidized rapidly in 
the air run or that the octoxide was reduced by the aluminum and then 
instantaneously reoxidizedo Either mechanism would explain the sharp exo
thermic peak obtained in the air runs but not in the vacuum runs. 

In order to explore the two possibilities suggested, two thermo
gravimetric runs were made i.n air at 300 /minuteo If either of the suggested 
explanations appliedJ a rapid and appreciable weight gain should have been 
noted during the duration of firing which was a maximum of two minutesOc 
In the TGA runs~ a weight loss was noted at approximately 2000 FJ corresponding 
to drying of the pellet, and a weight gain was noted at approximately the 
firing pointo The weight gain at the firing point was very slow, however, 
approximating a parabolic oxidation curveo The duration of the oxidation 
was 1705 minutes and 20 minutes for the two runSo This order of magnitude 
difference in firing and oxidation times at least indicated that the sharp
ness of the air firing peak was due to some mechanism other than simple 
oxidation of the aluminum or the reduction products. The weight gain in 
both cases was less than that which would have been assooiated with complete 
oxidation of the aluminum by a factor of two~ X-ray analysis of the products 
of the DTA and TGA tests was begun. 

Work was begun in sealing the slip cast silica by flame glazing in an 
arc plasma torch and by the formulation of glazes in the low expansion system 
of lithium oxide j aluminum oxide, and silica. 

II", Future Work 

Microcinematography will be carried out with the whiteware slip. 

Further studies will be made using the length-weight change system. 

Properties of the alumina slips will be determined. 

Following installati.on of the RCA microscope, heating tests of the 
hot stage will be begun. 

DTA and TGA investigations of the uranium octoxide-aluminum thermets 
will be continuedo 

submit ted.1 

Approved: 

a:~ead 
Ceramics Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 
Oak Ridge Operations Office 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

24 April 1961 

U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 29, Project B-153 
Covering the Period from 15 March to April 1961 
Contract No. AT-(4o-1)-2483 

Gentlemen: 

I. Experimental Progress 

Repeat runs were made in which length and changes were recorded 
during drying of a slip cast bar. In some runs, the initial shrinkage and 
subsequent expansion were noted as in the first tests. In other runs, how
ever, a normal shrinkage was seen throughout$ The small 1/4-inch bars used 
showed some of warping during drying under the pressure exerted by the 
dial gage spring. Larger bars could not be used because their weight caused 
overloading of the electronic balance. In order to obtain data from the 
larger bars, runs were begun in which shri.nkage and weight loss are measured 
separately. In the shrinkage runs, both axial and radial dimensional changes 
are determined. Both 1/2- and 3/4-inch bars are being studied. 

Casting times, green densities, and green strengths were determined 
for the alumina described in Monthly Letter Report No. As was 
expected, the highest casting time and green density corresponded to a pH 
of approximately 4 for all particle sizes. The green densities ranged 
from a minimum of 64 per cent of theoretical at a pH of 4~6 to a maximum 
of 72 per cent at a pH of approximately 4.0. The maximum green density 
was the same for all three dry powders used to make the slips although 
their mean particle sizes varied from 11.5 to 8.5 microns. The green 
strengths of the also reached a maximum at a of about 4, ranging 
from 730 to 950 psi and decreasing 'with decreasing particle size. In all 
slips, an unexpected second maximum occurred in the green strength curves 
at a pH of approximately 3.7" At this pH, the dried strengths ranged from 
1100 to 1300 An explanation for this dual behavior is not obvious. 
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Sealing studies were continued in which the torch was used to 
the surface of the slip cast fused silica. Annealing of the silica 

prior to and following the produced a crack-free glassy film. X-
ray analysis was begun to detect any devitrification resulting from the 
glazing .. 

Thermal expansion tests were in the lithium oxide-alumina-silica 
to indicate suitable combinations for glazing the silica, either by 

conventional techniques or by flame spraying. s were prepared by 
pressing and sintering at 22000 F, to correspond to the silica range, 
and by flame spraying. 

DTA runs were continued particle size cuts of U308 with 
aluminum & Pellets were made mesh, -150 +270, and -270 U308 and 
Alcoa 140 flake aluminum. Runs were made at 300 F per minute under approx
imately 20 microns of air. The +150 Eellets gave a broad exothermic peak 
of approximately 0.5 mv at about 1830 F. The pellets cracked during 
In some runs, two other pellets were fired in silica cups at the same time 
as the DTA test The pellets run in the cups did not crack. In 
the runs with +270 and -270 cuts of U308' the DTA pellet was fired 
in a silica cup, open at the top. These pellets did not crack firing. 
The geaks obtained in these runs were sharply exothermic and occurred at ' 
1820 F with the -150 +270 cut and at 17300 F with the -270 cut. In most 
cases, the platinum-rhodium thermocouple and alumina insulation were fused 
down, preventing an accurate evaluation of the peak In one run, 
however, the thermocouple survived and an exothermic height of 6.4 mv 
was read. Runs were begun with the +150 cut in silica cups to determine the 
influence of the cup. 

A furnace was modified to permit simultaneous DTA and TGA runs in air. 
Runs were made using both unfired and fired Al-U308 0 With the fired 

, an increase in weight started at approxlmately 7000 F at which point 
the DTA showed an exothermic peak indicating U02 oxidation. With the unfired 
pellets the change started at approximately 17000 F when the pellet 
fired. 

X-ray diffraction examinations were made of the vacuum fired pellets 
from the -150 +270 cut.. The traces showed predominance of U02 with no 
A120~ lines, presumably as a result of its smaller scattering coefficient. 
LittIe U108 was observed. 18 unidentified weak lines were seen. Approx
imately 10 of these lines could be due to UA12 and UA13. 

One partially successful run was made in which an Al-U108 thermet was 
fired in the Unitron hot stageo Pictures were made successfully up to the 
firing point of the thermeto The shutter was open when the thermet 
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resulting in vapor coating of the window with aluminum. Vision was thus 
obscured during the firing process. Damage to the hot stage was slight, 
consisting only of a small amount of fusion of the alumina furnace core 
where it touched the pellet. 

II" Future Work 

Length and weight changes during drying will be measured using the larger 
bars .. 

Testing will be completed of the air balance porosity meter. 

DTA and TGA tests will be continued in the AI-U30S thermet system. 

Hot stage runs with the thermets will be continued 0 

Approved: 

~W~ 
J .. Do Walton, Head 
Ceramics Branch 

Respectfully submitted, 

\:d~c V D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 
Oak Ridge Operations Office 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dro David F. Cope, Director 

Subject: Monthly Letter Report No. 30, Project No. B-153 
Covering tl:e Period from 15 April to 15 May 1961 
Contract No. AT-(40-1)-2483 

Gentlemen: 

10 Experimental Progress 

May 24, 1961 

Trial runs were completed on the air displacement porosity meter. Using 
3/4-inch silica bars fired at 15000 F for two hours, determinations were ~ade of 
the apparent porosity, the bulk volume, and the apparent theoretical density. 
Similar determinations were made using the water displacement method in order to 
permit comparisons of the data. For each of the 20 specimens, three runs were 
made using each method, two runs by one technician and one by another. The 
average results of these tests are shown in Table 10 

10 Porosity 

Bulk Volume (cc) 

Void Volume (cc) 

Theoretical Density 

Time to Rtm 20 Samples 

* 

TABLE I 

* EVALUATION OF AIR BALANCE 

Air Displacement 
Tech A Tech B 

16.35 16.34 

43.34 43.32 

7·09 7.08 

2.236 2.235 

(min. ) 105 

Water Displacement 
Tech A Tech B 

14.05 13.60 

43.36 43.27 

6.09 5.88 

2.175 2.167 

240 

All results shown are averages of two runs by Tech. A and one by Tech. B on 20 
samples. 
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A statistical analysis was made of the datao In general, this analysis 
indicated, within greater than the 9909 per cent confidence level, that the air 
balance determinations showed no systematic differences between the results of 
Technicians A and B while significant differences were noted with the 'water 
displacement methodo As would be expected» the porosities determined from the 
air balance were higher than those from water displacement" The re~oducibility 
was better for the air balance in the void volume detenninations but was essentially 
the same as for the water displacement met.hod in the huJ.k volume determinations. 

Several adva...'lJ.tages are apparent for t.he air balance methodo Materials can 
be tested which are not amendable to immersJ.on in a liquido This would permit 
testing of unfired ceramic compacts and castings. Powder samples could be usedo 
The system is direct reading and should be suitable for automation. Samples with 
micropores can be tested accurately~ The time required is shorter for the air 
balance J especially if only a few samples are to be evaluated 0 

A survey of the literature failed to uncover a reference to a system similar 
to the air balance.. In view of the many advantages of the air balance system, 
a detailed patent search is recommendedo A complete report is being prepared 
on the air balance for subm:i.ssion in case patent action is desired .. 

Thermal expansion tests were continued in the lithium oxide-alumina-silica 
system to indicate suitable compositions for use as a silica glaze.. Samples were 
sprayed onto removable mand:rels using the Metco Thermospray system 0 

Metallographic examinations were made of the Al-U308 thermet pellets fired 
in silica cu.ps in the DTA furnace.. Relief polishing proved simple and satis
factorily outlined the microstructure.. The structure of the thermet appeared to 
consist of a rather brittle ceramic matrix filled with relatively well dispersed 
particles having a metallic appearance.. The particles themselves showed a duplex 
structure with veins of a white phase being surrounded by a more abundant gray 
phase. Etching of the metallic particles has not yet been attemptedo 

MicrQhardness tests were made on the particles in the thermetso A Tukon 
tester was used with a Knoop indenter and a 10 gram load" The hardness of the 
white areas ranged from 500 to 1000 with an average of 770" The hardness of 
the gray areas ranged from 800 to 1300 with an average of 10800 These results 
indicated concretely that the particles were not residual aluminumo Further 
identification has not yet been made. 

Several. successful. thermet runs were made in the Unitron hot stage. Fogging 
of the window was eliminated by backf'illing the stage with argon to a pressure 
of 2 psig fo:llowing evacuation 0 Some evidence was seen of an initial reaction 
at approximately 13000 F a1 though the react.ion was not at all vigorous 0 As a 
result of the great thermal gradient in the furnace, the viewed surface was only 
at a temperature of 1500° F when the upper surface reached the ignition temperature. 
This prevented effective still photography of the react:i.on itself 0 
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In order to explore the problems of cinematography of the reacting thermet, 
a series of runs was made in the hot stage in Which the light level was recorded. 
The thermet was placed in the stage under 2 psig of argon and heated with the 
stage shutter open. The light emitted by the thermet was directed through the 
optical train of the microscope to a Photovolt photometer.. The output of the 
photometer was fed to the X axis of a Moseley 2-8 recorder.. The temperature of 
the viewed sample surface was recorded on the Y axis of the recorder. The 
emitted light from the thermet peaked, during firing, at a value 1,200 times the 
intensity of the reflected light normally used in photography with the micro
scope. This indicated that a variable density filter must be used in conjunction 
with a strong light source if cinematography of thermet reaction is to be 
accomplished .. 

II.. Future Work 

Length and weight change determinations will be continued during drying of 
slip cast fused silica. 

DTA and TGA test will be continued in the Al-U308 thermet system .. 

Cinematography of the thermet reaction will be attempted in the Unitron 
hot stage. 

Approved: 

J. D. Walton, Head 
CeTlamics Branch 

Respectfully submitted, 

~Flemin~ 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

React,)r Di visi.on 
Oak Operations Office 
Uo So Atomic Energy Commiss:i.on 
Post Office Box E 
Oak Ri.dge, Tennessee 

A1;tention: Dr. David F .. Cope, Director 

26 June 1961 

Subject: Monthly Letter Report No. 31, Project No. B-153 
Covering the Period from 15 May to June 1961 
Contract No. AT-(40-1)-2483 

Gentlemen: 

Io Experimental Progress 

Casting of molds and samples was begun for the last extensive series of 
studIes involving sli.p cast fused silica. This series of tests will carry 
to completion the comparison of ring and conventional tensile tests and the 
det.ermi,na t.i on of the high temperature strength of slip cast fused silica .. 
'rhe tests will be sufficiently large to permit statistical analys:i.s. 

Soaking studi,es with ethyl silicate were resumed. A series of 3/4-inch 
diameter silica bars was cast. Using the new air displacement porosity method, 
porosi.ttes of the i.ndi vidual bars will be determined prior to and following 
the i,ni tlal firing and at each point in the ethyl silicate soaking process .. 
A set of 10 bars will be used for modulus of rupture determination following 
each soaki,ng so that both porosity and strength can be followed through four 

soak.ings. 

M.:icrocinematography was resumed with whiteware casting slips to allow 
comparison wj,th the silica and alumina casting slips. Studies of the silica 
and alumina casting behavior will be repeated using the improved system .. 
Following completion of the photography, motion analysis of the casting 
particles will be begun. 

Cons'tructi.on was begun of a second air displacement porOSity meter to be 
used tn the determination of the porOSities of fired and unfired thermets. 
Analysis of the system indicated that an accuracy of better than 99 per cent 
]s to be expected. 

PATENT ... 1=..1..4. 19.tl.~ BY .•.• ~. • •• 

REVIEW ~ 
. • / ·1 

FOi-(MI\T ........... v. .... 19 ......... BY .... :~ ......... . 

lib-sascan
Rectangle



RE:i:\,cr;Or D:i.vi.s,im], 
Oak Operations Office -2- 26 June 1961 

'the more energetic DTA firings recently carried out under vacuum, 
b.hJE', a.r'c:Sl,-;reYE: observed through the furnace window, running between the furnace 
ccyLl.s and. tbe thermet pellet. At the instant of arcing, the recorder pen was 
dri.,·en dCH-rnscaleQ In addi.tion, in a few runs, the pellet lifted off the 

post. during firi,ng. In one run, the pellet struck the silica foam 
:i.n ,3'tJlat:,jo.i] at the top of the furnace with sufficient force to become imbedded I> 

I'b:::',g t·et.a'ri.or was apparently due to extremely rapid aluminum volatilization 
at t;hE: temperatures produced during ignition.. The testing procedure was 
modifi,ed so ,t,:hat-she vacuum furnace was back-filled with argon to a final pressure 
~_r prior to beginning the run 0 The arcing and pellet move-

eliminated by this change in procedureo 

:F(y~' 't.r:e firsT~ t:i.me" some DTA pellets showed signs of extensi ve melting 
T1J.e tops and sides of several pellets showed flow lines and 

lAndergo signiflcant shrinkage.. In these runs, the differential 
exceeded 20 mv, indicating that the temperatures exceeded 4500

0 
Fo 

sl;',rfacei:,emperature of the pellet was monitored with micro-optical pyrometer 
some ru:o s and was seen to exceed 36000 F 0 In a number of runs., the Inconel 

mago.esi,a insulated thermocouple was fusedo 

S),Dee t.he loss of thermocouples was becoming quite frequent, the DTA 
was modified in r.;hat the thermet pellet was held on an alumina spaghetti 

spacer ,!'ather than being in direct contact with the thermocouple.. A series of 
tests ~ra8 run using identical Al-U308 pellets in which four pellets were run 
o.:;T,[';o8 ai,wnLna spacers and four were run in direct contact with the thermocouple" 
J:rIJE;82 r ur;,s ,Lndicated that the same ignition temperature would be determined from 
t:be T,eB;, whet.her or not an alumina spacer was usedo The lEak height from the 
tEE,is j,r~,"'r.b.i.ct a spacer was used was approximately 25 per cent of the peak 
he i.g,n,t d.etem.i.ned with the pellet in direct contact with the thermocouple" 

investigations were begun of the influence of U308 particle 
'slz:e temperature and DTA peak height. These investigations 
\·rEr'E TLade usIng more narrow particle size distributlons than before, with screen 
C~':',t,3 made at 100, 14o, 200" 270, and 325 mesho The results of the tests 
ob"\:ai.nea. 'T,O dat.e confirm the previous conclusions of a decrease in ignition 

w.i th particle size., consistent with increasing chemical acti vi ty 
._.:cg the increased surface area .. 

11 'F\;;tllTe 

F'.L'"J.a.lt.ests of the slip cast fused silica will be continued .. 

TCE; st.udy of +.;he ::i.nfluence of the U 308 particle size on thermet firing 
c,rJ,aLar,::t;eri sties wi:ll be completed .. 

A t>:mpl.et;e study w:lll be made of the effect of heating rate on the behavior 
of A:' ·,U .3uEthenne'ts .. 



Di vi s:i ':JD 
Ope1:'a4:.ions Office -3- 26 June 1961 

'Jlh? al:r' d.isp.lacemer...t porosity system for thermet porosity measurement 

M::tC:T"oci.~lematography of alumina, silica, and whi teware slips will be 

submitted, 

• D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 
Oak Operations Office 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

July 1961 

Uo S. Atomic Energy Commission 
Post Office Box E 
Oak Hidge, Tennessee 

Attention: Dr" David F~ Cope, Director 

Subject: Monthly Letter Report Noo 32, Project Noo B-153 
Covering the Period from 15 June to 15 1961 
Contract No. AT-( )-2483 

Gentlemen: 

Determinations were begun, using the air displacement system, of the 
porosities of the 3/4-inch diameter silica bars cast for the final firing 
studies. The ~esults for four sets of bars are summarized in Table I. 

TABLE I 

POROSITIES OF SILICA BARS AS A FUNCTION OF FIRING CONDITIONS 

Apparent 
Firing Firing No" of Average Theoretical 

Temperature Time Specimens Porosity Dentsity 

( of) (hr) (ojo) (gm/cc) 

2000 4 11 .96 2.247 

2100 4 12 16,,22 2,,245 

2200 4 11 14.34 2.246 

* 4 .38 2,,246 2200 12 

* Repeat run 



Reactor Division 
Oak Ridge Operations Office -2- 24) 1961 

The constancy of apparent theoretical density with decreasing porosity indicates 
that the firing process results in little closed pore formation. The close 
approach of the theoretical density to that of fused silica implies an essentially 
complete absence of closed pososityo 

The operation of the air displacement system continued to be trouble 
free. The average time required to run the tests in Table I was 6.2 minutes 
per sample, including calculation time. 

Investigations were continued of the influence of ethyl silicate soaking 
on the density of the slip cast fused silica. One soaking) followed by drying 
and firing~ resulted in a decrease from an average porosity of per cent to 
an average porosity of 13 per cento Transverse strength determinations were 
begun to detect differences in strength resulting from the soaking procedure. 

Microcinematography was continued with the whiteware and silica 
slipo Using transmitted light) excellent photographs were obtained of the 
whiteware The casting and drying behavior of the slip was quite similar 

to that of the silica slip. The major difference noted was a tendency for the 
whiteware slip to dry in smaller unit areas than the silica. The photographs 
of the whiteware casting process showed the particle motion to be as highly 
directional as with the silica slipa The cast areas displayed no thixotropy. 

Studies were completed of the influence of U308 particle size on the 
ignition characteristics of AI-U308 thermets. The ignition temperature de
creased uniformly from 19500 F for +100 mesh U308 to 17850 F for mesh 
U3080 The peak height and peak area from the DTA curve failed to increase 
uniformly with decreasing particle size as was expected. Instead) the peak 
height increased from 1.48 mv for -100 mesh U308 to a maximum of 2.96 mv 
for the -200 +270 mesh cut and decreased to 1016 mv for the mesh cut. 
Peak areas followed the same trend) going from mv-sec for -100 +140 mesh 
to 181 for -200 +270 mesh and decreasing to for -325 mesh U308 This 
unexpected behavior was felt to be more the result of poor mixing than typical 
of the system. Attempts were to improve the mixing characteristics of the 
finer powders by vacuum drying prior to blending. 

110 Future Work 

Strength determinations at elevated temperatures will be resumed with 
slip cast fused silica. 

Check runs will be begun with the air displacement porosity system con
structed for use with the thermet pellets. 

Microcinematography of the alumina) silica) and whiteware slips will be 
continued. 

Mixing studies will be begun in the AI-U308 thermet system. 

Respectfully submitted) 

Approved: 

c1tJe,~ad 
Ceramics Branch 

~~, f 

d::t D":;leming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 
Oak Ridge Operations Office 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

August 1961 

Uo So Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: DrG David Fo Cope, Director 

Subject: Monthly Letter Report Noo 33, Project NOG B-153 
Covering the PeriQd from 15 July to 15 August 1961 
Contract No. AT-(40-l)-2483 

Gentlemen: 

A three factor variance analysis was made of the factors influencing the 
ring tensile testo The factor showing the greatest influence was a lack of 
adequate reproducibility of the firing conditions. This factor and the second 
order interactions in which it appeared were strongly signi:f~cant at greater 
than the 95 per cent level of confidenceQ Sample to sample variations within 
a given firing and use of different testing machines showed little influence 
on the average test resultso 

The first series of runs was completed in the determination of the tensile 
strength firing profile for slip cast fused silicao The results of this series 
of brittle ring tensile tests showed that the relationship between tensi.le 
strength and firing conditions is quite similar to that between the modulus of 
rupture and firing conditionso The tensile strengths were slightly, but not 
significantly, lower than the corresponding moduli of ruptureo The maximum 
room temperature tensile strength was 4300 psi, reaGhed after firing one hour 
at 23000 Fo 

Investigations were completed in the high temperature x-ray diffraction 
unit to compare the devitrification rates of silica cast1llgs from different mold 
plasters. These tests showed that the surface devitrification rate is highest 
if the casting is fired with Keltex mold release in place. In decreasing 
order of surface devitrification rate, the other conditions ranked: 

1& Casting without a mold release. 
20 Casting with either Uo So GJ~sum No. I or Bestwall K-59 plaster. 
36 Casting with U4 So Gypsum Puritan plastero 
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The devitrification rates varied qualitatively in proportion to the surface 
calcium content as determined by x-ray fluorescencea 

Tests were begun to survey the possibility of determining firing profiles 
from bars fired in gradient furnaces~ Sections are being cut from bars fired 
at 2000, 2100, and 22000 F for 2J 4, 8, and 16 hours and at 23000 F for 1/2, 
1, 2, and 4 hours. The crushing strengths of these bars will be determined and 
used to plot firing profiles for comparison with modulus of rupture and tensile 
strength profiles. If the shapes of the curves are similar crushing tests 
will be begun using isothermal sections cut from bars fired in gradient furnaces. 

Approval was received for operation of the krypton tracer permeation 
system with direct release of the krypton to the atmosphereo This modified 
permeation system will permit much faster tests since one replotting of the 
raw data will yield values for the effective diffusivityo After construction 
of the hood required for the new system, studies will be begun to evaluate 
the effectiveness of sealing the slip cast fused silica by flame glazing with an 
arc-plasma torch~ 

Experiments were made to determine the influence of excess reactants on 
the ignition characteristics of aluminum-U308 thermets. Both excess aluminum 
and excess U308 produced more vigorous reactions. While this was. expected with 
the excess of the aluminum liquid phasep the effect of excess U308 was surprising. 
The only explanation proposed so far is that the loss of reaction energy as 
latent heat in evaporated aluminum was decreased. Thermogravimetric studies 
are planned to investigate this effect furthero 

II.. Future Work 

X-ray tests will be carried out to determine the effect of the graphite 
mold release on devitrification rates of cast fused silica. 

Attempts will be made to produce more reproducible firings of the silica 
rings. Lower temperature firing will be used to bring the cristobalite formation 
rate within a range where it is not so critically dependent on temperature. 
Rings will also be separated during firing by silicon carbide spacers. 

Further runs will be made in the statistical evaluation of the ring 
test .. 

Mixing studies will be continued in the Al-U308 thermet system. 

Respectful submitted, 

Approved: ~em1ng' ~n~~investigator ~~~Read 
(/g;ramics Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

September 25, 1961 

Reactor Division 
Oak Ridge Operations Office 
Uo S~ Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dro David Fo Cope, Director 

Subject: Monthly Letter Report No~ 34, Project Noo B-153 
Covering the Period from 15 August to 15 September 1961 
Contract Noo AT~(4o-l)-2483 

Gentlemen: 

I~ Experimental Progress 

Exploratory tests were made in which crushing strengths were determined 
for slip cast fused silica bars which had been tested for mOdulus of ruptureo 
Sets of seven bars were used which were fired at 2200° F for 2) 4, 8, and 16 
hours~ One 3/4-ino long section was cut from each 3/4-ino diameter bar using 
a diamond sawo Care was taken to produce plane and parallel saw cutso The 
top and bottom faces of the test specimens were cushioned with cardboard 
during crushing to minimize chipping~ A spherical bearing block was used at 
one end of the specimen to accommodate lack of parallelism of the two cylinder 
endso The sections were crushed at a loading rate of 2400 pounds per minute 
on a Tinius Olsen Super L universal tester~ With the exception of the 16 
hour firing, the crushing strength was approximately four times the modulus 
of ruptureo For the 16 hour firing, the crushing strength was almost ten times 
the modulus of rupture~ This difference was found to be due to extensive 
crack formation, parallel to the axis of the bar, on longer firing. The modulus 
of rupture test proved to be more sensitive to the cracks in view of the per
pendicular load application resulting in the cracks acting as weak fiberso In 
the crushing test, the cracks amounted to no more than axial column formers and, 
since each column was loaded axially) a less severe decrease in crushing strength 
resulted~ Although the maxima in the 2200° F firing profiles could not be 
located accurately with only four firing times, the modulus of rupture appeared 
to peak at 6 hours compared,with 7 hours for the crushing strengtho Plans were 
made for supplementary stUdies of the crushing test" 

Brief studies were made in which slip cast fused silica was fired in an 
argon atmosphereo Indications were given that the strength,s of the argon fired 
bars were significantly lower than those of air fired bars. Since oxygen is 
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Reactor Division 
Oak Ridge Operations Office ... 2- September 25, 1961 

known to accelerate devitrifi.cation in fused silica, these results would tend 
to indicate a devitrification dependence of strengthening in slip cast fused 
silicav This supports the bonding mechanism previously postulated. More ex
tensive firings will be made in inert and devi¢rification-active atmosphere to 
provide statistically valid comparisonso 

Elevated temperature tensile testing of the fused silica was temporarily 
suspended to allow equipment modification and possible improvement of the 
ring firing procedures .. 

Low temperature firing studies were begun with the slip cast alumina .. 
Four hour firing at 2200° F produced moduli of rupture of approximately 
13,000 psi .. 

X-ray analyses were completed for relative UAl2 and UAl3 content of all 
Al-U30S thermets run to dateo No systematic correlation was apparent for 
the variation in relative UAl2 and UAl3 content with ignition temperature, 
peak height, or peak area.. Several trends were noted, however, which will 
bear further study.. Generally, the relative amounts of UAl2 and UAl3 are 
inversely related, i.e. high UA12 content usually occurs in samples with 
low UAl

3 
content and vice versa. This is consistent with the stoichiometry 

of the system assuming complete reaction of all the aluminum and U30S and 
assuming no gain or loss of material from the pellet. Under these circumstances, 
as the amount of UAl3 increases, the amounts of UAl2 and Al203 should decrease 
and th~ amount of U02 should increase. This reasoning would also imply an 
increase in energy evolution with decreasing final UAl3 content.. Some indication 
of such a trend was obtained. 

Thermets compounded from U30S of a particle size in excess of 140 mesh 
showed incomplete reaction since residual U30S was detected in the x-ray 
traceso A U10S particle size of +100 mesh showed very little reaction as in
dicated by tile complete absence of A1203 lines from the trace.. All other 
samples showed strong lines of U02, UAl2, and UAl3 J weak lines of Al203 and 
no trace of U30S or U.. In general, the amount of UAl2 increased with decre~sing 
particle size. 

110 Future Work 

Studies of ring firing procedures will be continued .. 

More extensive firings of the slip cast fused silica will be made in 
neutral and devitrification-promoting atmospheres .. 

Low temperature firing of slip cast alumina will be continued. 

Several AI-U 30S thermets will be subjected to microprobe analysiso 

Approved: 

rJrJJ~ad 
Ceramics Branch 

submitted, 

, ..... ~
pectf 

.. D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

React.or Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

Oct.ober 26, 1951 

Oak Ridge Operations Offi.ce 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Rj.dge, Tenne s see 

Attention: Dr. Davtd F .. Cope, Director 

Subject: Monthly Letter Report No. 35, Prdject No .. B'~153 

Covering the Period from 15 September to October 1961 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

Firing of the slj,p cast fused silica was cont.inued in the low and intermediate 
temperature regions.. Runs will eventually be made at 3:3° F intervals from 1800 
to 2300° F.. The firing times at each temperature will be extended gradually 
until the point of maximum st.rength development is well defined.. In the additional 
runs completed at 2100, 2133, and 2166° F, indications have been obtained that 
the same maximum modulus of rupture is reached regardless of the firing temper
ature employed. These runs and those at 2200 and 2300° F previously reported 
(Progress Report No .. .3) all showed maximum moduli of r:.lpture of approximately 
4700 psi.. The time at which this maximum was reached varied Significantly with 
firing temperature.. At a firing temperature of 2300° F, the maximum strength 
was attained after one hour while approximately 48 hours was required at 2100° F. 
These results proved graphically the strong influence of temperature on firing 
properties and supported long time, low temperature firing as a means cf 
minimizing the effects of furnace temperature gradients J particularly with large 
shapes .. 

Using the air displacement technique, measurements were made of porosity, 
theoretical density, and bulk density for the 2100, 2l33, and 2166° F firings. 
As before, bulk and theoretical densities increased continuously with increasingly 
severe firing conditions. The porosity showed an initial decrease on more severe 
fi,ring, reached a minimum under firing conditions corresponding to the point of 
maximum strengtheningJ and increased with further firing .. 

Devi t.ri,fication rate studies were made in the high temperature x-ray 
diffraction system using samples cast into Uo S. Gypsum No. I plaster with 
the graphite mold release.. Graphite proved as effective as Keltex in restricting 



Reactor Division 
Oak Ridge Operations Office October 26" 

impurity leaching from the plaster.. The devi trifi.cation rate with the graphite 
release was low even though the specimens were fired wi·t.h..out having the graphite 
removed.. Mold contarni.nants held on the surface of the graph'i te were apparently 
removed by burning off the graphite and did not become fixed by the silica... An. 
ammonium alignate was ordered for similar testingt> Provided thi.s material is 
sufficiently free of alkali contaminants J samples cast US:l.:'1g this release can 
probably be fired without prior film removal as was found necessary with Keltex .. 

Construction of the modified krypton permeat:1.on was completed <> 

Performance tests of the sampl.e cham'ber will be carried out in the near future 
and permeation studies will be made using the flame glazed silica discs .. 

Further attempts were begun to identify the phases produced in the Al~U308 
thermet reaction. Several samples were etched for 24 hours in IN sodiun: 
hydroxide solution at room temperature to remove resid.ual aluminum.. Most 
the samples were completely unaffect.ed by this solution... F'ollowing this treat= 
ment, the samples were immersed in IN sulfuric acid at room temperat.ureo All 
samples showed pitting in the regions of metallic appearance, indicati.ng that 
these areas were probably aluminum-uranium intermetallic compounds.. F'J.rther 
immersi.on of the samples in IN nitric acid produced some pitting of the grey 
areas, implying the presence of uranium dioxide.. Spectrog:raphic and chemical 
analysis of the extracts from the etching operations was t.eguL ~~o del.i!:i.eat.e the 
phases at.tacked .. 

Preparat:i.on of samples was begw1 for electron microscopy of the thermets It 
Both extractive replication, using cellulose accetate and polyvinyl alcohol, 
and microtom.y will be investigated" Neither of these r:,ec:rJJ,l,ques has produced 
definitive results to date .. 

Arrangements were made for thermet samples to be subjected. to microprobe 
analysis at Advanced Metals ResearchJ Sommerville, Mass" Representative areas 
will be scanned for aluminum and uranium. content.. Quali ta+",ive J if not 
quantitative, indentificati.on of the phases is expected .. 

II co Future Work 

Fi.ring of the slip cast fused silica will be con tint,ed at. low and intermediate 
temperatures to the point of maximum strengther 

Investigatl;i.ons will be made of the influence of ammonium alginate mold 
release on surface devitrification of slip cast fused sillca., 

Low temperature firing of slip cast alumina will be continued .. 

Efforts will be extended to identify AI~JU 308 thennet phases by chemical and 
microprobe analysi.s and electron microscopyo 

Approved: 

Jc.fj),Jd~ J. Do Walto~, Head 
Ceramics Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATL.ANTA 13. GEORGIA 

November 27, 1961 

Reactor DiVision 
Oak Ridge Operations Office 
U .. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge; Tennessee 

Attention: Dr. David F. Cope) Director 

Subject: 

Gentlemen: 

Monthly Letter Report No. 36) Project No. B-153 
Covering the Period from 15 October to 15 November 1961 
Contract No. ATw(40wl)-2483 

I. Experimental Progress 

Firings of slip cast fused silica were carried out in vacuum) air, 
steam) and argon. These firings were made to determine the changes in 
firing characteristics of slip cast fused sUica resulting from firing in 
atmospheres differing in dev.itrification promoting ability_ In the argon 
firings, the tube was evacuated and backfilled with argon several times 
prior to being filled to a positive gage pressure. As a result, the argon 
firings were characterized by the lowest concentration of devitrif'ication 
promoting gases. me vacuum runs were next lowest in active gas content. 
Two hour runs at 2200 0c F were completed with air, argon, and vacuum. A 
four hour run at 2200 0 F was made with steam~ Air displacement porosities 
and densi tie s and moduli of rupture were determined. The data are 
summarized below. Since the data were obtained in a tube furnace without 
accurate knowledge of the centerline temperature} the results can only be 
compared internally. It is of interest) however, to note that the steam 
fired porOSity of 10.65 per cent is substantiaD-y lower than the porositie.:; 
measured under any normal firing conditions. 

In view of the marked effect of firing atmosphere on the silicp. 
further experiments were planned for more closely controlled firin con
ditions. X-ray analyses were begun to determine the cristobalite content 
of the fired bars. 

PATENT ..• /~ .• ~ .. ~~ .. t.~y .... ~ 
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Reactor Division 
Oak Ridge 'Operations Office -2- November 27, 1961 

TABLE I 

* FIRING CHARACTERISTICS OF FUSED SILICA m DIFFERErifT ATMOSPBERES 

Apparent Bulk Modulus of 
Atmosphere Porosit;l Theoretical Density Density Rupture 

(ojo) (f§Jl/cc) (f!J!J./ cc) (psi) 

Argon 17.26 2 .. 22l 1.837 460 

Vacuum 16.04 2.225 1.869 1880 

Air l5.81 2.228 1.876 2670 

Steam 10.65 2.244 2.005 3650 

* Argon, vacuumJ and air firings at 2200 0 F for 2 hours.. Steam firing at 
2200 0 F for 4 hours. 

Check out runs were begun with the one-sided krypton permeation system. 
With the disc holder completely sealed) the krypton leakage rate was negligible. 
Three runs were made with one silica sample. The effective diffusivities 
were all within three per cent of the mean. Runs were begun to correlate 
the permeability with porosity and to evaluate the effectiveness of plasma-
jet sealing of the porous slip cast silica. 

Further studies were carried out in the analysis of the Al-U308 
thermets. Alpha count rate measurements were made for each of the three 
solvents applied to selective phase attack. The sodium hydroxide solution 
failed to show any alpha ac~ivity', confir.ming the ex:pected attack on residual 
aluminum and the lack of attack on uranium-aluminum intermetallic compounds. 
Both the sulfuric and nitric acid solutions showed appreciable alpha activitYJ 
indicating the ex:pected attack on uranium .... aluminum intennetaJ.lics and uranium 
dioxide. 

Representative thennet samples were prepared for electron microprobe 
analysis. Following metallography for. phase typing... the samples will be 
forwarded to Advanced Metals Research for analysis .. 



Reactor Division 
Oak Ridge Operations Office -3- . November 21, 1961 

II. Future Work 

Expanded studies will be made to determine the influence of atmosphere 
on the firing characteristics of slip cast fUsed si1ica. 

Low temperature firing of slip. cast al.um.ina and silica will be con
tinued. 

Studies will be made of casting under pressure to increase the casting 
rate of the alumina slip. 

Further chemical. analyses w.i.ll be made in the Al-U308 thermet 
systems. 

Respect~s.Ubmitted' 

~
. ~, 

, 9!\\;W ' 
• l.eming 

enior Investigator ~ 
Approved: 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
u. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge~ Tennessee 

December 22~ 1961 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 37~ Project No. B-153 
Covering the Period from 15 November to 15 December 1961 
Contract No .. AT ... ( 40-1)-2483 

Gentlemen: 

Further firings of slip cast fused silica were made in argon~ air, 
vacuum, and steam. The argon and air firings were completed, the steam 
firings were carried through eight hours and the vacuum firings through 
two hours J all at 2200 0 F. The porasi ties and moduli of rupture are 
summarized in Table I. 

Argon 

MR (psi) 
Porosity (%) 

Vacuum 

MR (psi) 
Porosity (~) 

Air 

MR (psi) 
PoroSity C;') 

Steam 

ME (psi) 
Porosity (~) 

TABLE I 

PROPERTIES OF SLIP CAST FUSED SILICA 
FIRED AT 2200 0 F m VARIOUS ATMOSPHERES 

Firing Time (hr) 

2 

462 
17.26 

1640 
16.29 

5472 
11.28 

4 

876 
16.46 

.. 

4180 
14 .. 63 

3646 
10.65 

8 

1480 
16.44 

2770 
15 .. 19 

1523 
10.14 

16 

2070 
15.35 

~ 

: \. 

!\ 
> 

~~ 
w '-.9~ 
- 0'\ > .--I 

LU~\ 
c: d 

'i 
f
Z 
LLJ 
I-

£t 
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Reactor Division 
Oak Ridge Operations Office -2- December 22, 1961 

AI though the steam firing showed a drop in modulus of rupture past 
a two hour firing time, no gross internal structural flaws were observed 
in broken samples from the longer firings. Crisi::;obalite analyses were not 
complete~. The physical data indicate} however, that steam is quite 
effective in promoting devitrification induced blllk diffusion. The data 
show that the rapid diffusion with steam firing raight permit lower tem
perature firing with greatly enhanced densificat:lon. 

Curves were plotted of the porosity of slip cast fused silica air 
fired under different conditions using the minllmtm porosity firing time 
as a normalizing factoro Under these conditions~, all porosity values fell 
closely along a single line, reaching a minimum porosity of approximately 
14.4 per cent. 

Studies were made of the effects of vibration and pressure application 
on the casting characteristics of the alumina sl:i.p.. AI though the number of 
runs was too small to allow reliable quanti tati ve correlation, certain 
qualitative observations were made. Vibration seemed effective in filling 
the mold and in permitting sound castings to fonn in adjacent thick and 
thin sections. Pressure application proved hi~ly advantageous. Casting 
of quite complex structure s was pos sible in unve:o.ted molds since air was 
easily forced through the mold pores, allowing ~~e slip to fill the mold 
completely. In addition, as should be the case) casting time for a 3/4-
inch bar decreased roughly linearly with an increase in the applied pressure. 
In the absence of pressure, the casting time was about eight hours. At 
20 psig, the casting time was four hours, at 40 psig, two hours, and at 
60 psig, the limit for plaster molds, 90 minutes. If silica molds could 
be used, the higher strength should permit application of at least 600 pSi, 
producing a still shorter casting time. 

Initial firings were made with aluminum-Uq08 pellets surrounded with 
magnesium oxide insulating powder. The effect~ of aluminum evaporation 
were graphically demonstrated. When the pellets were fired under a pressure 
of approximately 30 microns of argon, complete diSintegration occurred 
with considerable arc-over in the aluminum vapor in the furnace. Under 
one atmosphere absolute of argon, the pellet remained intact although 
frothing was still noted and some arc-over remained. Under two atmospheres 
absolute of argon} very little frothing was observed and little arc-over 
occurred. 

II. Future Work 

Low temperature firing of slip cast fused silica will be carried 
out in steam. 

Porosities will be determined for alumina bars slip cast under pressure. 

Further firings of the aluminltm...t1 308 thermets will be carried out in 
magnesia insulation. submitted: 

Approved: 

~~&~~ad f/ g~r~cs Branch 

.. D. :FIle 
enior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
U 0 S. Atomic Energy ComInission 
Post Office Box E 
Oak Ridge, Tennessee 

January 22, 1962 

Attention: Dr. David F. Cope" Director 

Subject: Monthly Letter Report Noo 38, Project Noo B-153 

Gentlemen: 

Covering the Period from 15 December 1961 to January 1" 1962 
Contract No. AT~(4o-l)-2483 

Ie Experimental Progress 

Samples of the ~sed silica fired in steam, air, argon" and vacuum 
'Were prepared for x-ray analysis. Since a tube furnace was used for the 
firings" substantial thermal. gradients occurred in the outer and inner 
rings of fused silica bars. The two groups showed noticeably different 
strengths and porosities. One sample at the porosity average will be 
selected from each group for initial x-ray analysis. All samples will 
be analyzed ultimately. 

Firings were begun of slip cast ~sed silica rings using alumina 
spacers to achieve more uniform temperature distribution. These rings 
will be tested at room temperature in the ring tensile tester and in a 
Tinius Olsen universal tester~ A complete analysis of variance will be 
carried out to eValuate the uniformity of firing. 

Construction was begun of a Krypton 85 storage tank and injector to 
be used with the permeation system. This apparatus is necessary in 
order to insure compliance wi th operating restrictions o~ Kr-85 release. 
A gas syringe will be used to inject reproducible amounts of the tracer 
gas, permitting consistent operation at the highest allowable count rates. 

Additional ignitions of aluminum-U308 thermets were carried out in 
magnesia insulation. With the higher net energy yields resulting from 
the insulation, dOYmdri ve -again was noted on the temperature axis during 
ignition It In order to eliminate this difficulty, design of a differential. 
bridge circuit was begun. This circuit should completely isolate the 
temperature and differential. temperature axes, making ignition inter
ference with the temperature measurements impossible. 



Reactor Division 
Oak Ridge Operations Office -2- .J anuary 22, ~962 

IIo Future Work 

The slip cast fused si~ica rings ~ll be tested and data analysis 
, will be begun. 

The Kr-85 injector 'Will be completed and permeability measurement 
w.U.J.. be resumed. 

The DTA differential. bridge will be comp~eted and firings of aluminum
U30a thennets 'Will be carried out in magnesia insulation. 

Approved: 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

February 15, 1962 

Reactor Division 
Oak Ridge Operations Office 
u. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 39, Project No. B-153 
Covering the Period from 1 January to 1 February 1962 
Contract No. AT~(40-l)~2483 

Gentlemen: 

I. Experimental Progress 

Firing of silica rings was resumed for completion of the determination 
of the tensile strength of slip cast fused silica. The rings are being 
fired while separated by alumina spacers. Separation of the rings should 
allow more uniform heat penetration and result in more reproducible sample 
strengths. Six firings will be made initially. Half of each firing will 
be broken on the ring tensile tester and half on the Tinius-Olsen universal 
tester. The data will be subjected to a complete statistical analysis for 
sample, firing, and machine differences. 

The krypton-85 storage tank was completed and safety checks were begun. 
Following completion of these tests, permeability ~s will be resumed with 
slip cast fused silica fired under various conditions and plasma-arc glazed. 

A study was made of the influence of casting pressure and mold vibration 
on the casting characteristics of alumina slips. The slip was prepared by 
wet milling 2000 gm. of Norton 220 mesh type 38 Alundum with 411 ml. of 
de-ionized water and 25 ml. of concentrated hydrochloric acid. The slip 
was ground for 90 hours at 67 rpm in a one gallon porcelain mill. The 
resulting slip contained 82.1 per cent solids, had a viscosity of 2,700 cp. 
(Brookfield, 30 rpm spindle no. 3), and a pH of 3-9. Test bars 3/4-in. 
in diameter by 5-5/8-in. long were cast in one piece graphite coated plaster 
molds. Pressures of 20, 40~ and 60 psig were applied. At each pressure, 
axial vibration was applied to the molds at 60 cps with a Syntron vibrating 
tab1e. Vibration amplitudes were 0.01, 0.012, and 0.015-in. The bars were 
dried at 230 0 F for 24 hours prior to testing. The results of the tests' 
are summarized in Table I. 

PAl tNT .:1..~.~?~.~~ .. ?'; BY .. ~ 
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Reactor Division 
~ Oak Ridge Operations Office -2- February 15, 1962 

TABLE I 

PROPERTIES OF ALUMINA BARS CAST WITH PRESSURE AND VIBRATION 

* * 
Green 

Mold Vibration Casting 
* 

Bulk Theoretical Modulus 
Pressure AmE1itude Time Porosity Densitz Densitz of Ru;Eture 

(psig) (in) (hr) (% ) ( gm/cc) (gm/cc) (psi) 

20 0.010 4.75 32.3 2.54 3·75 1700 

20 0.012 5 31.4 2.57 3.75 1800 

20 0.015 7 30.9 2.59 3·75 1800 

40 0.010 1 .. 75 32.9 2.52 3.75 1500 

40 0.012 2 32.6 2.53 3·75 1600 

40 0.015 4.5 31.2 2.58 3·75 1700· 

60 0.010 1 .. 5 32.8 2.52 3·75 1600 

60 0.012 1·75 32·7 2.52 3.74 1600 

60 0.015 2 31.2 2.58 3.75 1700 

* Determined by air displacement 

A series of mixing studies was run in which 0.1 and 1 w/o dry Baymal 
(DuPont 'co1loidal alumina) was incorporated in the standard Al-U308 thermet 
mixture prior to dry mixing. Pellets pressed with the Baymal mixture showed 
pubstantial1y greater energy yields upon ignition as well as much more 
uniform structures following ignition. The pellets appeared to produce more 
evaporation of aluminum during ignition, presumably because of the greater 
energy yields. Arc-over in the furnace during ignition was quite common. 
Attempts were begun to eliminate the arc-over. 

II. Future Work 

Tensile testing of the silica will be resumed. 

Following completion of the safety checks on the krypton .. 85 storage 
chamber, permeation testing will be begun. 

firing characteristics 

Approved: 

d'\'5LU(0C~ 
J. D. Walton, Head 
Ceramics Branch 

of Baymal additives on the 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STA.TION 

ATL.ANTA t3, GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
U .. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

March 13, 1962 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 40, Project No. B-153 
Covering tl:e Period from 1 February to 1 March 1962 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I.. Experimental Progress 

Low temperature firings of slip cast silica were extended to 64 hours 
at 2000° F, 68 hours at 2100° F, and 24 hours at 2133° F and 2166° F. The 
minimum porosity firing point was not enclosed by the 2000° F firings but 
was for the other firings. The integral firing time apparently closest to the 
minimum porosity condition is given as a function of firing temperature in 
Table I. Since the point of minimum porosity corresponds to the maximum 
cristobalite formation and bulk diffusion without development of major 
structural flaws as a result of post-firing thermal shock, this time should 
approximate closely the firing time for maximum strength development. In
complete modulus of rupture determinations tentatively support this conclusion. 

Firing 
Temperature 

(OF) 

2000 
2100 
2133 
2166 
2200 
2300 

TABLE I 

APPARENT FIRING TThfE FOR MDrIMUM POROSITY AND 
BULK DENSITY OF SLIP CAST FUSED SILICA 

Apparent Time for 
Minimum. Apparent 

Porositl Minimum Porositl 

(hr) (op ) 

>64 >15.88 
48 14.19 
16 14.36 
12 14.37 

4 14.38 
1 14.02 

Corresponding 
Bulk Densitl 

(gm/cc) 

>1.884 
1.934 
1.923 
1.945 
1.922 
1·951 



Reactor Division 
Oak Ridge Operations Office -2- March 13, 1962 

A series of six ring firings was made at 2200 0 F for four hours with 
the rings separated by alumina tripod separators. Six stacks of four rings 
each were used in each firing.. Half of each firing was broken on a .:Jll.US

Olsen Super L tester and half on the ring tensile tester. The tensile data 
are being subjected to an analysis of variance • Results obtained so far 
indicate that the effect of the testing machine is not significant. Effects 
due to different firings were not significant. Sample variations wi thin a 
given level, for instance within the top rings in all stacks, were not 
significant. Sample variations within a given stack, however, proved to be 
significant. Further analysis will be made treating the levels as replicates. 

Safety checks were completed with the modified Kr-85 permeation system. 
No difficulties were encountered. Several runs were made to determine the 
minimum activity to give a clearly legible permeation trace. Two cc. of the 
diluted Kr"85 gave a suitable trace and was adopted as the standard tracer 
loading for future runs. This corresponds to roughly 0.5 mc of Kr-85. 
Preparation of fused silica discs was begun for permeation testing. 

A composition scan of the Al-U308 thermet system was begun at 
increments of 10 w/o aluminum. The DTA curves might be expected to show an 
increase in peak height, for a given amount of U308, up to the point where 
the maximum amount of reaction is possible. Since the ignition temperatures 
observed so far have all exceeded the peritectic decomposition temperature 
of UA14, this point would correspond to complete reduction of all the U30S to 
UAl3' possible with 31.4 w/o of aluminum. With aluminum contents in excess 
of this amount, the aluminum in excess of 31 .. 4 w/o should act only as a 
diluent and a decrease in peak height should occur with increasing aluminum. 
In practise, the actual composition at which the maximum peak occurs will 
probably be less than 31.4 w/o aluminum since complete reduction of the U02 
resulting from the U308 will probably not occur. Results obtained so far 
imply that this maximum peak composition is between 20 and 30 w/o alllmjnum. 

II.. Fu ture Work 

Analysis of' the ring firing and tensile testing will be continued. 

Permeation testing of the slip cast fused silica will be resumed. 

Further DTA tests will be made with Al-U308 thermets of' different 
composition. 

Approved: 

di·15lJ{(JJ~~ J. D. Walton, Head 
Ceramics Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

April 13, 1962 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 41, Project No. B-153 
Covering the Period from 1 March to 1 April 1962 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Work 

The initial study was completed in the investigat'i~n' of the effects of 
the firing atmosphere on the characteristics of slip cast fused silica. The 
influence of steam was quite remarkable in that the time required to fire to 
maximum strength at 2200 0 F was only a fourth that in air. In addition, 
steam appeared to increase the rate of bulk diffusion appreciably since the 
porosity was approximately 40 per cent lower than in air firing. Formation 
of internal fractures was much less prominent in the steam firing as indicated 
by a continued decrease in porosity even after the point of maximum strength 
was passed. The devitrification rate was somewhat higher with steam than 
with air in agreement with the literature. Firing in argon produced opposite 
effects. Compared with results from air firing the argon firing resulted in 
higher porosities, lower strengths, and lower devitrification rates. 

The first series of low temperature firings was completed with the slip 
cast alumina. 3/4-in. diameter by 5-5/8-in. long bars were cast into one 
piece plaster molds coated with the graphite mold release. During casting, 
the molds were subjected to axial vibration at 60 cps with an amplitude of 
0.015-in. and to a pressure of 60 psig. Following casting, the bars were 
air dried in the molds for 24 hours, dried at 130 0 F for 24 hours and at 
330 0 F for 16 hours. Sets of dried bars were heated at 1000° F per hour 
to 2030, 2140, and 2250° F and soaked for 8 hours. After being fired, the 
bars were furnace cooled. The properties of the unfired and fired bars are 
summarized in Table I. 

REVIEW L 
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Reactor Division 
Oak Ridge Operations Office -2- April 13, 1962 

TABLE I 

PROPERTIES OF SLIP CAST ALUMINA 

Modulus Apparent 
Firing of Bulk Theoretical 

TemEerature RuEture Porosity Density Density 

(OF) (psi) ('/0) (gm/cc) (gm/cc) 

Unfired """ 1,700 32.7 2.576 3.83 

2030 13,800 32.1 2.629 3.88 

2140 15,800 29.8 2.67 3.80 

2250 17,000 28.1 2.76 3.84 

Several runs were made of a 59.7 w/o Al - 40.3 w/o U308 thermet. These 
samples failed to give a sharp ignition peak but a noticeable exotherm occurred 
at approximately 1050° F. The DTA chart showed a pronounced endotherm at the 
melting point of aluminum and, in some cases, a second exotherm which began 
during or immediately after melting of the aluminum. The peak heights observed 
in the tests were quite low, indicating a low temperature excursion during 
firing. The reaction did not appear at all violent. X-ray diffraction analyses 
were made of samples heated to 1200, 1300, 1900, 2000, and 2100° F. The results 
were not entirely consistent in that the 1200, 1900, and 2100° F samples showed 
strong traces for UA14 and Al203 but no traces for residual U308, U02, UA12 or 
UA13" Conversely, the 1300 and 2000° F samples showed no UA14 but did show 
residual U30S and traces for U02, UAl2 and UA13" These results would imply 
that complete reaction of the U~08 in a 59.7 W/O Al thermet can occur as low as 
1200° F, below the melting point of aluminum but more work must be done to 
discover the reason for the lack of reaction in some samples. 

II. Future Work 

More firings of slip cast fused silica will be made in steam at lower 
temperatures. 

Investigations will be resumed in the determination of the influence of 
firing conditions on the krypton permeability of slip cast fused silica. 



Reactor Division 
Oak Ridge Operations Office -3- April 

Longer time firing will be carried out with slip cast alumina. 

Further studies will be made with higher aluminum content Al-U
3
0S thermets. 

Approved: 

J. D. Walton, Head 
Ceramics Branch 

Respectfully submitted, 

J .. D.Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

May 16, 1962 

Oak Ridge Operations Office 
Uo So Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 42, Project Noo B-153 
Covering the Period from 1 April to 1 May 1962 
Contract No. AT-(40-1)-2483 

Gentlemen: 

Ie EXEerimental Progress 

Since the slip cast fused silica is fired by being placed cold into a 
preheated furnace, some firing occurs during the time the furnace requires 
to re-heat to the firing temperature. The bulk density profile was found 
to plot as a straight line on semilog paper, providing a basis for extrapola
t,ion through the unfired bulk density to yield a firing correction time. 
Least squares fits of the bulk density data were used to locate the firing 
time correction which proved to be very close to the heat-up time for all 
firing temperatures except 2300° F. Even for the 23000 F firings, the line 
fit was not noticeably affected by the use of the actual heat-up time. 
These correction times will be applied to all firing data in the future in 
order to correlate unfired and fired properties on the same time scale. The 
firi.ng time corrections are given in Table I. 

Determinations of the modulus of rupture and porosity were completed 
for all firings at 2000, 2100, 2133, 2166, 2200, and 2300° Fo The firing 
times enclosed the times for minimum porosity and maximum strength for all 
temperatures except 2000° F. At 2000° F, extrapolation indicated that the 
time for maximum strength would be about 160 hours, an impractical fiTing 
time for anything but very large shapes. The firing times for maximum 
strength and minimum porosity, obtained by four point Lagrangian interpola
ti.on of graphical data, are given in Table I. 

REVIEW ~, .. 
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Reactor Division 
Oak Operations Office 

TABLE I 

FIRING TIME CORRECTIONS AND PEAK FIRING TIMES 
FOR SLIP CAST FUSED SILICA 

Firing Corrected Time For 

Time Minimum 

May 16, 1962 

Maximum 
Temperature Correction Porosity Modulus of Rupture 

( OF) (hr) (hr) (hr ) 

2000 0.23 160 

2100 0.32 46.7 4900 

2133 0.35 .4 19·0 

2166 o. 12.4 8.5 

2200 0.38 5·7 3.3 

2300 0.79 2.0 1.6 

The shorter corrected firing time for peak modulus of rupture than for 
minimum porosity indicates that post-firing cristobalite thermal fracture 
exerts a more pronounced effect on strength than on porosity. This behavior 
was expected. 

Results were obtained from the electron microprobe analysis of the 
1.4.6 wlo Al, 85.4 wlo U308 thermets. The analyses. were based on Al203, 
UA14 , and U02 standards. Analysis for UA12 was based on extrapolation 
of the results for UAl4. In the samples investigated, only UA12' U02, 
and A1203 were detected. All areas of metallic appearance in the micro
structure proved to be UA12. Although some UAl3 was detected by x-ray 
analysis of similar pellets, the microprobe indlcation of only UAl2 as the 
metallic phase is not inconsistent. The fact that these pellets contained 
somewhat less aluminum than is required for complete conversion of all the 
uranium to UAl2 would imply that only a limited amount of UAl3 would be 
formed. Since no more than three metallic areas were scanned in any sample, 
it is not that the UAl3 areas indicated by x-ray were simply not 
selected for microprobe scans. 
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Further ignitions of 7.9 wlo Be, 92.1 wlo U30S thermets were made" 
The ignition peaks continued to appear at about 1S20° F and were somewhat 
larger than the peaks observed with Al-U30S thermetso The reactions seemed 
somewhat less rapid than those with Al-U30S. While the Al bearing pellets 
ign.ited. almost instantaneously, the high temperature reaction line could 
be seen to move slowly in the Be bearing pellets. The reactions reca.uired 
several seconds to become complete. 

110 Future Work 

Firing of fused silica rings for the tensi,le te st will be re surned 0 

Steam firing of the silica will be continued. 

Further ignitions will be made with high Al- and 'with Be-U30S 
thermetso 

Approved: 

&~W~ 
J., Do Walton, Head 
Ceramics Branch 

submitted, 

J. D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

June 15, 1962 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: MOnthly Letter Report No. 43, Project No. B-153 
Covering the Period from 1 May to 1 June 1962 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Ex.;perimental Work 

Statistical analysiS of the ring firing data was completed. In order to 
maximize the information yield, first, second, and third order interactions 
were examined treating the stacks, rows, and rings as replicates. These 
studies indicated that the position of the sample in the furnace and all 
interactions involving this variable were significant. The principal source 
of sample variation thus appeared to be temperature gradients within the 
furnace. Since finances do not permit rebuilding the furnace, a modification 
in the tensile test program will be necessary. Larger sample populations 
will be tested at fewer firing and testing conditions. The data will be 
sUbjected to statistical analYSis to evaluate quantitative trends. 

An air displacement porosimeter was constructed to permit measurement 
of the porosity of the silica discs used in the tracer determination of 
permeability. Since this system was deSigned to handle 3/4-inch diameter 
bars as well as diSCS, a direct comparison with the original air displacement 
porosimeter was possible. Four replicate porosity measurements were made 
for a set of ten silica bars using each system. The new system indicated an 
average porosity of 13.96 per cent compared with 14.00 per cent for the original 
system. Porosity measurements and permeability testing of slip cast fused 
silica discs were begun. In the initial series of investigations, tests will 
be made with silica fired under different conditions. 

PATENT .~.: •. ; .. ~ .. ~; .. f; BY .. t~.~:.:) 
FORMAT ......... ~ .... 19 ......... By .. ~I~ 
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Reactor Division 
Oak Ridge Operations Office -2"", June 15, 1962 

Studies were begun in the AI-U308 system to determine more precisely the 
lowest temperature at which rapid reaction begins. A series of compacts, 
covering the composition range from 4.27 to 65 w/o aluminum, was fired to 
1200° F at 60° F per minute. The pellets are being examined by x-ray 
diffraction and chemical analysis for evidence of reaction. Similar experi
ments will be carried out with terminal firing temperatures of 1400 and 1600° F. 

II. Future Work 

Fused silica ring firings will begin for the revised tensile testing 
schedule. 

Porosity and permeability measurements will be continued with silica 
discs fired under different conditions. 

Low temperature firings will be continued with AI-U~08 thermets. 
analysis of the first series of pellets will be completed. 

Approved: 

~~Head U ~~ramiCs Branch 

submitted, 

• D. Fleming 
Senior Investigator 

X-ray 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

July 11, 1962 

Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 44, Project No. B-153 
Covering the Period from 1 June to 1 July, 1962 
Contract No. AT-(40-1)-2483 

Gentlemen: 

Io Experimental Progress 

Modification of the one-sided tracer permeation system was completed. 
A check was made in which the same disc was run three times. In each 
run, the disc was removed and replaced so that errors from lack of re

sample attachment would be included in the results. Linear 
regression was applied to 25 points read from each activity curve to yield 
the of the semilog plots. These slopes, to which the effective 
diffusivities are directly proportional varied from the average with a max
imum deviation of 3.5 per centG The 95 per cent confidence limits on the 
line slopes were about 1 per cent of the values of the slopes. While three 

s were insufficient for reliable statistical evaluation, the slope 
range and comparison of the three slopes are favorable indications of the 
reproducibility of the method. 

Additional runs were made to determine the optimum 
in the permeation system. An activity of approximately 
to yield a clearly defined diffusion curve. Since the 
cluded provisions for injection of a reproducible volume 
rough activity was adopted as the standard tracer load. 
however, that the method does not require an accurate or 

activity to be used 
0.5 mc proved adequate 

in-
of tracer gas, this 
It should be recalled, 
known amount of activity. 

-n ~REVI~~ L 
PAl uH .... f .... ?!.. ..... 19 ......... BY...i. ........... . 

FOiiMAT ...... t<... ....... 19 ......... By .... .. 'f:L.~. 
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Reactor Division 2 July 11, 1962 
Oak Ridge Operations Office 

Several 14.6 wlo Al-U.0
8 

pellets were run in air to allow motion pictures 
to be made. These pellets3were quenched in water immediately after ignition. 
X-ray analysis of the quenched pellets indicated a slight decrease in the normal 
amount of UA1

2 
and UA1~ but no significant qualitative differences from vacuum 

or argon cooled pellets. 

In view of the lack of sensitivity of DTA with the hi~~er aluminum con
tent pellets, a series of tests, based on X-ray analysis, was made to determine 
the temperature of onset of the reaction. The completed series of pellets will 
consist of compositions from 6.3 to 65 wlo aluminum heated at 60°F per minute 
to 1200, 1400, 1600, and 180o°F. The runs completed to date indicate that 
short-time reactions occur by 1200°F in pellets containing at least 35.7 wlo 
aluminum and by l400°F in pellets containing at least 26.6 w/o aluminum. 

II. Future Work 

Permeation testing will be qegun with silica discs fired under different 
conditions. 

Steam firing of the slip cast fused silica will be resumed with provisions 
for monitoring the firing temperature. 

Reaction studies will be continued in Al-U
3
08 pellets of different com

position. 

Approved: 

a~~ J. D. Walton, Head 
Ceramics Branch 

Respectfully submitted, 

~ 
J. D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

August 16, 1962 

Reactor Division 
Oak Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 45, Project No. 

Gentlemen: 

Covering the Period from 1 July to 1 August 
Contract No. AT-(40-1)-2483 

I. Experimental Progress 

Determinations were made of the compressive strength of slip cast fused 
silica as a function of firing conditions. One inch long sections were cut 
from 3/4-in. diameter by 5-5/8-in. long transverse test specimens fired at 
2000, 2100, 2133, 2166, 2200 and 23000 F for various times. In most cases, 
at least 45 specimens were used at each firing pOint. The minimum number of 
specimens at any firing point was 26. The samples were compression tested 
on a Tinius Olsen 60-L universal tester employing a spherical bearing block 
to avoid misalignment. The bearing surfaces were cushioned with cardboard 
and a loading rate of 4800 lb. per minute was used. The firing conditions 
enclosed the point of maximum strengthening for all temperatures with 
the exception of 20000 F. These maximum strengths ranged from 20,970 + 830* 
psi at a time of 48. hours and a temperature of 21000 F to 

770 ~ 1,490 at 1.79 hours and 23000 F. 

Further firings of the slip cast fused silica were made in steam. The 
firing temperature was first located at which the maximum strength occurred 
at approximately the same time as in air firing at 22000 F. This temperature 
proved to be 2075 0 F. Firings were next made at 2075 0 F to outline the 
of maximum strength. The results from the tests completed to date are 
summarized in Table I. These data show an interesting contrast to the data 
from air firings. In the air the maximum strength was approximately 
4800 at a firing temperature of 22000 F and a firing time of approximately 
4 hours. The minimum porosity for the 22000 F air firing was 14.63 per cent. 
The maximum strength from the steam firings was 5950 psi and the minimum 

*Interval expected to contain true average within 95 per cent confidence. 



Reactor Division 2 
Oak Ridge Operations Office August 16, 1962 

porosity was 11.88 per cent. As opposed to its behavior during air firing, 
the porosity in steam firing continued to decrease even after the point of 
maximum strengthening was passed. This indicates a pronounced effect of 
steam on the sintering rate of cristoba1ite. Further runs must be made to 
clarify the apparent inconsistencies in the 8 hour data. Since two mechanisms 
are operative, increased devitrification and increased cristoba1ite sintering, 
the apparent inflection in the bulk properties may prove to be real. 

TABLE I 

PROPERTIES OF SLIP CAST FUSED SILICA FIRED IN STEAM AT 2075° F 

Uncorrected Modulus Apparent * 
Firing of Bulk* Theoretical 

Time RU;Eture Porosit~* Densi t;y: Density 

(hr) (psi) (%) (gm/ cc) (gm/ cc) 

2 4020 15·07 1.884 2.217 
4 4910 14.61 1.896 2.220 
6 5950 13·22 1.924 2.216 
8 5720 13·63 1·913 2.215 

16 2930 11.88 1.974 2.236 

*Air Displacement Values 

Expanded studies were begun with the AI-U308 thermet system to determine 
the effect of U~08 particle size on the ignition characteristics of a 25 w/o 
AI mixture and to investigate the products formed in pellets of different 
composition as a function of the maximum pre-ignition temperature reached. 
These studies are not yet complete enough to show definite trends. 

II. Future Work 

Steam firing of the slip cast fused silica will be continued. 

Low temperature firing of the slip cast alumina will be resumed. 



Reactor Division 3 
Oak Ridge Operations Office August 16, 1962 

Particle size and composition studies will be continued with the 
Al-U30S thermets. 

~~Head ~~~g~·Temperature Materials Branch 

~~t submitted, 

~Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENCIINEERINCI EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

September 15, 1962 

Reactor Division 
Oak Ridge Operations Office 
Uo SG Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 46, Project No 0 H-,153 
Covering the Period from 1 August to 1 September 1962 
Contract No. AT·- (40-1 )-2483 

Gentlemen: 

10 Experimental Progress 

Progress in the work with .slip cast fused silica was severely hampered 
during this report period by the breakdown of two prin:"ipal pieces of equip
ment. The power supply to the steam firing furnace failed, preventing fur
ther work in this area. The exhaust blower i.D the krypton permeation system 
also failedo Although this woul.d not interfere with operation of the per
meation system, licenSing requirements prevented use under these conditions. 
Repairs are now underway and should be completed during the next report 
period. 

Preparations were begun for milling of a large batch cf the alumina 
slip. A 13-1/2 gallon ball mill was obtained and erected. As soon as a 
replacement mill collar is delivered, milling will begin. A mill of homo·
geneous slip will be produced tc be used in determination of the alumina 
firing profile~ 

In keeping with attempts to extend the Al'~U308 stUdies to higher 
aluminum contents, an evaluation was made of the influence of U308 particle 
size on the ignition characteristics of 25 wlo aluminum compacts. Spencer 
fused U30S was separated into six particle size cuts by screening in a 
Syntron sieve shaker 0 Pellets were pressed from mixtures of these U308 frac
tions and Alcoa 140 flake aluminum" Five pellets from each mixture were 
subjected to differential thermal analysiS at a rate of 60° F per minute. 
Following I1f:A, the pellets were analyzed by x-ray diffractiono The results 
of the :orA tests are summarized in Table I 



Reactor Division 2 September 15, 1962 
Oak Ridge Operations Office 

TABLE I 

IGNITION CHARACTERISTICS OF 25 wi 0 Al,-U308 COMPACTS 

U308 Ignition Peak Peak 
Particle Size Temperature Height Area 

(mesh) (OF) (mv) (mv-sec) 

+100 1800 0065 25.2 
-100 +140 1820 0054 11·5 
-140 +200 1810 0054 18.5 
-200 +270 1830 0051 ·3 
-270 +325 1820 0.58 ·5 

1780 0.74 30.0 

The results were somewhat different from those obtained previously 
with 14.6 wlo Al-U308 compacts. The lowering in ignition temperature 
with decreasing particle siz~ of the U308 noted with 14.6 wlo aluminum 
failed to appear in the 25 wlo aluminum compacts. In addition, the peak 
heights and peak areas obtained from the wlo aluminum compacts showed 
substantially less particle size dependence than those from the 1406 wlo 
aluminum compacts. Although this difference may arise from the somewhat 
greater volume fraction of aluminum in the 25 wlo pellets, the meaning of 
these results is not clear. Further studies are planned to compare the 
two compositions more directly. 

II. Future Work 

Following completion of repairs of the steam furnace and per-
meation system, these two phases of the study will be resumed. 

Further firings will be made with 14.6 and 25 wlo Al-U308 compacts to 
resolve the apparent differences in behavior. 

Approved: 

Jo Do Walton, Head 
High Temperature Materials Branch 

submitted, 
~ 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

October 15, 1962 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 47, Project No. B-153 
Covering the Period from 1 September to 1 October 1962 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

Repairs of the permeation and steam firing systems were completed. 

Data analysis was completed in the study of' the influence of firing conditions 
on the bulk density of slip cast fused silica. The slopes of the curves of bulk 
density vs. corrected firing time followed an Arrhenius variation with temperature. 
Although the Arrhenius plot of these data is not purported to represent any partic
ular solid state process, it is interesting to compare the resulting activation 
energy of 69 kcal/mole with the 51 kcal/mole reported for the devitrification of 
amorphous silical . Further studies are planned to clarify the meaning of these 
results. 

Investigations were begun to determine the nature of the exothermic peaks 
observed in AI-U308 compacts at about 1200° F. In order to minimize the masking 
effects of the endotherm resulting from melting of the aluminum, a new standard 
pellet was used in place of the alumina pellet previously employed. This pellet 
consisted of aluminum with all~ina in the same volume per cent as that of the 
U308 in the unknown pellet. This standard pellet produced much better curves 
tlian the alumina standard and apparently was successful in eliminating the aluminum 
melting endotherm. 

Using the new standard, 14.6 w/o aluminum compacts with Spencer fused U30S 
were subjected to DTA tests at 60° F per minute. Exotherms appeared at approxi
mately 1250° F in all cases. Further studies must be made, before placing too 
much emphasis on these results, to be sure that the exotherm is genuine rather 
than due to the standard containing more aluminum than the unknown. The strong 
necessity for such precautions when using reactive standards is obvious. 

Iverduch, A. Go, "Kinetics of Cristobalite Formation from Silicic Acidll
, 

J. Am. Ceram. Soc. 41 427-32 (1958). 



Reactor Division 
Oak Ridge Operations Office -2- October 15, 1962 

Runs were begun to compare the reactivity of IIdead-burned" Y-12 U30g, furnished 
by ORNL, with Spencer fused u30g. While only two. samples of a 14.6 wlo aluminum 
content have been run, the initial indications were that the two oxides are quite 
similar. The Y-12 oxide showed an exotherm at 12200 F and ignition at 18400 F. 
The fused oxide showed an exotherm at 1250° F and ignition at IglOo F. The Y-12 
oxide gave a much greater peak height and area than the fused oxide but this is 
felt to be due to inadvertent use of a substandard weight fused oxide pellet. 

II. Future Work 

Permeation tests of the slip cast fused silica will be resumed. 

Steam firing of slip cast fused silica will be continued. 

JYrA and x-ray tests will be continued to clarify the 1200° F exotherms in 
the Al-U30g compacts. 

Comparative studies of Y-12 and Spencer fused U
3

08 will be continued. 

Modifications will be made to lend additional sensi ti 'ri ty to the DTA system. 
The modified system will be used in investigations of high aluminllln compacts. 

Approved: 

d~W~ 
J. D. Walton, Head 
High Temperature Materials Branch 

JDF/ehs 

~f 
J. D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

November 16, 1962 

Oak Ridge Operations Office 
Uo S Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 48, Project No. B-153 
Covering the Period from 1 October to 1 November 1962 
Contract No. AT-(40-1)-24S3, 

Gentlemen: 

I. Experimental Progress 

The DTA system used for study of ignition in low aluminum Al-U Os 
compacts was of such low sensitivity that reactions could not be de~ected 
in composites containing more than 40 wlo aluminum. Low output platinum-
rhodium thermocouples were used in order to withstand the temperatures 
generated during ignition. The thermocouples were enclosed by alumina 
spaghetti, sealed on one end, to avoid shorting by aluminum evaporated from 
the igniting pellet. This design produced very low sensitivity, suitable 
for study of low aluminum composites but not for investigations of aluminum 
rich composites. 

In order to provide, as economically and rapidly as possible, a more 
suitable system for studying reactions in high aluminum composites,~ the 
original thermocouple arrangement was altered in one testing furnace. Conax 
packing glands were fitted so that bare chromel-alumel wire could be used 
instead of the integral clad and insulated thermocouple assemblies. The 
standard and unknown pellet thermocouples were not covered although the 
pellets were held slightly away from the thermocouples by short lengths of 
alumina spaghetti. The platinum-rhodium furnace control thermocouple was 
not changed. 

The modified DTA system was checked by running several wlo Al-U~OS 
pellets. The oxide used was "dead-burned" Y-12 U30S supplied by the Metals 
and Ceramics Division, Oak Ridge National Laboratory. The system operated 
satisfactorily and seemed to be about an order of magnitude more sensitive 
than before modification. 
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Reactor Division 
Oak Ridge Operations Office -2- November 16, 1962 

A series of 50 wlo Al-U108 was pressed from Y-12 U308' Several 
were tested at a heating rate of 60° F per minute in the modified 

furnace under a pressure of psig of argon. A pressed alumina standard 
was used. The DTA chart showed wide fluctuations on the differential axis. 
No conclusions whatever could be reached about low temperature reactions, 
although an apparent reaction was seen at approximately 1780° F. 

Some of the difficulty with the alumina standard was thought to be due 
to the much higher thermal conductivity in the 50 wlo pellets compared with 
the low aluminum pellets studied previously. An ideal standard would have 
the same thermal diffusivity as the unknown and would contain the same amount 
of aluminum. This would cancel the aluminum melting endotherm on the DTA 
chart and, in theory, render low temperature reactions more obvious. While 
optimization of the standard would be a lengthy program, obviously beyond 
the scope of this a brief survey of various standards was begun. 
Standards to be evaluated include alumina, fired Al-U308 pellets, and Al-A1203 
composites with the A1203 present in the same volume per cent as the U308 in 
the unknown. 

Runs of 50 wlo Al-U308 pellets were in the modified furnace against 
the above standards. Apparent reactions were indicated by fairly sharp DTA 
peaks in the range of 1700-1840° F regardless of the standard used. The 
aluminum endotherm was not successfully eliminated by any standard and the 
presence or absence of lower temperature reactions was impossible to discern. 

While the planned DTA tests are far from complete, the results obtained 
so far are both promising and disappointing. DTA tests may prove capable of 
demonstrating the existence of high temperature reactions but, in high aluminum 
composites, reliable indications concerning low temperature behavior will be 
extremely difficult to obtain. Successful suppression of the aluminum melting 
endotherm is very doubtful. 

II. Future Work 

Brief studies will be made of standards for use in DTA testing of 
aluminum composites. 

Testing of 50-65 wlo Al-U308 composites will be continued. 

Statistical comparisons of Y-12 and Spencer U308 will be made. 

Approved 

a75/)JaiYv~ 
'0 Do Walton, Head 
High Temperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

December 12, 1962 

Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 49, Project No. B-153 
Covering the Period from 1 November to 1 December 1962 
Contract No. AT-(40-1)-24B3 

Gentlemen: 

I. Experimental Progress 

A 3IB-in. thick plate of Al-U30B dispersion was received from the Oak Ridge 
National Laboratory for testing. The composition of the dispersion was 33.79 
wlo U30B' 66.07 wlo x-Boo aluminum, and 0.14 wlo B4C. Dead-burned Y-12 U30B was 
used in the fabrication of the plate, probably from the same batch as the Y-12 
oxide used in the pressed compacts discussed in the previous monthly letter 
report. The plate was rolled at 500° C with an B:l reduction and a 15 per cent 
cross roll. 

A reference sample was cut from the as-received plate and half of the plate 
was annealed at 5000 C for one hour in a vacuum. After the anneal a second 
reference sample was cut and 3lB-inch square pellets were cut for differential 
thermal analysis. 

Two DTA runs were made to 2000° F at 60° F per minute using unfired samples 
on both the standard and unknown thermocouples. The DTA curves deviated from a 
straight line in the range of 1200 - 1400° F but no high temperature exotherm 
was observed. These pellets were retained for use as standards for subsequent 
tests. 

DTA runs were made at 60° F per minute to 1400° F and 1900° Fusing 
previously fired samples as standards. Reasonably good curves were obtained 
with very noticeable thermal differentials at 1200 - 1400° F and at 1700 -
lBooo F. The 1700 - lBooo F differentials could be distinguished clearly to 
be exotherms. The 1200 - 1400° F differentials could not be identified 
definitely but appeared to be combinations of an exotherm with the normal 
aluminum melting endotherm. 



Reactor Division 
Oak Ridge Operations Office -2- December 12, 1962 

One specimen from each of the as-received, annealed 1400° F fired, and 
1900° F fired groups was subjected to x-ray diffraction. The as-received sample 
showed very strong aluminum and U30S peaks, a few weak UD2 peaks, and significant 
low angle strain scattering. The vacuum annealed sample showed disappearance of 
the strain scattering hump and some clear, but not extensive, growth of U02 . No 
significant changes were noticed in the aluminum and U30S peaks. The sample heated 
to 1400° F showed wide-spread change. The aluminum ana U30S peaks were grossly 
diminished and the U02 peaks showed very pronounced growtn. The sample heated 
to 1900° F showed further change in that quite prominent UA14 peaks and a few 
A1203 peaks were found and the U02 and aluminum peaks were decreased. The U30S 
peaks were still barely discernible but had almost completely disappeared. 

II. Future Work 

Samples cut from the Al-U30S plate will be DTA tested and heated to 1000, 
1200, 1400, and 1600° F for x-ray and metallographic examination. 

Test runs will be begun with compacts pressed from aluminum and hydrothermal 
ORNL U02" 

y submitted, 

Approved: 

d~~ 
High Temperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

January 15, 1963 

Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 50, Project No .. B-153 
Covering the Period from 1 December 1962 to 1 January 1963 
Contract No" AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

The final series of runs was begun in the determination of the high 
temperature tensile strength of slip cast fused silica. The testing procedure 
involves placing the silica ring in the preheated tensile test furnace and 
holding for thermal equilibration prior to loading. A study was made to 
verify the assumption that the specimen is in thermal equilibrium by the 
time the testing furnace returnP to the testing temperature. Three sets 
of 12 rings were fired at 2200° F for an uncorrected firing time of two 
hours. Four rings from each firing were broken as soon as possible, approxi
mately three minutes, after insertion into the furnace, four after return 
of the furnace to the testing temperature of 2000° F, and four five minutes 
after the furnace returned to 2000° F. The results were subjected to the 
two factor analysis of variance summarized in Table I. 

TABLE I 

ANALYSIS OF VARIANCE OF RING TEST DATA 

Sum of Degrees of Mean 
Source of Estimate SS1,uares Freedom Sg"uare Estimate F 

Between Firings 207,239 2 103,620 6.36*** 

Between Warm-ups 100,643 2 50,322 3.09 

Interactions 150,535 4 37,634 2,,31 

Error 440,201 27 16,304 

(Continued) 
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Reactor Division 
Oak Ridge Operations Office -2- January 15, 1963 

TABLE I (Continued) 

ANALYSIS OF VARIANCE OF RING TEST DATA 

F 2/27 = 3. 0.05, 
F 

0 .. 05, 4/27 = 2·73 

F 2/27 
.. - 5 .. 49 0.01, 

F 0.005, 2/27 = 6 .. 49 

The time allowed for prior to testing failed to show significance 
at the 95 per cent level of confidence. This is not surprising since the point 
of maximum stress in the ring is at an exposed surface and a rapid thermal 
equilibration at this point would be expected. In order to provide a uniform 
basis for future testing, the ring furnace will be allowed to return to the 

temperature prior to loading" 

Several studies were begun to provide further data for high aluminum 
content Al-U

3
08 composites.. These studies are summarized below: 

a. Influence of Composition. 

Compacts containing 40, 45, and 50 w/o U308 formulated from 
Oak Ridge "Dead-burned Ti U308 and Alcoa 140 atomized aluminum.. Subjected 
to DTA through the firi.ng point, x-ray analysis, and metallography~ 

b. Influence of Oxide Source. 

Compacts containing 75 w/o U 08 formulated from "Dead-burned" 
and Spencer fused U308- Subjectea to DTA for comparison of reactivity 
through statistical analysis of firing characteristics. 

c. Reactions in ATR Plate .. 

Specimens cut from ATR composition plate furnished by ORNL.. DTA 
tested to temperatures of approximately 1000, 1200, 1400, and 1600 0 F 
and through the firing point. X-ray analysis and metallography .. 

do Comparison of U02 with U308$ 

Compacts containing w/o U02 
aluminum and ORNL Hydrothermal U02 $ 
X-ray analysis and metallographyp 

prepared using Alcoa 140 atomized 
DTA tested through the firing point. 



Reactor Division 
Oak Ridge Operations Office -3- January 15, 1963 

The four studies are being carried out concurrently. DTA tests on all 
four are better than 50 per cent complete. Additional personnel are being 
assigned to the x-ray analysis to decrease the delay in this phase of the 
studies. Preliminary results are expected from all studies during the 
month of February. 

II. Future Work 

High temperature tensile tests of the slip cast fused silica will be 
continued. 

steam firing profiles will be determined for the slip cast fused silica. 

studies in high aluminum AI-U30S and AI-U02 compacts will be continued. 

submitted, 

a
APFiJ~ 
J. D. Walton, Head 
High Temperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

February 20, 1963 

Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 51, Project No. B-153 
Covering the Period from 1 January to 1 February 1963 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

Prior to undertaking the task of fabricating an Inconel chamber for steam 
firing silica in a bottom loading furnace, attempts were made to improve the 
steam flow control in the tube furnace. A compressed air controlled water 
ballast tank was inserted in the flow line and a constant water pressure was 
maintained during firing. Water was admitted to the tube furnace at a rate of 
0.72 pounds per hour, regulated by a rotometer. Three-quarter-inch diameter 
slip cast fused silica bars were fired at temperatures of 2000, 2100, and 2200° F 
for varying periods of time sufficient to enclose the maximum strength. The fired 
bars were checked for porosity, bulk density, and theoretical density using the 
air porosimeter and were tested for modulus of rupture. 

The steam firings with the modified water flow system were quite reproducible. 
The results of the tests continued to show remarkable differences between steam and 
air firingo In all cases, the steam firing produced much more rapid strengthening, 
lower porosity, and higher bulk density. At 2100° F, for instance, a maximum 
strength of 4200 psi was reached in air firing at a time of 48 hours. In steam 
firing at 2100° F, a maximum strength of 4500 psi was reached at 8 hours. The 
porosity differences are equally striking. In air firing, the minimum porosity 
attained was approximately .2 per cent. In steam firing, the minimum porosity 
obtained in the longest 2200° F run was 11.5 per cent but the porosity showed no 
sign of reaching a minimum at this point. The sintering behavior in steam is 
different from that in air. In air firing, the bulk density increases as the 
logarithm of firing time but, in steam, the increase is linear with time. This 
implies that the sintering mechanism in steam firing is viscous flow. From the 
densification data, an activation energy of 110 kcal/mole was calculated for 
firing slip cast fused silica in steam at 0.72 pounds per hour. 
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Reactor Division 
Oak Ridge Operations Office -2- February 20, 1963 

The first set of x-ray data was obtained for the ATR Al-U30S dispersion 
heated to temperatures from 1000 to lS30° F. The specimen serles consisted of 
the as-received plate, plate vacuum annealed for one hour at 500° C, and annealed 
plate heated to 1000, 1200, 1400, 1600, and lS30° F at 60° F per minute and furnace 
cooled. With increasing heat treatment, both the U30S and aluminum showed consistent 
decreases although an orientation shift in the aluminum made quantitative comparison 
difficult. The U02 was not as well behaved, showing a substantial initial increase 
upon annealing followed by a great decrease in the 1000° F specimen and erratic 
behavior in the others. A small UAl4 peak was observed in the 1000° F specimen 
but not again until 1600° F when both UAl3 and UA14 were detected. In the lS30° F 
specimen, strong diffraction traces for UA13 and UA14 were obtained. Traces for 
A1203 were first noted at 1200-1400° F, becoming stronger at 1600° F and quite 
prominent at lS30° F. Residual U30S was detected in appreciabl~ amounts in all 
specimens. 

The initial x-ray results support the suggestion of a two stage reaction, 
at least at lower temperatures. Between approximately 900 and 1700° F, U30S 
appears to be reduced to U02' At approximately 1700° F, further reduction of 
the U02 to UAl3 and UA14 occurs. The possibility of direct reduction of U30S 
to U-Al intermetallics at high temperatures cannot be evaluated from these data. 

The behavior of the U02 is not clear at this point. Since all heated 
specimens showed decreases in U30S and U02 from the annealed specimen, formation 
of some U-Al intermetallics would appear certain in all cases. Actually, however, 
only the 1000, 1600, and lS30° F specimens gave x-ray traces for the compounds. 
This would seem to indicate either significant structural non-uniformity in the 
rolled plate, which metallography denies, or a poor x-ray detection sensitivity 
for the U-Al intermetallics. Since only one sample has been studied at each 
condition, this cannot yet be verified. 

II. Future Work 

Steam firing of slip cast fused silica will be continued at different 
steam concentrations. 

X-ray and metallographic studies of rolled Al-U
3
0S of ATR composition will 

be continued. 

Respectfully submitted, 

~Fleming 
Approved: Senior Investigator 

~ 
Walton, Head 

High Temperature Materials Branch 

lib-sascan
Rectangle

lib-sascan
Rectangle



GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

March 19, 1963 

Oak Ridge Operations Office 
Uo So Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dro David Fo Cope, Director 

Subject: Monthly Letter Report Noo 52, Project Noo B-153 
Covering the Period from 1 February-to 1 March 1963 
Contract Noo AT-(40-l)-2483 

Gentlemen: 

I. Experimental Progress 

Firing contours of silica under one atm. abs. of steam were completedG 
Firings were made in sets of 11 3/4-ino diameter by 5-5/8 in. long bars. 
Single firings were made at 2000° F for 66 and 68-1/4 hours and at 2100° F 
for 13-3/4 hourso Duplicate firings were made at 2000° F for 6-1/4, 24, 
and 40 hours; at 2100° F for 1, 2, 4, 6, 8, 12, and 16 hours; and at 2200° F 
for 1, 2, 4, and 8 hours" Prior to firing, the furnace tube was evacuated 
and backfilled with argon four times" The tube was then inserted into the 
preheated furnace and water was introduced at 0072 pounds per houro The 
steam was allowed to escape through a 1/4-ino pipe at the hot end of the 
tubeQ Although a pressure gauge was not used, rough calculations showed 
the pressure drop to be negligible so that the tube pressure was very nearly 
atmospheric 0 

Under one atmosphere of steam, the strength profiles and contours were 
very similar in shape to those obtained in air firing" The faster overall 
strengthening kinetics previously observed continued to apply in the extended 
firings These supplementary firings did clarify one point, however a The 
air firings showed a faster initial sintering rate but the rate began to 
fall soon after the shortest sintering runs" The steam sintering rate 
sustained a high value and, for strengths of practical magnitude, showed 
a higher averaged value than the air rateo The porosities measured in the 
steam firings continued to show a decrease, reaching a value of 11.5 per cent 
in the longest 2200° F run 0 Still no indication of a porosity minimum was 
obtained" 
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Reactor Division 
Oak Ridge Operations Office -2- March 19, 

Firing of cast fused silica was two atm. absG steam. 
While these runs are not yet complete, the results are highly 
encouraging a The strengthening rate appears approximately twice that in one 
atmu steam A maximum strength of 6000 psi appears likely compared with 4500 
psi for one atm steam~ In addition, the strengthening profile appeared much 
more flat than in one atmo steam or in air, improved firing uniformity. 

Modification of the dynamic x-ray diffraction system was begun to permit 
investigation of reaction kinetics in ATR fuel compacts" Test runs are expected 
to be begun during the next month.o 

Further DTA runs were made with ATR compacts bare standard thermo-
couples and graphite standards" These runs were made principally for the 
prupose of defining the behavior of the compacts in the range of 1200° F. 
While the DTA traces were not very satisfactory over the entire temperature 
range, the 1200° F appeared fairly clearo According to these curves, 
no obvious reaction exotherm appears in this This result is not in 
complete agreement with the results of x-ray diffraction and metallography of 
the test pellets~ The latter examinations showed evidence of substantial 
reaction.. Further runs are underway to clarify the results of the three 
analytical procedureso 

II" Future Work 

Further 
steamo 

of slip cast fused silica will be made in two atmo abso 

Test runs of ATR compacts will be made in the modified dynamic high 
temperature x-ray diffraction unit" 

Examination of the 1200° F reactions in ATR compacts will be continued 
using DTA, x-ray and metallography 

Approved: 

O!:Abfb.I~ " Do Walton, Head 
High Temperature Materials Branch 

submitted, 

o D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
Uo So AtomicEnergy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

April 10, 1963 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 53, Project No. B-153 
Covering the Period from 1 March to 1 1963 
Contract No" AT-(40-1)-2483 

Gentlemen: 

I~ Experimental Progress 

Firing of cast silica was continued under steam at two atm. absolute 
pressure Based on the data obtained to date from these runs, the higher 
steam concentration appears more effective in increasing the sintering kinetics 
at the firing temperatures. At 2000° F, the incomplete data now 
available indicate slightly, but probably not significantly, higher kinetics 
with two atm. steam than with one atm. steam. At 2100° F, however, the two 
atm. firings appear to show significantly higher sintering kinetics. The 
maximum strength attained in two atm. was approximately 6400 at a 
firing time of 6 hr. compared with 4600 psi after a firing time of 10 hr. 
under one atm. steam. 

As with the firings under one atm. steam, the bulk density of the silica 
showed a linear increase with time, indicating a viscous flow sintering 
mechanism" The activation energy for two atm. firing has not yet been 
determined but will probably be higher than for firing under one atm. of 
steam. No sign of approach to minimum porosity has yet been obtained. 

Modification of the temperature x-ray diffraction system was completed. 
A Kanthal wound furnace was constructed from silica foam. An slab was 
slip cast to serve as support for the aluminum-U308 for reaction rate 
determinations at temperatures above the melting point of aluminum. Although 
the inert gas chamber for the furnace has not been completed, several 
trial runs were made in air to evaluate the performance of the furnace and 
diffraction Repetitive scans were made of several peaks including 

peaks of U308 and U02' At temperatures of to 1800° F, the system 
performance was entirely satisfactory. No difficulties which could not be 
accommodated were encountered from thermal noise, warping and shifting of the 
specimen" or background increase from x-ray scattering by the liquid aluminum. 



.Reactor Division 
Oak .Ridge Operations Office -2- April 10, 1963 

Si.nce the A1203 surface film on the specimen grew at an undetermined rate, no 
quantitative significance could be attached to the observed decrease in U30g 
peak intensity. The inert atmosphere chamber should be completed early during 
the next month and rate determinations will be begun. 

II • Future Work 

Two atm. steam firing of slip cast fused silica will be begun. The viscous 
flow sintering activation energy will be determined. 

Determination of the reaction rates in Al-U30g composites will be begun as 
soon as the inert gas chamber for the x-ray furnace is completed. 

Initial surveys will be made to evaluate the feasibility of DTA calorimetry 
for the Al-U30g composites using the aluminum endotherm as an internal standard. 

Respectfully submitted: 

CJ£)~ a. D. Fleming ~"fw) 
Seniol' Investigator 

Approved: 

1~~ad ~igh Temperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
U. S. AtQmic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

May 21, 1963 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 54, Project No. B-153 
Covering the Period from 1 April to 1 May 1963 
Contract No. AT-(40-l)-2483 

Gentlemen: 

I. Experimental Progress 

Consideration of the probable mechanism of the initial stages of 
devitrification in slip cast fused silica indicated that the cristobalite 
content should show a cubic variation with time. Preliminary x-ray 
diffraction data for air fired and steam fired specimens appeared to 
follow this expected behavior fairly well. Based on this treatment of 
the data, the initial cristobalite content of the slip was found to be 
approximately 0.5 per cent. Both the steam and air data were in agree-
ment on this point. Wbile the air data were too limited for 
further analysis, the steam data permitted determination of the acti
vation energy for devitrification. In steam of one atmosphere absolute, 
the early devitrification activation energy is approximately 98 kcal 
per mole. 

A study was made of the influences of pressure application and mold 
vibration during slip casting of fused silica. Specimens, 3/4-in. in 
diameter by 5-5/8-in. long, were cast in random order under pressures of 
0, 20, 40, and 60 psig with 60 cps axial vibrations of 0, 0.010, 0.012, 
and 0.015-in. amplitude. A new mold was used for each casting. Follow
ing drying of the cast specimens, the bulk properties were determined 
by air displacement. The cast:ing time was decreased by the application 
of pressure from approximately min. at 0 psig to approximately 17 min. 
at 60 psig. This decrease in casting time was obtained at the cost of a 
decrease in cast bulk density from 1.854 to 1.846 gm. per cc. Vibration 
of the mold during casting partially offset this density decrease. At 



Reactor Division 
Oak Ridge Operations Office -2- May 14, 1963 

the highest vibration amplitude at 60 the cast density was returned 
to 1.S49 psig with no apparent increase in casting timeo Determination 
of the modulus of rupture was begun using the dry pressure-vibration 
cast specimens 0 

Investigations were to determine the feasibility of AI-U~OS 
reaction calorimetry by differential thermal analysis. Pellets wer~ 
machined from spectrographic rods to serve as standards for 
DTA of ATR specimens 0 The graphite were vacuum heated at 2100° F 
for several hours to remove any volatile contaminants. Two trial DTA 
runs were made using ATR unb10wns and graphite standards. The DTA curves 
were quite similar to those obtained in the past using fired ATR specimens 
as standards of course, that the aluminum therms were larger Est-
ablishment of a base line on the DTA curve proved quite difficult with 
only two specimens. From these curves, however, estimated 
reaction energy release appeared to be at least 0007 Mw-sec per kg. of 
AI-U

3
0S dispersiono The only value of this , which could easily 

be ih error by a factor of three or more, is in indicating that the result 
is at least reasonable and that the method is worthy of further study 0 

A rather serious set-back was encountered in the high temperature 
x-ray studies of reaction kinetics in the ATR dispersiono The counting 
tube on the diffraction system became inoperative, necessitating replace
mento The counting tube geometrY5 unfortunately, had been changed by 
Siemens since procurement of the diffraction system 0 As a result, an 
adapter had to be designed and constructed to fit the new tube to the old 
detector head. This has resulted in a significant delay, but the system 
should be back in operation in the near future. 

110 Future Work 

The firing of cast fused silica under two atmospheres absolute 
of steam will be completed 0 

Investigations of DTA calorimetry of ATR dispersions will be contin-
uedo 

As soon as the x-ray system is repaired, kinetics studies will be 
resumed 0 

Respectfully submitted: 

~leming ~ 
Senior 

Approved: 

%1~~ 
O~; _~-" rn~al ton, Head 

High Temperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

June 10) 1963 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. Project No. 
Covering the Period from 1 May to 1 June 1963 
Contract No. AT-(40-l)-2483 

Gentlemen: 

I. Experimental Progress 

Studies were completed to permit a comparison of the bulk density changes 
in slip cast fused silica sintered in air and in steam. Firings were made in 
one atmosphere air, one atmosphere steam) and two atmosphere steam. Although 
the initial bulk densification rate in air was higher than in one atmosphere 
steamJ the rate was maintained constant up to the point of maximum strength in 
steam and decreased continuously in airo A uniformly higher rate was obtained 
in two atmosphere steam the,n in one atmosphere air. The times required to reach 
1.90 gm. per cc. bulk in at 2100 0 F were 9.3 hours in air, 8.7 
hours in one atmosphere steam, and four hours for two atmosphere steam. At a 
time corresponding closely to that required for maximum development in 
steam, an abrupt decrease in densification rate was noted. This was tentatively 
attributed to blockage of viscous flow at the particle surfaces by completion 
of a continuous devitrified layer. This effect would be masked in air firing 
since the probable mechanism J plastic flow, produces a continuous 
sintering rate decrease. 

Modulus of rupture testing was completed with the pressure-vibration cast 
fused silica bars. Pressure application during casting decreased 
cast density and strength while mold vibration during casting increased 
both. At the maximum vibration amplitude, without pressure application J the 
green modulus of rupture was increased from 160 psi to 197 psi Pressure 
application above 20 psig returned the green modulus of rtlpture t,o 160 psi, 
even wi th maxi.mum mold vi bra ti on 

Rough measurements were made of tpe load bearing capacity of molten ATR 
fuel An approximately 90-mil thick specimen was supported on the 
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Reactor Division 
Oak Operations Offi.ce -2- June 10, 1963 

end of a 1/4-ino tube passing into a DTA furnace chamber. The tube was 
valved so that a partial vacuum could be produced and a differential pressure 
generated between the furnace body and the tube-side of the ATR specimen. 
The specimen was heated to the desired testing temperature and allowed to 
equilibrate. A pressure differential was then genera-:ed across the specimen 
which sealed the tube at or below the melting point of aluminum. The pressure 
differential was then increased slowly J o'ver a period of about a minute, until 
the specimen sagged visibly. Specimens at 1350 and 1700 0 F sagged when the 
differential reached an average of about O.S psi. Specimens which were allowed 
to react prior to pressure application failed to sag under 4 psi, the maximum 
obtainable in the system, at 1860 0 F. Metallographic examination of the sag 
specimens was 

Following restoration of the high temperature x-ray diffraction system 
to operation, difficulty was encountered from the AI-U~OK specimen bloating 
during the test. This bloating was sufficient to block the x-ray beam and 
halt the test. Attempts are now under way to determine and correct the cause 
of this bloating. 

II. Future Work 

Work will be concentrated on the last series of ring tests to determine 
the high temperature tensile strength of slip cast fused silica. 

Studies will be continued to evaluate the feasibility of DTA calorimetry 
of AI-U

3
0S reactions. 

The ATR sag test specimens will be examined in an attempt to identify the 
mode of failureo 

Attempts will be made to eliminate sample bloating in the high temperature 
x-ray of AI-U

3
0S reaction kinetics. 

Respectfully submitted: 

Approved: 

Q~~ad 
High Temperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Divi.sion 
Oak Ridge 
U. S Atomic 
Post Office Box E 
Oak Ridge, Tennessee 

ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

July 30, 1963 

Office 
Commission 

Attention: Dr. David F. Cope, Director 

ct: Monthly Letter Report No. 56, No. B-153 
the Period from 1 June to 1 July 1963 

Contract No. AT-(40-1) 

Gentlemen: 

I. 

High temperature tensile tests were carried out using ring specimens 
fired a1~ 2166"F for 8.5 hours and at F for 3.3 hours. The ri.ngs for 
these tests were cast in molds at approximately 36 rpm. 
In approximately five hours, each mold produced a 3-in. outside diameter, 
1-1/2-in. nominal inside diameter cylinder 12-in. long. The 
air dried in the molds overnight, removed, dried to constant 
130°F, dried at for hours, bisque fired at 1800°F for two hours, 
and sawed into I-in. thick rings. After being dried at for at least 
three hours, the were fired. 

Tensile tests were carried out at room temperature, 400, 800, 1200, 
1600, and 2000°F fired as described above. The room temper-
ature were 2600 for the fired at 2166°F 
and for those With testing , 
the of both doubling by approxi-
mately 1200o P. The of the at both 2166 and 2200"F 
seemed to approach the same level at 2000oF. Determination of 
a representative at 2000 0 F proved since 60 per cent 
of the failed to break under a stress of about 7500 psi, the 
working limit of the tester. While the lower temperature tests are 
being completed, the best method of at 20000 F will be 
selected. This will be either of rings of different size or, more 
likely, of the hydra.ulic working cylinder with one of size. 

The high temperature x-ray diffraction system was returned to service 
and -She studies of reaction kinetics were resumed Since the supply 
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Reactor Division 
Oak Ridge Office 30, 1963 

of rolled ATR is almost these runs are now being made 
with powder metallurgy until a new of is received. 
The powder metallurgy seem to display the same behavior as 
the rolled specimens and should be for system calibration 
In the first runs, the are being exam.ined by optical 
and chemically for A120. The results of these studies will be 
correlated with the x-ray diffradtion t:races to provide concentration axis 
calibration for the rate curve . 

II. 

tensile -:,E: of cast fused silica will be 
continued . 

.Reaction rate measurements will be conti,n'.lea in ATR composi tioD 
Al-

will be made to develop a method fer DTA 
Al-U

3
0S react.ions. 

of 

Respectfully submitted: 

W,~ 
ames vI. JOhnSOnV . _ .. -"-

Assistant. Project Director 

Approved: 

IfE~ 
,,:.r. D. Tv'lalton, Head 
High 'Ilemperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATL.ANTA 13. GEORGIA 

August 15, 1963 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 57, .~roject IDs ~ 153 
Covering the Period from 1 July to 1 August 1963 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

High temperature ring tensile testing of slip cast fused silica was 
continued. Tests to 1600° F were completed with rings fired for 19 hours 
at 2133° F, 8.5 hours at 2166° F, and 3.3 hours at 2200° F, the firing 
conditions for maximum cold strength. The strength increased with testing 
temperature in a consistent manner, showing approximately the same rate 
of change for all three initial firing conditions. The tensile strength 
showed a roughly linear increase from approximately 3000 psi at room 
temperature to approximately 6500 psi at 1600° F. 

Tensile tests were also made to 1600° F with rings underfired for 2 
hours at 2200° F. These rings showed much the same strength characteristics 
as the optimally fired rings. 

The supply of rolled ATR plate was completely exhausted. Until a 
new plate is received, efforts to determine the kinetics of Al-U308 will 
be concentrated on a study of the U308 particle size effects. In order 
to cover a particle size range including that of the rolled ATR plate, a 
brief determination of the U308 particle size in a sample of the plate is 
being made. This determination is being made by optical counting of the 
oxide remaining after caustic dissolution of the aluminum alloy matrix. 
The results will be compiled by computer analysis . 

• 
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Reactor Division 
Oak Ri.dge Operations Office -2- August 15, 1963 

Metallographic analysis of the AI-U308 specimens from the sag test 
is being continued. The results of this analysis will be reported i.n 
the next quarterly report. 

110 Future 

temperature tensile 
extended to 2000° F. 

of slip cast fused silica will be 

Measurements will be made of the reaction kinetics in Al-U308 compacts 
with different U308 particle sizes. 

Metallography of the ATR sag specimens will be continued. 

Approved: 

f Ewa??d::- I~ 
High Temperature Materials Branch 

Respectfully submitted: 

;I. D. Fleming 
Senior Inve 

" 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

September 16, 1963 

Reactor Division 
Oak Ridge Operations Office 
Uu So Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 58,~roject N~~B~~ 
Covering the Period from 1 August to 1 September 1963 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Progress 

High temperature ring tensile tests were completed for all but 
one group of firings. The groups tested include a profile of 2200° F 
firings at O. 2, 3.3, and 5 hours and firings, for maximum room 
temperature strength, at 2133° F for 19 hours, 2166° F for 8.5 hours, 
and 2200° F for 3.3 hours. The optimum fired rings showed 
essentially the same response to the testing temperature, an 
approximately linear increase in strength with temperature. The 
underfired rings showed a small increase in strength with increasing 
testing temperature, but only above a testing temperature of 1200° F. 
The rings fired at 2200° F for 3.3 hours showed an increase in 
strength from 3400 psi at room temperature to 8000 psi at 2000° F. 
Those underfired at 2200° F for 0.5 hours showed an increase from 
2300 psi at room temperature to 3700 psi at 2000° F. 

The results of electron microprobe analyses of several fired 
ATR specimens were obtained from Advanced Metals Research. The 
analyses were Quite similar to those of powder metallurgy specimens 
examined earlier. The principal phases detected were U02, UA12, and 
UA13. The ATR specimens differed from the lower aluminum content 
powder metallurgy specimens in that the U02 appeared oxygen deficient. 
In addition, a few precipitates of iron-manganese were detected. 

Different methods for relief etching the ATR specimens were 
studied. The most promising appears to be extended exposure to 
a magnesium oxide slurry in a Syntron bowl polisher. Specimens 

PATENT .. ~:.~ .. ~.Vl:.k; BY .. ~ 
fORMAT .!?! .. --::..?. ..•..• 19.~.~. By.... . .. ..-

lib-sascan
Rectangle



Reactor Division 
Oak Ridge Operations Office -2- September 16, 1963 

treated in this manner show clear relief of U308 and Al203 areas 
and probable relief of U-Al intermetallic compounds. Systematic 
studies were begun to clarify the effects of this etching procedure. 

Dynamic x-ray diffraction studies were continued in an investigation 
of the influence of U308 particle size on the reaction kinetics of 
powder metallurgy AI-U308 compacts. 

II. Future Work 

The final ring tensile tests of slip-cast fused silica will be 
completed. 

Brief studies of foamed fused silica will be begun. 

Magnesium oxide relief etching of ATR specimens will be studies 
further. 

Studies of reaction kinetics in AI-U~08 compacts will be continued 
metallography and dynamic x-ray diffraction. 

Respectfully submitted: 

Approved: 

d~1!:;:Aead 
High Temperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

October 14, 1963 

Reactor Division 
Oak Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak , Tennessee 

Dr. David F. Cope, Director 

Monthly Letter Report No. 59, Project 
Covering the Period from 1 September to 1 October 
Contract No. AT-(4o-1)-2483 

Gentlemen: 

I. Work 

the past month the last high temperature tensile 
measurements were completed using slip-cast fused silica. Earlier tests 
indicated that the tensile strength of optimum fired or underfired 
cast fused silica increases with testing temperature, presumedly as the 
result of the healing of firing defects. In the later runs with over-
fired a similar defect healing tendency was observed. In 
fired for 8 hours at 2200° F, the tensile strength increased from 1700 

at room to 3500 psi at 2000° F. 

With the exception of a few isolated studies, the work with 
cast fused silica is now complete. Data reduction and compilation for 
the final on this task are now under way. 

The new supply of rolled ATR plate was received. Characterization 
of the as-received plate was begun. Samples were cut from each 

three which appeared, from the radiographs, to be 
distribution. These samples will be subjected to 

x-ray diffraction, and chemical analysis. Some s 
will also be dissolved and the U308 powder will be recovered for 

size analysis. 
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Data compilation will be continued for slip-cast fused silica 
topical report. 

Reaction kinetics studies will be continued using the new ATR 
dispersion. 

Approved: 

a.1fJ~~' Head 
High Temperature Materials Branch 

submitted, 

J. D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

November 14, 1963 

Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Subject: Monthly Letter Report No. 60, Project ~ 
Covering the Period from 1 October 1963 to 1 November 1963 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Experimental Work 

With the completion of the experimental work on slip-cast fused 
silica, compilation of data for the final topical report was 
The literature survey supplement was begun. 

Arrangements were made to secure samples of foamed fused silica 
from Glasrock Products Inc. for the limited test to be carried out on 
this material. It is expected that these samples will be obtained by 
approximately January 1, 1964 and the tests will be completed as soon 
after as is convenient. 

With the receipt of the new ATR fuel , efforts were begun to 
complete the determination of reaction kinetics of Al-U30S dispersions 
by high temperature dynamic x-ray diffraction studies. While the low 
temperature, short time runs produced no unforseen difficulties, efforts 
to extend to higher temperatures or longer times produced significant 
macroscopic blistering and swelling in the test specimens. The as
received material showed slightly higher A1203 and U02 contents than 
the original ATR fuel plate. The new ATR fuel plate also showed a 
few relatively small diffraction peaks which did not appear in the 
original ATR plate. These have not yet been identified. 
Microstructures of the two plates did not appear to be appreciably 
different. A detailed review of the sample preparation and handling 
techniques at the Oak Ridge National Laboratory and at Georgia Tech 
failed to show any apparent differences between the old and new ATR plate. 

R "\J'F:~J'1 ~ 
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(' ... ~~~ . -- ;;2. - .. '-3 ~\ Fv,"(:.,,"1!\i .I. ...... :Y. ....... 19 ......... B { ................ ". 

lib-sascan
Rectangle



AT-(40-1)-2483 
November 14, 1963 
Page 2 

Efforts were begun to eliminate the swelling and blistering by 
suitable vacuum annealing. Annealing for one hour at 1100° F and one 
hour at 1150° F produced a very substantial decrease in the incidence 
of and blistering. In samples annealed in this manner, the 
incidence of swelling and blistering was reduced from approximately 
100 per cent to approximately 20 per cent. Annealing at 1200° F for 
one hour produced marked blistering in the samples. More detailed 
tests were begun to determine the cause and methods for eliminating 
the blistering and swelling problem. 

II. Future Work 

Compilation of the data on slip-cast fused silica will be 
continued. 

Efforts will be continued to determine the cause and methods of 
eliminating swelling and blistering in the AI-U308 fuel plate. If 
the blistering and cannot be eliminatea, or if the results 
of the kinetics study appear likely to be compromised by the 
uncertainties concerning the nature of the sample, efforts will 
be begun to obtain a replacement fuel plate. 

Approved: 

cX.~a~.~ ~ead, 
High Temperature Materials Branch 

Respectfully submitted, 

9·f)~~ 
J. D. Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

December 13, 1963 

Reactor Division 
Oak Operations Office 
U So Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: 

Subject: 

Gentlemen: 

Dr, David F. Cope, Director 

Monthly Letter Report No. 61, Project 
the Period from 1 November 1963 to 1 December 1963 
Contract No, AT-(40-1)-2483 

I, Experimental Work 

The supplementary survey of the literature on slip-cast fused silica 
was continued, 

Attempts were continued to eliminate swelling in the new ATR fuel 
plates during x-ray testing. Vacuum annealing for one hour at 1100° F 
and for one hour at 1150° F was found to decrease the incidence of 
swelling to a tolerable level. Upon metallographic examination, 
however, some specimens showed much more reaction than was seen 
during similar treatment of specimens from the first plate. 

In order to avoid any possible errors in the reaction kinetics 
resulting from contamination of the new plate, the decision was made 
to re this material and proceed with a new dispersion. The new 
dispersion will be a reference ATR fuel plate from the Oak Ridge 
fabrication study. Use of this plate should completely eliminate 
any inconsistencies arising from material composition or fabrication 
variables. X-ray test specimens will be prepared by machining the 
cladding from one side of the fuel plate, the meat exposed. 
The 20 mil thickness of fuel meat should be adequate for the test. 

Evaluations of etching agents for reacted Al-U30S dispersions were 
continued. A 0.5 per cent HF solution applied by 40 second swabbing was 
found to produce differential color staining of the phases in the reacted 
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material. Preliminary studies indicated that the colors produced are 
stable and reproducible. Efforts were begun to correlate the stain 
colors wi.th phase identification by x-ray diffraction and electron 
microprobe analysis. 

II. Future Work 

The supplementary literature survey for fused silica will be 
continued. 

Evaluations of the etching agents for reacted AI-U
3
0

8 
dispersions 

will be extended. 

Upon of the ATR plate, machining of the necessary x-ray 
specimens will be begun. 

Approved: 

!JE~4 
J. Do Walton, Jr., Head 
High Temperature Materials Branch 

Respectfully submitted, 

~Fleming 
Senior Investigator 
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GEORGIA INSTITUTE OF TECHNOLOGY 

Reactor Division 

ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

January 17, 1964 

Oak Operations Office 
Uo So Atomic Energy Commission 
Post Office Box E 
Oak Tennessee 

Arter. t,1. on : Dr Davld F. Cope, Director 

CT: Monthly Letter Report No. 62, Project Covering 
the Perlod from 1 December to 1 January 1964 
Contract Noo AT-(40-1)-2483 

Gent~lemen : 

The supplementary survey of the li.terature on fused silica was 
conti.nued c 

Samples of typical foamed silica were obtained from Glasrock 
Products J Inc, A brief series of strength and porosity determinations 
was begun. 

The reference ATR fuel plate was received on January 3 and 
mach:tni.ng was begun on January 60 The cladding was removed from one 
side of the fuel plate with little difficulty, leaving the fuel meat 
exposed. High temperature dynamic x-ray runs were begun to determine 
the Al-U30S reaction rate. The residual cladding on the lower side 
of the test specimen was sufficiently fluid at a temperature of 1400° F 
to flow when the angle of inclina ti.on of the sample was changed 0 The 
fuel meat showed little or no tendency to flow with the result that 
the cladding flowed into a wedge below the meat, changing the x-ray 

of inci.dence. Since the x-ray system is of the usual fixed 
source , this caused a complete loss of alignment 0 

Attempts were begun to eliminate the alignment changes by 
mechanical restraint of the specimen. If this proves unsuccessful, 
realignment of the system will be necessary after each x-ray sweep. 



AT-( 
January 
Page 2 

This wiLL decrease the effective scanning speed of the system 
approximately 50 per cent. Complete removal of the cladding from 
both sides of the specimen will be attempted as a last resort. 
This is expected to oe unsuccessful, as a result of financial 
limitations, since care will be to preserve the 

thin fuel meat, 

II. 

The supplementary literature survey for fused silica will be 
continuedc 

Attempts to measure Al-U30S reaction rates will be continued 
dynamic x-ray diffraction and chemical and metallographic 

analysis 0 

Approved: 

Respectfully submitted, 

Fleming 
Senior Investigator 

cX~~~~ad' 
High Temperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

February 7, 1964 

Reactor Division 
Oak Ridge Operations Office 
Uc So Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: 

Subject: 

Gentlemen: 

Dr. David F. Cope, Director 

Monthly Letter Report No. 63, Project Covering 
the Period from 1 January 1964 to 1 February 1964 
Contract No. AT-(4o-1)-2483 

I. Experimental Work 

Compilation and coodination of data for the final report on cast 
fused silica was continued. 

Two reference fuel plates containing approximately 35 weight per cent 
U308 were obtained from the Oak Ridge National Laboratory. The cladding 
was removed from one side of these to furnish an exposed AI-U~08 
surface for testing in the dynamic x-ray diffraction system. InitiaI 
attempts were made to follow the kinetics of the Al-U308 reaction in 
these specimens at temperatures up to 1800° F. The bottom layer of clad
ding on which the sample rested was sufficiently fluid at testing temper
atures to flow when the x-ray diffraction table was tilted. This resulted 
in a loss of alignment of the sample and failure to obtain representative 
diffraction peaks for U

3
0

8 
and U02 . 

In order to avoid the difficulties encountered from allowing the 
sample to rest on the residual backside cladding, a modification of 
the x-ray furnace was made so that the sample could be rested on the 
machined surface upon a stainless steel grid supported from alumina 
bars by Kanthal wires. The majority of the wires in the grid perpen
dicular to the direction of transmission of the x-ray beam were 
removed, leaving large openings in the parallel to the direction 
of x-ray transmission. In this manner, satisfactory diffracted beam 
intensity was maintained. Initial runs with this system orientation 
proved satisfactory. The fuel meat did not flow enough to interfere 
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with either alignment or diffraction intensity. No reaction was noted 
between the fuel meat and the stainless steel after 7 runs using the 
same grid. 

Dynamic x-ray runs were made up to a sample testing temperature of 
2000° F A rapid early loss of the U308 diffraction peak was noted in 
all runs. This indicates an early conversion of the outside layer of the 
U308 to U02, producing a U02 layer thick enough to prevent penetration of 
the x-rays to the residual U308 beneath. The thickness of this layer is 
estimated to be from 6 to 13 microns, On further heating, an rapid 
reduction of U02 was noted followed by a period during which reaction rate 
decreased considerably before complete reaction of the U02' With higher 
testing temperatures the initial rapid reaction of U02 was increasingly 
difficult to follow. At 2000° F the initial rapid reduction period was 
completed by the time the second x-ray scan of the U02 peak could be made. 

Chemical analyses were begun using spot check samples in order to fix 
the x-ray diffraction rate curve on the composition axis. These analyses 
will be used to determine the extent of reaction during the development of 
the x-ray blocking layer of U02 and during the period of initial rapid 
U02 reduction. These analyses will disclose whether either reaction 
exceeds the allowable 3 per cent reaction during temperature equilibration 
which was previously agreed to be acceptable. 

II. Future Work 

Compilation of the final report on slip-cast fused silica will be 
begun. 

Dynamic x-ray diffraction and chemical analysis will be continued 
using the 35 per cent reference ATR Plates to determine the Al-U

3
0

8 reaction kinetics. 

J. D. Walton, Jr., Head 

Respectfully submitted, 

\ 

. D. Fleming 
Senior Investigator 

(AAPliJ~~/ 
High Temperature Materials Branch 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA, GEORGIA 30332 

March 15, 1964 

Reactor Division 
Oak Operations Office 
U. S. Atomic Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: Dr. David F. Cope, Director 

Monthly Letter No. 64, Project B-153 Covering 
the Period from 1 February to 1 March 
Contract No. AT-(40-1)-2483 

Gentlemen: 

I. Work 

Dynamic x-ray diffraction runs were made using ATR reference plate 
samples in the inverted developed during the month. 
Survey scans were made up to the maximum temperature attainable in the 
x-ray furnace, 2100 0 F. Although the cladding melted and deformed, the 

fuel meat was stable to avoid loss of the x-ray beam 
alignment. At 2100 0 F, the beam windows had limited service life, but 
a run could be completed before window failure. 

Satisfactory x-ray traces were obtained up to approximately F. 
In these runs, the peaks grew to a maximum and then dropped, The 
initial growth corresponded to a loss of U308 diffraction peaks 
and indicated formation of a U02 shell around the original U

3
08 particles. 

The subsequent loss of U02 diffraction intensity represented conversion 
of U02 to U-Al alloy with a concomitant decrease in U02 volume 
fraction. The U308 could be followed only to approximately the 

of maximum U02 area, indicating that this point corresponded 
to formation of an extinction thickness of U02 , Approximate x-ray 
absorption calculations indicated that this thickness should be of the 
order of microns. The U02 peak area at first decreased fairly 
rapidly after the peak was reached and then more slowly. 

Above approximately 1850 0 F, the UO~ peak area passed its maximum 
before a single complete x-ray scan could-be made about the U0

2 
diffraction 
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peak. In runs above approximately 1900° F, the initial rapid U02 decrease 
was complete before the first scan could be made. This indicated that the 
dynamic x-ray system is essentially incapable of following the reaction 
above 1850° F. 

Chemical analyses were made using a few samples heated to the U02 
maximum and cooled as rapidly as possible to determine the conversion 
prior to thermal equilibration. At approximately 1850° F, the conversion 
was equivalent to reduction of approximately seven per cent of the U308 
to U-Al alloy phases. Since this exceeded the three per cent equilibration 
conversion previously decided to be acceptable, 1850° F was greater than 
the maximum temperature at which the x-ray system could be relied upon to 
show the initial conversion kinetics. 

An attempt was made to extrapolate the kinetics below 1850° F to 
2100° F to predict the high temperature reaction rate. The lower 
temperature rates were plotted according to the Arrhenius criterion. 
The resulting relationship showed consistent increases in reaction rate 
with temperature but the curve showed a variation in log reaction rate vs. 
reciprocal temperature which was of much greater than first order. 
Extrapolation of this curve to 2100° F appeared foolhardy. 

Attempts were begun to form some estimate of reaction rates at the 
higher temperatures by increasing the heating rate. This could not be 
done in the x-ray system since beam alignment is necessary prior to beginning 
the heating cycle. The method chosen was dropping the sample into a preheated 
argon atmosphere furnace followed by quenching in water after a set heating 
time. Efforts were begun to determine the maximum temperature increase rate 
in the sample in this system. A DTA furnace was modified for this purpose 
and heating rate runs were begun. 

II. Future Work 

If the heating rates in the drop-and-quench system are found to be 
significantly higher than in the x-ray system, kinetics runs will be begun. 
Samples will be removed and quenched at pre-set times. The U~08 conversion 
will be determined from chemical analysis and metallography. -As previously 
mentioned, this method will be subject to more statistical defects, if 
successful at all, than the dynamic x-ray technique. As a result, investi
gations of the reaction kinetics probably can be made only at one temper
ature with the time and funds available. 

Respectfully submitted, 

Approved: 

~~~ 
J. D. Walton, Jr., Head 
High Temperature Materials Branch 

lib-sascan
Rectangle

lib-sascan
Rectangle



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERlMENT STATION 

ATLANTA. GEORGIA 30332 

April 16, 1964 

Reactor Division 
Oak Ridge Operations Office 
U. S. Atomic Energy Commission 
Post Office Box E 
Oak Ridge, Tennessee 

Attention: 

Subject: 

Gentlemen: 

Dr. David F. Cope, Director 

Monthly Letter Report No. 65, Project B-153 Covering 
the Period from 1 March 1964 to 1 April 1964 
Contract No. AT-(40-1)-2483 

I. Experimental Work 

Since the initial rate of the Al-U308 reaction proved to be too rapid 
for determination with the dynamic x-ray system, studies were begun in which 
samples were heated rapidly in a modified DTA furnace and then subjected to 
post-heating chemical analysis. In these studies the sample was supported 
on a steel grid in the wa'ter-cooled observation port leading into the DTA 
furnace. The steel grid was held against the observation window by an 
external magnet. Aluminum foil was placed at the bottom of the observation 
tube to shield the sample from the interior of the furnace. The oxide film 
held the aluminum foil together although it was molten and the sample 
temperature did not exceed 400 0 F when the furnace temperature was held 
at 2100° F. When the furnace had equilibrated, the magnet was removed, 
allowing the sample to fall through the aluminum foil and into the furnace. 
After the sample had been heated for the desired time, the top of the 
furnace was removed and the fused silica hearth and sample were quenched. 
Water was used in the initial quenching studies but this was discarded 
when the samples showed sufficient oxidation to affect the results from 
the post-heating chemical analysis. Later quenching was in liquid nitrogen, 
which showed no tendency to react appreciably with the samples. 

In order to provide a thermal history for the samples heated in the DTA 
furnace, a series of runs was made in which thermocouples were spot welded to 
samples which were then inserted into the furnace in a manner similar to that 
described above. The temperature of the samples during heating was recorded. 
These temperature profiles showed good reproducibility. Approximately 
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After being heated, the samples were treated with a mixture of methyl alcohol, 
and iodine, which dissolves the aluminum alloy and the uranium-aluminum inter
metallic compounds resulting from the reaction. The reacted mixture was filtered 
and weighed. Following this weighing, the samples were oxidized at 900 0 F in air 
and another weighing was made. From these two weighings, material balances permit 
the determination of the amount of U30S reduced to U02 and the amount of U30S 
reduced to uranium-aluminum intermetallic compounds. Since the weight change 
reflecting the reduction to U02 is generally of the order of one milligram or 
less, and since a microgram balance was not available, this portion of the analysis 
was characterized by poor accuracy. Attempts are now being made to secure funds 
for the purchase of a microbalance. If such a balance can be obtained, the 
accuracy of the U02 analysis will be substantially improved. 

Using the procedure described above, Al-U30S samples were heated for periods 
of 60, So, 100, and 120 seconds. The samples were subjected to chemical analysis 
using the methanol-iodine dissolution technique. The amount of U30S reduced to 
uranium-aluminum intermetallics ranged from 6 to 14 per cent. The results showed 
a high degree of variability. Since statistical analysis will evidently be 
required, a series of runs was begun to provide sufficient data for this analysis. 

Since in no case was an extent of reaction less than 6 per cent noted, the 
heating and quenching approach will obviously be unable to display the reaction 
kinetics below a total reaction of 3 per cent, the equilibration condition 
previously established for this work. Attempts were begun to provide a faster 
heating rate through the use of a plasma jet as the heating source. This approach 
will obviously involve many experimental difficulties and it is not anticipated 
that such a study can be completed within the remaining funds and time. An 
attempt will be made, however, to indicate the feasibility of this approach in 
case further work is desired. 

II. Future Work 

Collection of sufficient data for statistical analysis will be continued 
using the heating and quenching method with the modified DTA furnace. 

Efforts to demonstrate the plasma jet as a heating source will be continued. 

Respectfully submitted, 

~w. 
~ __ ~: __ F~~min 

Senior Investigator 
Approved: 

~1l:?:.~H~ad ~~g~'T:~perature Materials Branch 
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FOREWORD 

The investigation reported in this document was performed by the 

Engineering Experiment Station of the Georgia Institute of Technology under 

U. S. Atomic Energy Commission Contract NOe AT-(4o-1)-2483. The work was 

sponsored by the Division of Reactor Development, Fuels and Materials 

Development Branch, Mr. J. M. Simmons, Chief~ The contract was administered 

by the Oak Ridge Operations Office, Reactor DiviSion, Dr. Davide F. Cope, 

Director. 

Prior to the current contract year, Quarterly Reports were not 

submitted. Consequently, although this report is entitled Quarterly Report 

No.1, several prior reports have been distributed. For a listing, see 

Section VII. 

In order to distribute information as rapidly as possible, all work 

since the last major report, Progress Report NOe 3, is included herein. 

Subsequent Quarterly Reports will cover only the appropriate calendar 

quarter. 

This report covers the period from 15 August 1961 to 1 April 1962. 

iii 
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I. INTRODUCTION 

The excellent thermal shock resistance and indications of good radiation 

resistance of fused silica have recommended it for consideration for use in 

temperature radiation fields. With the development at Georgia Tech of 

techniques for economical fabrication of large and complex silica s by 

slip casting, major objections to this material, on the basis of cost and 

fabrication difficulty, have been overcome. 

Although the art of fused silica is well developed, many gaps are still 

existent in its science. Insufficient data are available for the intelligent 

evaluation of fused silica as a reactor material. One object of Project B-153 

is the development of sufficiently reliable data for, and basic understanding 

of, fused silica to permit this evaluation. 

Fused silica is unique among slip casting materials in the small amount 

of drying and shrinkage associated with its fabrication. If other 

materials could be caused to display a similarly low shrinkage, much better 

advantage could be taken of slip casting as a fabrication technique. A second 

object of Project B-153 is the optimization of casting ceramics, through 

a comparison of silica with different materials and a basic study of the 

mechanism of slip casting. Slip cast alumina is being investigated at present. 

The competitiveness of nuclear power systems depends strongly on the 

extent to which use can be made of potentially high operating temperatures. 

The fuels required to operate stably at these high temperatures must be 

fabricated at equally high temperatures if conventional fabrication techniques 

are used. The fabrication problems and expense increase with fabrication 

temperature in more than linear proportion, adversely affecting the economics 

of the system. 
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Project also is concerned with an investigation of a novel 

fabrication process in which the material being fabricated furnishes the 

fabrication temperatures required. This process consists of selecting materials 

which will undergo highly exothermic chemical reactions, producing both high 

temperatures and desirable reaction products. To date, aluminum and beryllium 

reduction of oxides of uranium have been studied, with the major emphasis being 

placed on aluminum reduction of U
3
08 • Since Al-U

3
08 dispersions are in common 

use as reactor fuels, the results of this study are obviously of interest in 

hazards evaluation. The program is planned so as to yield information in a 

form suitable for this evaluation. 

-2-
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II. SUMMARY 

Devitrification rate curves were run with fused silica samples cast using 

a graphite mold releaseo The devitrification rate was as low or lower than with 

any other mold release. This, together with its better handling characteristics, 

resulted in the graphite being used for all casting work with one piece molds. 

With multiple part molds, where release of the casting was not a problem, Keltex 

was used since it forms a strengthening film around the casting. 

A further comparison was made of the ASTM c-20-46 water immersion test and 

the air displacement porosity system 0 The water test was capable of showing 

representative qualitative changes in the silica upon firing provided great 

care was exercised. The water test continued to be quantitatively inaccurate 

even under optimum conditions. 

Estimation of a firing correction time for the silica proved possible using 

the porosity data. This correction time accommodated the changes in the silica 

occurring during heating to the soaking temperature. The actual heat-up time 

was found to be suitable for use as the correction time in the temperature range 

studied. The use of this correction time permitted the properties of the dried 

cast silica to be correlated with the fired properties. 

The porosity of slip cast fused silica was measured by air displacement as 

a function of firing conditions. The minimum porosity reached ranged from 13. 

to 14. per cent. The firing time for minimum porosity ranged from two hours 

at 2300° F to 46.3 hours at 2100° F. Use of the time for minimum porosity as a 

normalizing factor permitted good correlation of all the porosity data. 

The modulus of rupture of slip cast fused silica was measured as a function 

of firing conditions. The maximum strength was in the range 4500 - 4700 psi 
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for all firing temperatures from 2100 to 2300° F. The firing time for maximum 

strength was about the same as the time for minimum porosity at 2100° F but was 

slightly shorter at higher firing temperatures. This indicates a greater 

dependence of strength on cristobalite fracture during post-firing cooling 

than that shown by porosity. 

Further statistical analyses were made of the procedure for firing silica 

tensile test rings. These analyses showed a lack of sample uniformity, probably 

due to vertical temperature gradients in the furnace. A second order interaction 

indicated that the temperature gradients were not uniform from firing to firing. 

A study was made of the crushing strength of slip cast fused silica. The 

crushing strength did not show a statistically significant dependence on sample 

height from 1/4 to 3-in. or on loading rate from 600 to 9000 pounds per minute. 

The crushing strength showed less dependence on internal flaws than did the 

modulus of rupture. As a result, the firing times for maximum crushing strength 

were somewhat longer than for maximum modulus of ruptureo The maximum crushing 

strength was approximately 26,000 psi. 

Investigations were made of the influence of firing atmosphere on the 

properties of slip cast fused silica. The initial studies showed th.at steam 

had a striking effect on the fired strength and porosity as well as the expected 

effect on devitrification rate. The modulus of rupture reached in steam firing 

was greater than 5400 psi at 2200° F compared with 4200 psi for air firing. The 

maximum strength in steam firing was developed in less than half the time required 

in air firing. The minimum porOSity reached in steam firing was 10.14 per cent 

compared with 14.63 in air firing. Devitrification in steam firing was five to 

ten times as rapid as in air firing. Firing in argon markedly decreased the 
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rates of strengthening, porosity decrease, and devitrification. The modulus 

of rupture was only 1420 psi after 16 hours at 2200° F. 

Studies were made of the influence of mold vibration and pressure applica-

tion on the casting rate of alumina slips. An axial 60 cps vibration with an 

amplitude of 0.015-in. increased the casting time but improved the cast density 

and strength. Pressure application of 60 psig decreased the casting time by a 

factor of four with an improvement in the soundness of the casting and only a 

moderate decrease in the cast density. Alumina bars cast with vibration and 

pressure were fired at temperatures of 2030 to 2250° F for 8 hours. The bars 

fired at 2250° F showed an air displacement porosity of .1 per cent, a 

firing shrinkage of 1.97 per cent, and a modulus of rupture of 17,000 psi. 

Studies of the mixing characteristics of AI-U
3
0

8 
powders showed that 

Baymal additions of approximately one per cent produced Significant improvements 

in the ignition properties and fired structure. 

The apparent theoretical density of the U
3
0

8 
used was measured by air 

displacement and in a Beckman air pycnometer. The air displacement value was 

8.11 ~ 0.03 gm/cc and the air pycnometer value was 8.16 ! 0.01 gm/cc. 

Tests with Al-U
3
08 thermets compounded with different aluminum contents 

showed that the ignition temperature decreased with increasing aluminum content. 

At 10 w/o aluminumJignition occurred at 1640° F while indications were obtained 

of complete reaction of a 59.7 w/o aluminum thermet as low as 1200° F. With 

increasing aluminum content, the ignition became much less violent and the 

temperature excursion during ignition decreased markedly. 

Chemical analyses indicated 95 per cent reaction of the aluminum in 

14.6 w/o aluminum thermets and implied complete U
3

08 reaction in 

5907 w/o aluminum thermets. 
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X-ray diffraction analysis produced completely resolved traces for 14.6 

and .7 wlo aluminum thermets. The 14.6 wlo thermets contained a-Al20
3

, U02, 

UA12, and UAl
3

• Some residual U
3
0

S 
was seen in samples compounded with U

3
0

S 

of a particle size greater than 140 mesh. The relative amount of UAl
3 

increased 

with decreasing U
3
0S particle size. The 59.7 wlo samples contained a-Al20

3 
and 

UA14° In some cases, UAl2, UAl
3

, U0
2

, and residual U
3

0
S 

were observed. 

Initial electron microprobe analyses were made of fired AI-U
3
0S thermets. 

These analyses showed the presence of U02 , UAl2, and A120
3

• 

Be-U
3
0S compacts containing 7.9 wlo of -325 mesh beryllium were subjected 

to differential thermal analysis. The samples ignited sharply at lS20° Fo The 

reaction appeared more vigorous than the corresponding Al-U
3
0

S 
reactions. 
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III. EXPERIMENTAL WORK 

A. Slip Cast Fused Silica 

1. Graphite Mold Release 

Devitrification rate studies were made at 2200° F in the high 

temperature x-ray diffraction system using samples cast into U. 88 Gypsum NOG 1 

plaster with the graphite mold releasel • Even though the samples were fired with 

the graphite in place, the devitrification rate was uniformly lower than with 

samples cast with Keltex and fired after removal of the Keltex as in shown in 

Figure 1. Mold contaminants held on the surface of the graphite were apparently 

removed by the burning off of the graphite instead of being fixed by the silica 

as was the case with Keltex. 

The graphite release agent proved superior for use in one piece bar molds 

since, as opposed to Keltex, there was no tendency to roll up on the casting 

surface and prevent removal of the casting. As a result of this and the low 

devitrification rate, the graphite release was adopted for all casting work 

in one piece molds. With multiple piece molds, where binding is not a problem, 

the Keltex is advantageous since it imparts slightly better green strength by 

surrounding the casting with a film. 

2. Porosity 

a~ Further Comparison of Air Displacement and Water Displacement Tests 

Determinations made in the past by water displacement and by air displacement 

showed both qualitative and quantitative differences in the profiles of the 

porosity of slip cast fused silica as a function of firing conditions. The 

statistical study reported in Progress Report No.3 indicated that the qualitative 

1 Progress Report No.2, p. 13. 
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differences resulted from the significant operator dependence of the water test. 

In order to verify this implication, before relying too heavily on the air 

di.splacement test, one further study was made~ 

Sets of ten cast silica bars, 3/4-in. in diameter by 5-5/8-ino long, 

were fired at 2200 0 F for 2, 4, 8, and 16 hourso The fired samples were dried 

for 16 hours at 230 0 F and cooled in a desiccator to room temperature before 

tested. The porosities of the bars were then measured, first using air 

displacement and then by water displacement. All water displacement tests were 

made on the same day and by the same technician in order to eliminate the operator 

effects insofar as possible. This precaution and that of drying the bars before 

testing were not taken in the previous porosity profile determinations by water 

displacement~ 

The results of the air and water determinations are shown in Figure 21 

These results indicate that the two tests are capable of showing qualitative 

porosity changes equally as well provided more than the usual care is taken in 

applying the water method. Even under these circumstances, however, the water 

displacement test may introduce a qualitative error j.f a small surface pore size 

exists in the sample under some firing conditions and not under others. In any 

case, the water absorbed into the sample will be unable to penetrate all the 

pores, resulting in a lower porosity value than is obtained by air displacement. 

A quantitative error in the water absorption method appears unavoidable. 

b. Correction of Firing Time 

The firing procedure which has been followed to date l.s: 

1. The furnace is pre-heated to the firing temperature. 

porosity of the unfired bars could not be determined by water displacement 
since the green structure could not withstand boiling~ 
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2. The samples are inserted. During this step, the furnace temperature 

drops considerably. 

3. The furnace is reheated to the firing temperature at full power. 

4. The time at which the furnace again reached the firing temperature 

is set as the base line for the firing time e 0 This is the 
u 

correlating parameter which has been used in the past. 

Use of the firing time defined above as a correlating parameter is obviously 

a poor choice since the samples would undergo significant changes during the heat-

up period. The magnitude of these changes was determined by making a series of 

zero-time firings, i.e. removing and water quenching the bars at the instant the 

furnace returned to the set firing temperature. The denSity characteristics of 

these zero-time samples are compared with dried but unfired samples in Table I. 

A t test showed a porosity of 17.26 or lower to be significantly different at the 

95 per cent level from the unfired porosity of 17.44. This indicated the need 

for a heat-up time correction for firings at 2100° F or above. 

In principle, any property of the fired bars could be used to establish a 

zero-time correction. In practice, however, the strengths suffered from a much 

greater lack of reproducibility than the void volume properties. The porosity 

could not be plotted to yield a straight line and extrapolation along the curved 

lines could not be carried out with any degree of reliability. The theoretical 

denSity showed too small a change to be useful for extrapolation. The only suitable 

property proved to be the bulk denSity which was correlated reasonably well by the 

equation 

B a + b log (e + 1) 
u 
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TABLE I 

COMPARISON OF ZERO-FIRED AND UNFIRED SLIP CAST SILICA 

Time for 
Reheat 

(hr) 

0.23 

o. 

0·35 

0·37 

o. 

0·79 

* Porosity 

(% ) 

17.44 + 0.11 

.44 + 0.11 

17·21 + o. 

17.22 2:. 0 •1 3 

16.96 2: 0.24 

16.64 + 0 

14.89 2:. 0.19 

Bulk 
* Density 

(gm/cc) 

1. .::: 0.005 

10863 .:!: 00003 

1.860 2:. 0.003 

1.864 2:. 0.003 

1.868 2:. 0 .. 003 

10869 2:. 0.003 

1.906 2:. 0.005 

* Apparent 
Theoretical 

Density 

(gm/cc) 

2.248 + 0.006 

2.256 .:!: 0.002 

2.246 + 0.006 

2. .:!: 0.003 

2.250 :!:. 0.006 

2.242 + 0.002 

2.239 :!:. 0.003 

Ranges shown are _+ 2.09 s where s is the standard deviation of the mean. 
m m 

This is the range which should contain the average value cited within per 

cent confidence. 

where B is the bulk density, e is the uncorrected firing time, and a and bare 
u 

constants. Equation 1 was fitted to the data for each firing temperature by the 

least squares technique and the resulting equations were extrapolated to the 

unfired density to obtain a firing time correction for each temperature. While 

this procedure gave reasonable results for the correction time, just as effici,ent 

correlation of the data was afforded by a modified form of Equation 1. 
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B 1.856 + b' (e + 1) 2) 

where 

e = corrected firing time e + e 
u R 

e == time following point at which furnace returns to u 
temperature 

e
R 

reheat time from Table I. 

The values of b r calculated by least absolute deviations are in Table II. 

The calculated and data are plotted in Figure 3. Since this correlation 

procedure was more direct and just as satisfactory, the reheat time, rather than 

the extrapolated correction time, was chosen to normalize the uncorrected 

times. 

TABLE II 

SLOPE OF BULK DENSITY EQUATION 

e
R b r 

2000 0.23 0.013 

2100 0.32 0.038 

0·35 0.052 

0·37 0 .. 075 

2200 0.38 0.093 

2300 0·79 0.202 
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The real significance of this firing time correction is far from certaino 

The bulk density data could not be correlated with the power time functions 

characteristic of bulk diffusion controlled processes j indicating as previously 

proposed, that sintering in slip cast fused silica is a complex process related 

both to bulk diffusion and to devitrification. Equation 1 is probably not truly 

representative of the basic sintering mechanism and the derived firing time 

corrections probably have no theoretical meaning. Thi.s is particularly true 

since Equations 1 and 2 correlated the data equally as well 0 Thi.s would indicate 

that the correlation is insensitive to the correction time used and that the 

success of the correlation cannot be taken to imply fundamental significance. 

Sl.nce they do serve as effective correlating parameters, however, and do not 

dispute experimental observations, these corrections were used in all the correla-

tions concerning slip cast fused silica given in this report unless otherwise 

noted. 

Co Porosity and Density of Slip Cast Fused Silica 

Sets of 20 3/4-in. diameter by 5-5/8-in. long bars were cast from fused 

sili.ca and fired at 2000 j 2100, 2133, 2166, 2200, and 2300° F for various times a 

The bulk density, porosity, and theoretical density values were determined by 

air di.splacemento The bulk denSity and porosity are shown as a function of 

corrected firing time in Figures 3 and 40 

The minimum porosity values in Figure 4 were obtained using four point 

Lagrangian interpolation. The time at which the minimum porosity is reached 

can be correlated by the equation 

log e ::::: 
m 
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where 

e .- corrected firing time to reach minimum porosity, hr. 
m 

T = firing temperature, of. 

This equation, obtained by applying least squares to the interpolated data, is 

shown in Figure 5. 

It is interesting to note that the corrected firing time for minimum 

porosity may be used as a correlating factor by means of a reduced firing time, 

e , defined by 
r 

e 
r 

e 
e-

m 

The porosity is shown as a function of reduced firing time in Figure 6. 

30 Modulus of Rupture 

4) 

The firing behavior of slip cast fused silica was further clarified by 

extending the lower temperature firings to longer times and by firing at closer 

temperature intervals. Three-quarter-ino diameter by 5-5/8-in. long bars were 

slip cast in one piece molds using the graphite mold release. Firings were made 

at 2100, 2133, 2166, 2200, and 2300° F for a period of time necessary to enclose 

the peak strength. Firings at 2000° F were made to 64 hours but were discontinued 

when extrapolation indicated that approximately 160 hours would be required to 

reach the peak strength. The modulus of rupture is shown as a function of firing 

conditions in Figure 7. 

The data indicate that the peak strength increases slightly with increasing 

temperature. While this observation may be true, as a result of the increasing 

bulk diffusion., there is no statistical difference in the peak strengths and, 
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therefore, no basis for recommending high temperature firing. In additionj 

the higher temperature firings show much sharper peaks which would make uni.form 

strength development difficult in anything other than small samples 0 Figure 7 

indicates that the practical firing temperature range for slip cast fused 

silica in an electric kiln is 2100 - 2200 0 F with the lower temperature being 

preferable for large castings. Above this temperature range, the peak is so 

narrow that control would be difficult. At lower temperatures, the peak is 

sufficiently broad but the required firing times are too long to be practical 

except for extremely massive castings. 

Mention should also be made of the fact that firing in a gas kiln will 

not follow the same pattern as in an electric kiln. As discussed in Section 6, 

a high humidity, typical of firing in most gas kilns, produces much more rapi.d 

strengthening. 

The time at which the peak strength developed was determined from the 

modulus of rupture data by four point Lagrangian interpolation. These values 

are tabulated in Table III along with the times to reach the minimum porosity 

determined in the same manner from the same samples. 

While the lower temperature peak times are essentially the same for 

strength and porosity, the higher temperature peak times are appreciably 

different. The reason for this is apparent. Since Silica, like all ceramics, 

is rather notch sensitive, the formation of internal cracks through thermal 

shock of the cristobalite will have a marked effect on strength 0 Even if 

noticeable bulk diffusion occurs, the cristobalite fracture points act as 

stress raisers and promote fracture. The porosity, however, would be 

affected by bulk diffusion equally as well as by cristobalite fracture 
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though, of course, in an opposite direction. As a result, the improved 

bulk diffusion at the higher firing temperatures would tend to postpone the 

time of minimum porosity while having far less effect on the time of maximum 

strength. This would result in the trend shown in Table III. At lower 

temperatures ordinary bulk diffusion would be less rapid and strength and 

porosity would both react in a similar manner to a given amount of cristobalite 

fracture, leading to similar peak times. 

TABLE III 

FIRING TIME TO REACH MAXIMUM STRENGTH 
AND MINIMUM POROSITY IN SLIP CAST FUSED SILICA 

Corrected Time For 

Firing Temperature Maximum Strength Minimum Porosity 

(OF) (hr.) (hr.) 

2100 49.0 46.7 

2133 19·0 17.4 

2166 8.5 12.4 

2200 3·3 5.7 

2300 1.6 2.0 

4. Ring Tests 

Further efforts were made to improve the reliability of the tensile 

data for slip cast fused silica. Since the major data scatter seemed to arise 

from the firing procedure, a more extensive series of firings was made with 

the rings separated by alumina tripod spacers in an attempt to reduce sample 

temperature differences. Five firings were made, each consisting of six stacks 
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of four rings. The were numbered so that the stack location and position 

in the stack could be determinede The rings were tested on a Tinius-Olsen 

universal tester and the data were analyzed. 

A two factor analysis of variance was carried out in which the data were 

treated as five firings of 24 samples wj,thout replication 0 The results of this 

analysis are summarized in Table IV. 

TABLE IV 

VARIANCE ANALYSIS OF FIRING AND SAMPLES 

Source Degrees of Freedom Mean Square F Ratio 

Firing 4 11,437 le27 

Sample 23 10,208 1913 

Error 92 9,006 

Total 119 

The results of Table IV show that neither the "firing" factor nor the 

"sample ll factor are statistically significant; therefore the mean squares due 

to these factors become independent estimates of the experimental error variance. 

The failure of this analysis to detect any significant factors is probably due 

to the high experimental error and to the limited analysis design. For this 

reason two further statistical analyses were carried out with the same data. 

The first served to clarify the approach to the second, more comprehensive 

approach. 
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A two factor analysis of variance was made in which the five firings were 

considered replicates of samples at a particular level within a particular stack. 

The results of this analysis are given in Table V. 

TABLE V 

VARIANCE ANALYSIS OF SAMPLE POSITION 

Degrees of 
Source Freedom Mean Square F Ratio 

(L) ** Level within stack 3 33,210 3.65 

Position of stack (S) 5 3,150 Oq346 

LXS Interaction 15 7,961 0.874 

Error 96 9,107 

Total 119 

** Significant at greater than the 97.5 per cent level of confidence. 

The results of Table V show that the position of a particular sample 

within the stack, i.e. level within the stack, is a highly significant source 

of variation. On the other hand, the position of the stack and the combined 

effects of stack position and level are not significantq This indicates that 

the important variations in the furnace occur in the vertical direction. 

A three factor analysis of variance was finally carried out to distinguish 

as far as possible the specific source of the variation. The three factors 

were the firing, the level within the stack, and the row in which the stack was 

positioned, i.e. the front row of three stacks or the back row of three stacks. 
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The three rings at a given level in a particular row were considered to be 

replicates. The primary results are summarized in Table VI" 

TABLE VI 

VARIANCE ANALYSIS OF FIRING AND POSITION, THREE FACTOR 

Degrees of 
Source Freedom Mean Square F Ratio 

Firing (F) 4 11,437 1.743 

Level (L) 3 30,643 4.68**** 

Row (R) 1 12,343 1 .. 88 

FXL Interaction 12 25,143 3.8 4**** 

FXR Interaction 4 5,144 0 .. 785 

LXR Interaction 3 9,505 1.46 

FXLXR Interaction 12 6,950 1.06 

Error 80 6,560 

Total 119 

**** Significant at greater than the 99.5 per cent confidence level. 

Since the row does not appear as a significant single factor or in a 

significant interaction, the primary results of Table VI can be simplified 

by pooling non-significant terms.. These results are given in Table VII. 
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TABLE VII 

VARIANCE ANALYSIS OF FIRING AND POSITION, TWO FACTOR DEGENERATE 

Source 

Firing (F) 

Level (L) 

F~ 

Error 

Total 

**** 

Degrees of 
Freedom Mean Square 

4 437 

3 30,643 

12 25,143 

100 6,697 

119 

Significant at greater than the 99.5 per cent confidence level. 

F Ratio 

1.706 

4.58**** 

3·7 6**** 

The results in Table VII show the level within the stack to produce a 

significant variation in the tensile data and that the extent of this influence 

is not constant with different firings. This probably is a result of thermal 

gradients within the furnace and an inability to load the furnace, close the 

loading platform, etc. in a reproducible enough manner to produce the same 

thermal gradient from firing to firingo 

The nature of the sources of variation in the ring firings is unfortunate 

in that the only course of action to improve the tensile data with a 

small experiment is a complete redesign of the furnace. In view of the 

prohibitive expense of this step, the only solution appears to be an increase 

in the number of samples tested under a particular set of conditions and a 

corresponding reduction in the number of conditions which can be studied. 
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5. Crushing Strength 

a. Influence of Testing Conditions 

Sets of silica cylinders of various lengths from 1/4 to 3-ino were cut 

from 3/4-in. diameter bars which were fired at 2200° F for an uncorrected 

time of 8 hours. The samples were crushed on a Tinius-Olsen Super L 

universal tester using cardboard spacers between the cylinder ends to act 

as alignment cushions. A loading rate of 2,400 pounds per minute was used. 

The results of this test are summarized in Table VIII. 

Sample 

(in. ) 

1/4 

1/2 

3/4 

1 

2 

3 

TABLE VIII 

EFFECT OF SAMPLE LENGTH ON CRUSHING STRENGTH 

Crushing Strength 

( ) 

23,040 + 3,900
1 

-
990 !. 2, 

18,010 + 310
1 

-
18,950 + 5,790

2 
-

19,830 + 6, -

19,440 .:. 6,130
2 

Standard Deviation 

(psi) 

4,680 

2,970 

3,950 

4,660 

4,820 

4,910 

1. shown is + 2.36 s where s is the standard deviation of the mean. 
- m m 

This range should contain the mean within a per cent confidence level. 

2. Range shown is + 2.78 s. This range should contain the mean within a 
- m 

95 per cent confidence level. 
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An analysis of variance was made using the data of Table VIII. This 

analysis failed to show a significant difference between the means at greater 

than the 90 per cent confidence level. In view of this and convenience of 

handling, a one inch sample size was selected as standard. 

Following selection of the standard sample size, an investigation was 

made of the influence of loading rate on the crushing strength 0 One inch 

long cylinders were cut from 3/4-inch diameter bars fired at 2200° F for an 

uncorrected time of 8 hours. These samples were tested at loading rates of 

600 to 9,000 pounds per minute on a Tinius-Olsen Super L universal tester. 

The results of this test are summarized in Table IX. 

TABLE IX 

EFFECT OF LOADING RATE ON CRUSHING STRENGTH 

* Loading Rate Crushing Strength Standard Deviation 

(pounds/minute) (psi) (psi) 

600 20,820 .::. 4,270 5,110 

2,400 18,810 ~ 4,890 5,860 

4,800 19,820 .::. 4,720 5,650 

9,000 23,020 .::. 5,130 6,140 

* Range shown is + 2.36 s where s is the standard deviation of the mean. 
- m m 

This range should contain the mean within a 95 per cent confidence levelo 
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The data of Table IX were subjected to an analysis of variance which 

failed to show a significant difference between the averages at greater 

than the 50 per cent confidence level~ Since loading rate showed no 

influence on the crushing strength, 4,800 pounds per minute was selected 

as the standard rate inasmuch as it provided a convenient breaking time. 

b. Crushing Strength of Slip Cast Fused Silica 

Three-quarter-ino diameter by 5~5/8-in. long silica bars were cast in 

one piece molds using the graphite mold release., Sets of the bars were fired 

at 2000, 2100, and 2200° F for uncorrected times of 2, 4, 8, and 16 hours and 

at 2300° F for uncorrected times of 1/2, 1, 2, and 4 hours. The bars were 

transverse tested, once on a four inch span and twice, using the pieces from 

the first break, on a two inch spano Following the modulus of rupture 

determinations, one inch samples were cut from the pieces and crushed on a 

Tinius-Olsen Super L universal tester at a loading rate of 4,800 pounds per 

minute. The moduli of rupture, crushing strengths, and ratios of the two 

strengths are tabulated in Table Xo 

The crushing strength and modulus of rupture tests differ in their 

sensitivity to structural flaws as is readily apparent from Figure 8 which 

shows the strength profiles for the 2200° F firings. When the silica is 

fired to a point corresponding roughly to the maximum in the modulus of 

rupture curve, the cristobalite content in the silica is sufficient to form 

internal cracks through thermal shock during cooling. Since the axial thermal 

gradient in the bars is much less than in the radial direction, columnar 

cracks parallel to the axis tend to develop. The load application in trans

verse testing is perpendicular to these cracks and will tend to reflect the 
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Firing 
Temperature 

(OF) 

2000 

2000 

2000 

2000 

2100 

2100 

2100 

2100 

2200 

2200 

2200 

2200 

2300 

2300 

2300 

2300 
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TABLE X 

CRUSHING STRENGTHS AND MODULI OF RUPTURE 
OF SLIP CAST FUSED SILICA 

Corrected Modulus 
Firing of Crushing 

Time Rupture Strength 

(hr .. ) ) (psi) 

2.23 700 4,580 

4.23 795 210 

8.23 1,080 6,590 

16 1,460 8,540 

2.32 1,810 8,960 

4.32 2,130 11,400 

8. 3,310 13,700 

.32 4,480 18,300 

2 .. 38 4,510 20,100 

4.38 4,760 22,000 

8.38 4,170 23,100 

.38 1,680 20,900 

1.29 4,520 20,700 

1·79 4,720 25,800 

2.79 690 20,200 

4.79 1,970 23,700 

-30-

Ratio of 
Crushing Strength 

to Modulus of Rupture 

6. 

6.55 

6 .. 10 

5 .. 85 

4 .. 95 

5 .. 35 

4 .. 14 

4 .. 08 

4.46 

4 .. 62 

5.54 

12.44 

4.58 

5.47 

7051 

12.03 
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presence of less extensive cracking 0 The load application in crushing is 

parallel to these cracks and the breaking load will not tend to be lowered 

until much more severe cracking occurs. This behavior causes the maximum 

in the modulus of rupture curve to appear at a substantially lower time than 

the maximum crushing strength. This same trend is reflected in the ratio of 

crushing strength to modulus of rupture which remains relatively constant 

and low until internal cracking 

the ratio increases rapidly. 

6. Effect of Firing Atmosphere 

Once this point is passed, however, 

Since many large-scale furnaces are gas fired, extensive use of 

slip cast fused silica would require knowledge of the effects of high humidity 

firing atmospheres on the properties of the silica. A survey of the effects 

of firing atmosphere was made by firing in steam, argon, and air. Sets of 

twelve 3/4-in. diameter by 5-5/8-in. long silica bars were cast in one piece 

molds using the graphite mold release. Sets were fired in a tube furnace 

under the following conditions: 

1. Air was passed through the tube at 2~5 cUo ft. per hour, STP. 

Sets were fired for uncorrected times of 2, 4, 8, and 16 hours. 

2. Saturated steam at 3.5 in. water absolute was passed through the 

tube at approximately 17 cu. ft. per hour, STP. Sets were fired 

for uncorrected times of 2, 4, and 8 hours. 

3. The tube was evacuated and backfilled with argon twice. Argon was 

then passed through the tube at approximately 7 cu. ft. per hour, 

STP. Sets were fired for uncorrected times of 2, 4, 8, and 16 

hours. 
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Ml were made at a furnace temperature of 2200° F. Since provisions 

were not available for introducing a thermocouple into the tube, the true 

firing temperature of the samples is unknowno This temperature should be 

lower than 2200° F as a result of the cooling effects of the gases. 

A comparison of the air with normal in stagnant air indicated 

that the true firing temperature was probably quite close to 2200° F. 

The porosity, bulk density, and apparent theoretical density of the 

samples were determined by air displacemento Following these measurements, 

the moduli of rupture were determined in three point loading by each 

sample three times, once on a four inch span and, using the pieces from the 

first twice on a two inch span6 The u~.,u~~~s were then crushed and 

subjected to x-ray diffraction for cristobalite analysis 0 

In the results of the firing atmosphere studies, no 

was made to determine a correction time as described in Appendix A for the 

other silica firings. Such determinations will be made for future 

The porosities, bulk densities, moduli of rupture, and cristobalite 

contents of the samples are shown as functions of the uncorrected 

time in 9 through The apparent theoretical densities are shown 

as a function of cristobalite content in Figure 

The most striking effect noted in this study was the strong influence 

of steam on the bulk diffusiorfrate of the silicaa The data of Figure 10 

fitted by the method of averages, show that the bulk density is greatly 

lThe cristobalite analyses of approximately 1 per cent approach the sensitivity 
limit of the x-ray technique and were not used in the correlation. These 
values could easily be in error by a factor of two. 

2Bulk diffusion is used here to represent a diffusion mechanism different 
from devitrification induced diffusion. The actual process might be viscous 
flow, surface diffusion, etco 
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increased by the steam atmosphere, indicating in turn a much greater rate of 

bulk diffusion. This tendency is also apparent from Figure 9 which shows 

that although, at two hours, the steam-fired samples had already passed the 

point of significant thermal fracture of the cristobalite, as seen from 

Figure 11, the bulk diffusion rate was enough to produce a continuing 

decrease in porosity. The porosity values are quite remarkable in that they 

were a full 30 per cent below the lowest values reached in air firing. Firing 

in steam produced a decrease in porosity from the unfired value more than 

double that obtained with any other procedure. Figure shows that 

this low porosity is not attained through the formation of closed pores 

since the apparent theoretical densities varied in a consistent manner with 

cristobalite content regardless of the firing atmosphereo 

The strength data of Figure 12 indicate that much might be gained by 

lower temperature firing of the silica in steam. The strength attained in 

steam is substantially higher than that normally associated with air firing. 

The statistical significance of this observation could not be determined in 

view of the small size of the experiment. 

Figure 12 shows that the steam atmosphere markedly increases the 

devitrification rate of the silica, an observation consistent with the 

literaturel • Although it is difficult to quantize, this increase in 

devitrification rate in steam may be more than offset by the increased bulk 

diffusion rate .. 

lAinslie, N .. G., C. R. Morelock, and Do Turnbull, "Devitrification Kinetics 
of Fused Silica", presented at 1961 meeting of American Ceramic Society, 
Philadelphia, Pennsylvania. 
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The results from in argon were the converse of those 

from the steam firingso It is evident that the oxygen and water molecules 

are quite effective in promoting atom mobility in the silica, leading to 

increases, over the in an inert atmosphere, in both bulk diffusion 

and devitrificationG in turn, exerts a substantial influence on the 

bulk diffusion and devitrification dependent such as strength, 

porosity, cristobalite content, and bulk density. 

B. Slip Cast Alumina 

1. Effect of Pressure and Mold Vibration During Casting 

An alumina was prepared by milling a mixture of 2000 grn. of 

220 mesh Norton 38 Alundum, 411 mlo of de-ionized and 25 ml. of 

concentrated hydrochloric acido The mixture was milled for 90 hours at 

67 rpm in a one gallon mill with a ball charge of 4000 grn. of 

Burundum cylinders. The of the slip are summarized in Table XI. 

TABLE XI 

PROPERTIES OF ALUMINA SLIP VP-l 

Solids Content 82.1 wlo 
Specific 

* Apparent 2,700 cp 

pH 

* Brookfield Model LVF, 30 rpm, spindle No.3. 
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Three-~uarter-ino diameter by 5-5/8-ino long bars were cast in one piece 

molds using the graphite mold releaseo The molds were sealed by gasketed 

heads, placed under pressure, and vibrated on a Syntron vibration tableo 

Pressures of 20, 40, and 60 psig and 60 cycle axial vibration amplitudes of 

0.010, 0.012, and 0.015 inches were usedo Casting times were measured and 

the bars were dried at 230 0 F for 24 hours. Porosity, bulk density, and 

theoretical density measurements were made using air displacement and the 

bars were broken in three point loading. The results of the tests are 

summarized in Table XII. 

TABLE XII 

PROPERTIES OF ALUMINA BARS 
CAST WITH PRESSURE AND VIBRATION USING SLIP VP-l 

Green 
Mold Vibration Casting Bulk Theoretical Modulus 

Pressure Amplitude Time Porosity Density Density of Rupture 

(psig) (in) (hr) ("/0 ) ( gm/cc) (gm/ cc) (psi) 

20 0.010 4.75 3203 2.54 3·75 1700 

20 0.012 5 31.4 2.57 3 .. 75 1800 

20 0.015 7 30·9 2 .. 59 3·75 1800 

40 0.010 1·75 32·9 2. 3·75 1500 

40 0.012 2 32.6 2.53 3· 1600 

40 0.015 4.5 .2 2. 3.75 1700 

60 0.010 1.5 32.8 2.52 3.75 1600 

60 0.012 1.75 32.7 2.52 3.74 1600 

60 0.015 2 31 .. 2 2.58 3·75 1700 
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The importance of vibration is shown by the increase in bulk 

density accompanying increased vibration. This undoubtedly occurred because 

the thixotropic slip is at least partially prevented from bridging by the 

vibration. Prevention of bridging would produce a more normal casting 

behavior and correspondingly longer casting times as well as a lower drying 

and firing shrinkage. Vibration also aided materially in filling the molds 

and producing sound castings. 

The longer casting times associated with vibration were more than offset 

by the application of pressure~ Pressure application also proved beneficial 

in making complex castings in unvented molds since the air was forced out 

through the pores in the plaster~ 

Although vibration and pressure caused substantial changes in the porosity 

and bulk density, the green strength was relatively unaffected9 The benefits 

of pressure and vibration might be felt in more rapid strengthening during 

firing. 

2. Profile Studies 

Although alumina does not sinter appreciably at temperatures below 

2800° F, the possibility of low temperature strengthening in slip cast alumina 

was obvious. This was implied by the presence of a gel, indicated by the low 

apparent theoretical density, which could show strengthening upon dehydration. 

A slip was prepared as described in the preceding section except that 

only 23.5 ml of concentrated hydrochloric acid was added. The properties of 

the slip are summarized in Table Xlllo 
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* 

TABLE XIII 

PROPERTIES OF ALUMINA SLIP P-l 

Solids Content .1 wlo 
Specific Gravity 2·59 

* Apparent Viscosity 2500 cp 

pH 401 

Brookfield Model LVF, 30 rpm, spindle No.3. 

Standard test bars were cast in one piece molds using the graphite mold 

release, a pressure of 60 psig, and a 60 cycle axial vibration amplitude of 

0.015-in. The cast bars were air dried in the molds for hours, removed 

from the molds, and dried at 130 0 F for 24 hours followed by 16 hours at 

330 0 F. Sets of bars were heated in a tube furnace to the firing temperature 

at a rate of 1000 0 F per hour, fired for eight hours, and cooled in the 

furnace to avoid thermal shock. Firing temperatures were 2030° F, 2140° F, 

and 2250° F. 

Porosity, bulk density, and theoretical density values were determined 

by air displacement and the moduli of rupture were measured in three point 

loading on a four inch span. The results of these tests are summarized in 

Table XIV. 

Although the initial experiment was too small for statistical analysis, 

the data seem to support the idea of strengthening through gel dehydration. 

The low rate at which the strength changed with increasing temperature 
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TABLE XIV 

PROPERTIES OF DRIED AND FIRED BARS CAST FROM ALUMINA SLIP P-l 

Linear Apparent Modulus 
Firing Bulk Firing Theoretical of 

Temperature Porosity Density Shrinkage Density Rupture 

(OF) (% ) (gm/cc) (% ) (gm/cc) (psi) 

Unfired 32·7 2.576 3.83 

* 2.629 2030 32.1 1.44 3.88 13,800 

2140 * 29.8 2.67 1.65 3.80 15,800 

* 28.1 2 .. 76 3.84 2250 1 .. 97 17,000 

* Fired for 8 hours 

ie, more consistent with the dehydration mechanism than with normal sintering. 

The strengthening upon firing appears significant enough to warrant further 

firing studies. These studies will include firing at about 550-600 0 F where 

the gel dehydration should begin to appear. If substantial strengthening 

occurs in this firing range, the gel dehydration postulate will be confirmed 

since these temperatures are far too low to allow normal sintering. 

The bars referred to as unfired in Table XIV are the same group as was 

later fired at 2030 0 F. An interesting observation may be made using the 

weights and theoretical densities before and after firingo Assuming that 

the unfired samples contain no closed pores and that the theoretical density 

is brought to 3.83 gm/cc from the theoretical density of 3.95 gm/cc for 

alumina by bound water contained as a gel, the density may be approximated 

by 
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W :::: 

100 + W 
P 

o 

P :::: apparent theoretical density of unfired samples 
o 

Solving for the water content 

100 
P 

W 
0 

(1 - 3.~5) .- P - 1 
0 

. 100 (1 ~ 3083) 1.07 3.83 - 1 
:::: 

3,,95 

and the weight loss, if the water is completely removed upon firing, is 

approximately 1.07 per cent. The weight loss calculated from the sample 

'weight before and after firing is also 1.07 per cent 0 Even the i.dentical 

results of these two calculations cannot be cited as positive proof of the 

gel dehydration mechanism in view of the assumptions made. On the other 

hand, these calculations do serve as pleasing support both for the gel 

formation postulate and for the reliability of the air displacement system 

for determination of the theoretical density of porous solids 0 If this 

indication is true, the theoretical density of 3 gm/cc for the 2030 0 F 

implies that the dehydration does result in some closed pore 

formation. 
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c. 

1. Modifications in Testing Procedure 

Arcing between the thermocouple post and the heating coils continued 

to be a problem during DTA ignition of the more energetic thermets. This was 

most apparent with 15 w/o AI-U
3
08 pellets surrounded by magnesia insulation 

during firing" When the were fi.red under a pressure of 30 microns 

of argon, the aluminum vapor evolution was sufficient to disintegrate the 

pellet completely and to blow the magnesia completely out of the retaining 

cup" In addition, arcing caused the x-y recorder pen to undergo violent 

excursions. Under one atmosphere absolute of argon, the pellet remained 

intact although the structure was filled with voids and some arc-over 

remained" Under two atmospheres absolute of argon, little frothing was 

noted in the samples and arc-over almost disappeared completely" 

In order to eliminate the effects of arc-over on the x-y recorder as 

much as possible, the sample holding post was modified. 3/32~in. diameter 

alumina spaghetti was cut to the length of the thermocouple post after one 

end was sealed with an arc-plasma torch. The spaghetti was placed over the 

thermocouple and the sample was held on the closed end of the spaghetti. 

This effectively isolated the thermocouple electrically at least as far as 

transient arc-over was concerned. The DTA curves obtained with the closed 

spaghetti were quite smooth and showed little of the interaction previously 

common. The peak height and area were somewhat reduced by this procedure, 

but little change was observed in the indicated ignition temperature. Since 

the DTA is used for comparison purposes rather than quantitative measurements 

of energy release, the elimination of arc-over interference was well worth 

the price of decreased system sensitivityo 
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2. Modifications in Sample Preparation 

Indications were seen in the past that blending of powders containing 

fine U
3
08 was inefficient since such pellets showed abnormally low ignition 

energy yields. A study was made to evaluate the importance of the mixing 

technique. Fifteen wlo Al-U
3
08 pellets were compounded from Alcoa No .. 140 

aluminum and -325 mesh U
3
08 powders which were: 

1.. Blended in the usual manner without 

2. Blended without drying, vacuum dried for 48 hours, and 

blended 

3.. Blended without drying, air dried for 48 hours, and blended 

again. 

4.. Blended in methanol and air dri.ed. 

The pellets produced from the blended powders were subjected to DTA 

at a heating rate of 60° F per minute and under an argon pressure of 2 psigo 

The results of this study are shown in Table XV .. 

TABLE XV 

EFFECTS OF POWDER BLENDING TECHNIQUE 
ON IGNITION CHARACTERISTICS OF Al-U

3
08 THERMETS 

Peak Peak 
Mixing Technique Ignition Temperature Height Area 

(OF) (mv) (mv-sec) 

Usual 1720 5·53 202 

Vacuum Dried, Reblended 1710 7·20 261 

Air Dried, Reblended 1770 4098 199 

Methanol Blended, Air Dried 1680 4030 182 
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The air dried powder produced higher ignition temperatures, perhaps 

indicative of surface oxidation of the aluminum, and no apparent improvement 

in blending since the peak area was little different from that with the 

usual blending technique. The powder blended in methanol gave a slightly 

lower ignition temperature, probably as a result of organic coating removal 

from the surface of the aluminum. Again, no indication was given of improved 

mixing. The vacuum dried powder gave essentially the same temperature 

as that with the conventional powder and showed better mixing by a substantially 

greater peak area. 

Several pellets were also blended in the normal manner but with additions 

1 of 1 w/o Baymal. These pellets showed essentially the same increase in peak 

area as the vacuum mixing technique but produced much more uniform structure 

in the fired pellet. Studies were begun to determine the optimum Baymal 

content but, in the meantime, 1 w/o Baymal was used for blending pellets for 

the other studies and use of undried powders was continued in view of the 

greater experimental convenience. 

3. Photographic Studies 

Attempts were begun to follow the Al-U
3
08 reaction visually~ 

Telephoto motion pictures were made of several pellets igniting in air. 

While these initial attempts involved largely uncontrolled heating rates, 

the results were very interesting. 

Figure 14 shows a single frame and a film strip of a 14.6 w/o Al thermet 

igniting in an open furnace. Since the rear of the pellet was heated fastest, 

lEo I. du Pont de Nemours' colloidal hydrated alumina 0 
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ignition began at that point in the second frame of the film strip. The 

ignition spread rapidly, enveloping the pellet by the fourth frame, a time 

interval of approximately Oql seco Some idea of the violence of the reaction 

is given by the enlarged single frameq 

4. Density of U
3
08 

In evaluating the results of this study with respect to other 

applications of Al-U
3
08 dispersions, knowledge of the relationship between 

weight per cent and volume per cent is necessary. Since the llterature value 

1 2 
for the density of U

3
08 varies from 7.3 to 8.39 , an independent measurement 

appeared in order. 

The density of U
3
08 was measured in the air displacement system by filling 

the sample chamber with powder held in place by a polyethylene plugn The 

volume of the plug was measured by water immersion. The density measured was 

8.11 + 0.03 gm/cco A similar measurement was made in a Beckman Air Pycnometer. 

This determination gave a density of 8016 ~ 0.01 gm/cco 

A cup is being machined which will permit more accurate determinations 

of the theoretical density to be made in the air displacement system. Upon 

completion, another series of density determinations will be made in which 

U
3
08 ground to different particle sizes will be used. This study will point 

out any influence, on the theoretical density, of voids within the U
3
08 

particles. Until this study is completed, Figure 15 shows the best apparent 

correlation between weight and volume per cent in Al-U
3
08 composites 0 

lEtherington, tlNuclear Engineering Handbook," po 13-77, McGraw-Hill Book 
Company, New York (1958). 

~ilkinson, w. D .. and Murphy, Wo F .. , "Nuclear Reactor Metallurgy", po 149, 
D. Van Nostrand Co., Inc., (1958). 
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5. Thermochemical Calculations 

Calculations were made of the heats of formation of the uranium-

aluminum intermetallic compounds to serve as a basis for estimation of the 

energy released from Al-U
3
08 reactions. The standard heats of formation of 

1 
the intermetallics were taken from Ivanov 0 The heat capacities were estimated 

by atomic contributions since no values could be found in the literatureo 

Contributions of 6 were assumed for both U and Alo Since Al is a light 

element, its energies will not saturate at low temperatures and a contribution 

of 6 is probably high. Since the converse is true for U, however, the errors 

should partially compensate. The maximum error from the heat capacity 

approximation is estimated to be 10 per cent in the heats of formation of 

the intermetallics and, therefore, less than two per cent in the heats of 

reaction for Al-U
3
08 reactions. Data for the aluminum and, later, for 

and Al
2

0
3
, were taken from Kubaschewski and Evans

2
• 

The equations for the heats of formation of the intermetallics are 3: 

6HfUAl 
2 

= -23,030 + 4.73T - 6097 x 10-3~ 

- 0.233 x 10-5T3 caljmole 

lIvanov, M. I., V. A. Tumbakov, and N .. S. Podolskaya, liThe Heats of 
Formation of UAl2' UAl3, and UAl4,II Atomnaya Energ. 2. 166-170 (1958). 
Each issue of this journal is completely translated into English. 

211Metallurgical Thermochemistryfl, Pergamon Press, New York (1958). 

3The first temperature span was chosen as 298-9350 Ko Since Al actually 
melts at 933 0 K, this introduces a slight error because of the different 
heat capacity from 933-935° K. The error is extremely small, however, 
and one integration is eliminated. 
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6HruAl 
3 

935 - 1045° K 

6HfUAl 2 

6HruAl 
3 

6HfUAl 4 

L:J{fUAl 
2 

L:J{ruAl 
3 

6HfUA14 

= 

= 

= 

= 

= 

= 

= 

= 

-26,110 + 5.79T - 8045 x 10-3T
2 

- 00233 x 10-5T3 cal/mole 

-32,300 + 6.S5T - 9093 x 10-3T
2 

- 0.233 x 10-5T3 cal/mole 

-26,526 - 6.1ST cal/mole 

-31,4So - 7 .. 1ST cal/mole 

-39,530 - S.lST cal/mole 

-2S,700 - 5 .. 2T cal/mole 

-33,650 - 6.2T cal/mole 

-41,710 - 7.2T cal/mole 

Values calculated from Equations 5 through 13 are given in Table XVlo 

The estimation of the energy release from a particular reaction is 

difficult in view of the variability which may occur in the productso For 

the Al-U
3
0S compacts in the range of 15 w/o, the unbalanced equation which 

apparently applies is 

A consideration of this equation shows: 
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TABLE XVI 

ESTIMATED HEATS OF FORMATION OF ALUMINUM-URANIUM INTERMETALLICS 

T 
-6HfUAl 2 

-6HfUA1 
3 

-6HfUA14 

rKY (kcal!mole) (kcal!mole) (kcal!mole) 

300 22 .. 3 02 3102 

400 22 .. 4 25 .. 3 31,,3 

500 22.7 25,,6 3106 

600 23 .. 2 .. 2 32,,3 

700 .. 9 ,,0 33,,2 

800 24.9 28,,1 3404 

900 26 .. 1 29.4 .,9 

935 .6 3000 3605 

935 32 .. 3 38,,2 47.,2 

1000 32.7 38.7 470( 

1045 .. 0 ,,0 ,,1 

1045 34.1 40 .. 1 49.2 

1100 34.4 40.,5 49,,6 

1200 34.9 4101 50 .. 4 

1300 35 .. 5 41.,7 51,,1 

1400 36.0 4203 ,,8 

-54-



Unlmowns = 

Balances 

Quarterly Report Noo 1, Project No. B~153 

3 (Any 3 independent balances may be drawn on U, Al, OJ 

or the overall mass.) 

F = U-B =1 

A degree of freedom thus exists and no explicit balance is possible. The 

same i.ni tial composition can lead, wi thin limits, to several final mixture so 

As an example, the limiting energy releases are shown in Figure 16 for a 

14.6 wlo Al compact reacting according to Equation 14. The pertinent 

calculations are given in Appendix Ao 

The maximum credible energy release would occur from the reaction 

52 Al + U ° 
3 3 8 15) 

corresponding to complete reaction of a 3507 wlo Al compact. The calculated 

energy release from this reaction is shown as a function of temperature in 

Figure 17. 

It is of interest to note that the complete reaction for any compact 

can be calculated lmowing 

I. 

2 .. 

The residual aluminum 

The residual U
3
08 . 

A qualitative analysis of the final mixture. 

No further information if only one intermetallic is found in the 

final mixture. The amount of either U02, Al20
3

, or one of the 

intermetallics if the mixture contains two intermetallics. Any 

two amounts from the group U02, Al20
3
, UAl2, UAl

3
, UAl4 if all 

three intermetallics are found in the final mixture. 
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60 Phase Identification 

X-ray diffraction analysis of the thermets was beguno Numerous 

traces were made of reacted 1406 wlo Al compacts. The traces were completely 

resolved and generally showed a-Al20
3

, U02, UAl2, and UAl
3

• Only in thermets 

with U
3
0S particle sizes in excess of +140 mesh were traces obtained for 

residual U
3
0S- Although standards were not available for quantitative 

analysis, qualitative evaluations of the relative UAl2 :UA1
3 

ratio showed that 

an increase in UAl2 corresponded to a decrease in UAl
3 

as predicted by 

Equation 16, Appendix Ao In addition, the peak heights and peak areas from 

the DTA plot tended to be greater with increasing UA1
3

, consistent with 

Figure 16. As the particle size of the U
3
0S increased, the relative amount 

of UA12 increased, indicating less vigorous reaction. This appears consistent 

with the DTA analyseso Until complete quantitative analyses become available, 

more concrete correlations cannot be made. 

A series of x-ray diffraction analyses was also completed with 59.7 

wlo Al thermets which had been heated to different temperatures. The 

qualitative results of these analyses are summarized in Table XVII. 

It is evident that the results shown by Table XVII: are not completely 

consistent and that more tests must be made. Several conclusions seem safe, 

however. The 59.7 wlo Al thermet begins reacting below 1200° F with the 

large excess of aluminum promoting the formation of UAl4 0 The absence of 

a U
3
0S trace in the 1200° F sample implies that the reaction may be complete 

even prior to the melting point of aluminum. The apparent lack of UA12 and 

UA1
3 

in the samples heated past the peritectic decomposition temperature, 

1346° F, of UA14 and the presence of UAl
4 

in'the 1900 and 2100° F samples 
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indicates that the cooling of the samples was slow enough to re-formation 

of UAl4 rather than ~uenching in UAl2 and UAl3~ The anamolous results of the 

1300 and 2000° F samples, which show incomplete reaction of the U
3
0S demand 

further study. 

TABLE XVII 

* X-RAY DIFFRACTION ANALYSES OF 59.7 wlo Al-U
3
0S THERMETS 

Maximum Furnace 
Temperature 

U
3
0S U02 UAl2 UAl

3 
UAl4 Al20

3 During Firing 

(OF) 

1200 ° ° 0 0 1 1 

1300 2 1 0 T ° 0 

1900 0 0 ° 0 3 2 

2000 1 2 T T 0 ° 
2100 0 0 ° 0 2 1 

* o de s no indication of substance 

T designates trace amounts 

1, 2, 3 de relative amounts of substance, 1 greatest, 3 - least 

Chemical analyses for residual aluminum, described in Appendix B, 

were completed for four samples. The results are given in Table XVIII as 

the reacted aluminum ~~~~Hn with calculated amounts of reacting aluminum to 

produce specific products. 
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TABLE XVIII 

CHEMICAL ANALYSES FOR ALUMINUM REACTING IN Al-U
3
0S THERMETS 

Initial Aluminum Content Aluminum Reacting 

(w/o) (gm/IOO gm initial U
3
OS) (gm/IOO gm initial U

3
0S) 

16.2 14.6 

14,,6 

35·7 

59.7 

17·1 

17.1 

55.5 

14S.1 

Aluminum Reacting 
to Yield Only Product 

4.27 

36.29 

45.90 

55.50 

4.10 

26.63 

31.46 

35.69 

20.3 

Product 

The results for the 14.6 w/o Al samples show that approximately 95 per 

cent of the aluminum reacted. Also, since the amount reacting was greater 

than required to reduce all the U
3
0S to U02 , some uranium-aluminum inter

metallics must have been formed although the amounts cannot be calculated. 

These results confirm the x-ray analyses. 

Although the 35,,7 w/o thermet contained enough aluminum to form UA1
4 

completely, less than this amount reacted. The reaction products must then 
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contain some lower intermetallics. Since the amount reacting was less than 

the necessary amount to form UAl2 completely, the reacted mixture must also 

contain some U02 • 

The x-ray and chemical analysis results for the 59.7 wlo thermet were not 

quite consistent. Since the amount of aluminum which reacted was insufficient 

to form UAl4 completely, the reacted mixture should have contained some U0
2 

or 

lower intermetallics. This was not confirmed by x-ray analysis of the same 

samples subjected to chemical analysis. These results were for only two pellets, 

however, and more extensive data must be obtained in order to evaluate the 

quantitative correlation. 

Several samples of fired Al-U
3
08 thermets were sent to Advanced Metals 

Research, Sommerville, Massachusetts for analysis by electron microprobe. 

Although a complete report has not yet been received, a tentative report 

showed that phases were identified which contained U02 , UA12, and Al20
3

• 

No UA1
3 

or UAl4 was found in the initial work. 

D. Be-U
3
08 Interactions 

Studies were resumed with the Be-U
3
0

8 
thermets. The first composition 

studied contained 7.9 wlo of -325 mesh beryllium compounded in the same manner 

1 as the AI-U
3
0

8 
thermets. These samples showed sharp ignition peaks on DTA at 

1820° F. The peak height was about double that typical of the Al-U
3
0

8 
thermet 

and the peak area was almost twice as great. These preliminary results 

indicate that the Be-U
3
08 reaction may be more energetic than the AI-U

3
0

8 

reaction .. 

1 Progress Report No.3, p. 65 (1961). 
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IV" DISCUSSION 

The fair correlation of the porosity data in terms of reduced firing 

time, while pleasing, is probably only fortuitouso If devi.trificatlon 

promoted dIffusion were the only mechani.sm operati.ve, the success of such a 

correlation would not be surprising 0 In such a case, the si.milar rate of 

cooling through the cristobalite inversion should result in similar thermal 

shock conditions and thus produce minimum porosity at a constant cri.stobali'te 

contento In turn, this minimum porosity should be approximately the same at 

any firing temperature since a given amount of devitrification should produce 

a given amount of diffusion, hence a fixed amount of densificationo In 

practise, however, the minimum porosity is seen to decrease slightly with 

increasing firing temperature, indicating that a second mechanism of densifi-

*' cation, probably bulk diffusion", is operativeo The presence of bulk diffusion 

would tend to decrease the minimum porosity si.nce the densificati.on it 

produces would be additive~ If minimum porosity does occur at a fixed 

cristobalite content, and a fixed densification by devitrification induced 

diffusion, then any active bulk diffusi.on would simply increase the densifi.-

cation which occurs by the time the critical cristobalite content forms" 

This in turn would lead to a lower minimum porosity" If the minimum porosity 

should differ appreciably with firing temperature" indicating significant 

bulk diffusion, the correlation would still be expected to suffice along 

the reduced time axis, but formation of a family of lines would be expected 

along the porosity axiso Within the usual firing limits, however, the bulk 

* Bulk diffusion is used here simply to indicate a different mechanism than 
devitrification induced diffusiono The actual mechanics could be viscous 
flow, surface diffusion, etc" 
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diffusion appears small so that a satisfactory single line correlation was 

obtained.. At much above 2300° F, the increased bulk diffusion would probably 

result in separation into several lines on the porosity axis" 

The statistical analysis of the tensile test ring firings indicated 

that further attempts to improve the firi.ng technique would be fruitless 

without redesign of the furnace~ Since this would be both too expensive and 

too time consuming, the best course of action seems to be increasing the 

number of replicates at a given set of conditions and decreasing the number 

of points studied. Instead of determining the elevated temperature tensile 

strength at each 200 0 F increment, as originally planned, 500 0 F steps will 

be used and the sample size will be increasedo 

The comparison of the modulus of rupture and crushing strength tests 

showed clearly the difference between uni- and multi.-directional stressing 

in notch sensitive materials" The crushing strength test of sl:i.p cast fused 

silica tends to load the sample along the axi.s of the structural flaws, 

causing them to act as voi.ds rather than as stress concentrators., The 

modulus of rupture causes stressing i,n at least two directions, however, so 

that the internal flaws do act as stress raiserso A small amount of cracking 

in slip cast fused silica will thus be reflected sooner in the modulus of 

rupture than in the crushing strength, resulting in a more sensitive test" 

The modulus of rupture is thus more satisfactory as a strength index for 

slip cast fused silica either for design purposes or for investigations of 

fabrication parameters .. 

The limited study carried out with firing atmosphere affects was most 

interesting. In view of previous work in the literature, a strong effect 
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on the devitrification rate was expected, but the profound effect on the fired 

properties was not. The results from this preliminary study indicate qui.te 

emphatically that further investigati.ons of steam should be madeo The 

i.mportance of such a study is evi.dent since the preliminary results imply 

that the service temperature limitations on slip cast fused silica may be 

much more strict in humid atmospheres. In additi.on, steam firing could have 

a marked effect on the economics of slip cast fused silica fabrication as well 

as affording better fired properties. 

The substantial improvement in properties of slip cast alumina afforded 

by pressure application and mold vibration recommend similar studies with 

slip cast fused silicae Since the silica slip shows little tendency toward 

bridging during casting, mold vibration would be expected to have less effect 

than with the aluminaa Pressure application, on the other hand, would offer 

significant advantages in that faster casting would improve the economics of 

the fabrication process and should give more uniform casting through control 

of slip sedimentationo 

Some comment is necessary concerning the Al-U
3
08 investigation, 

particularly with respect to application of these results to hazards 

evaluation of AI-U
3
08 dispersi.on fuels. At all times, the nature of the 

reacted AI-U
3
08 system must be kept in mind. Since the reacted mixture 

contains UA12 , UA1
3

, and UA14, the determination of the energy release 

spectrum is not independent of the thermal kinetics of the environment 0 

Upon ignition, for instance, solid UA12, UAl
3

, U02, and A120
3 

should first 

form since the ignition temperature is below the melting points of these 

products 0 A considerable amount of the energy evolved by the Al-U
3
08 
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reaction will be absorbed in melting these products in an adiabatic situation 0 

This will tend to limit the maximum adjaoatic temperature risea In addition, 

if melting of the products does occur in a practical case, the energy released 

by the Al-U
3

0S reaction will be released to the reactor in two or more bursts. 

The first will correspond to sensible heat removed during the primary ignition. 

The subse~uent bursts will not occur until the reactants are cooled through 

their melting points. In some cases, the cooling could be so rapid that the 

decomposed intermetallics would be ~uenched in rather than recombining~ This 

would be an entirely possible occurrence with UAl4 . In a 3507 w/o Al dispersion, 

the composition re~uired for complete formation of UA14 , this alone would 

reduce the maximum energy yield from about 1.S4 Mw-sec/Kg U
3
0S to about 107 

MW~8ec/Kg U
3

0S' a substantial changeo 

Evidently, then, data which will allow interpretation of the Al-U
3
0S 

reaction either as a fabrication process or as a reactor hazard must include 

both kinetic and thermodynamic considerations. It is hoped that a combination 

thermal history and calorimetric evaluation of igniting Al-U
3
0S mixtures may 

be obtained in the future report periodso 

The combined chemical and ~ualitative x-ray analysis results provide a 

fair picture of the reaction results in the thermet compositions studied so 

far. Since ~uantitative chemical analysis for all reaction products would 

be too time consuming, however, a need for ~uantitative x-ray standards is 

apparent. Such standards will be developed during the next contract year~ 
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APPENDIX A 

CALCULATION OF ENERGY RELEASE FROM THERMET REACTION 

For a dispersion of 1406 wlo aluminum and B5.4 wlo U
3
0B, X-ray and 

chemical analyses indicate the unbalanced reaction to be 

Since a degree of freedom exists, this equation cannot be balanced explicitly 0 

A relative balance may be drawn by exercising the degree of freedom to fix 

anyone of the four products. Fixing the U0
2 

in terms of the U
3
0B which 

reacts to form U02 gives 

= 

by a material balance where 

x 
U

3
0B ~ U0

2 
= mole U

3
0B originally present 

For any particular temperature, x will have a certain value for which the 

energy release will be maximized. The energy balance for this reaction is 

3x (lili:ruo ) + (~ - 2x) MfAl ° + (9 - 13x) tiff 
2 3 2 3 fUA12 

+ (lOx - 6) tifffUAl - tifffU ° · 
3 3 B 
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Let a = tillfUO 2 

b = till fAl20
3 

c = tillfUA12 

d = tillfUAl 
3 

e = lili: fU
3
08 

Then 

~ = 3ax + (Q - 2x)b.+ (9 - )c + (lOx - 6)d - e 
3 

3a - 2b - l3c + 10d 

There is thus no point of mathematical maximum or minimum. Whether the 

slope is positive or negative depends solely on the relative magnitudes of 

the heats of formationo At a given temperature, the sign of the slope does 

not change within the limits of x. 

For the 14.6 w/o Al mixture, the limits on x are set by the coefficient 

of UA12 and UAl
3

- Since neither is less than zero, 

lOx. - 6 = ° mln 

x. mln = 0.6 

9 - l3x = ° max 

x = 0 .. 69230 max 

For these two limiting conditions, Equation 16 becomes 
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16 Al + U ° = 3 8 

16 Al + U ° 
3 8 

The corresponding energy balances are 

and 

2.0766HfUO + 1.283 6HfAl ° + 0&923 
223 

These two equations were evaluated using the data from Table XVI and values 

for the heats of formation of U02 , A120
3

, and U
3
08 from Kubaschewski and 

Evans. The results are plotted as Figure 16. 
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APPENDIX B 

CHEMICAL ANALYSIS OF THERMETS 

A. Residual Aluminum Determination 

1. Break up pellet with mortar and pestle and record original weight. 

2. Place powder in an appropriate amount of 1 N NaOH. Heat on electric 

hot plate for one to two hourso The amount of NaOH used will depend upon the 

amount of residual aluminum in the pellet. For a 5 gram pellet of 15 wlo 

aluminum about 150 ml of solution should be used. For a 5 gram pellet of 

60 wlo aluminum about 400 ml should be used. These amounts of 1 N NaOH are 

sufficient for complete dissolution of all the aluminum in the pellet before 

firing. 

3. Filter through fine filter paper and wash several times with 25 ml 

portions of water. Retain solids and paper for determination of intermetallics 

and residue. 

4. Make filtrate acidic by addition of 1 N HCl. 

5. Dilute solution to 500 ml and pipette portion for analysis into 100 ml 

beaker. The quantity needed for analysis depends on the amount of aluminum 

present. It should contain about 10 mg of aluminum. As a guide about 50 ml 

should be used for residual aluminum determination on a wlo thermet. A 

5 ml aliquot is a good starting point for anything up to a 60 wlo thermet 

pellet. Add enough water to make the solution in the beaker about 50 mI. 

6. Add concentrated NH40H dropwise until a precipitate just begins to 

form. Add one or two drops of acetic acid to dissolve precipitate. 

7. Heat the solution to approximately 80° C (176° F). 

8. Add slowly 4.0 to 4.5 ml of the oxine solution. Stop when solution 

becomes distinctly yellow. 

-.11-
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9. If a precipitate has not already formed, add slowly 2 N CH
3

COONH4 

solution until a precipitate forms. 

100 Add to 15 ml of the CH
3

COONH4 solution. 

110 Let the solution stand at room temperature without stirring for 

at least one hour. 

120 Weigh a clean sintered glass Pyrex filter crucible which has been 

dried in a 130 0 C oven for several hours. 

13. Filter solution through tared crucible with suction 0 Wash all 

precipitate from beaker into crucible with cold water. Wash precipitate 

thoroughly with cold watero 

14. Dry precipitate and crucible for one to two hours in 130 0 C (266° F) 

oven, then cool for 10 minutes and weight. 

15. Calculations: 

A = dilution factor = 500 ml 
vol aliquot 

Weight of Al in sample, gms = (0.05874) (A B) 

Bo Determination of Aluminum in Uranium-Aluminum Intermetallics 

10 Wash thoroughly all solids from the filter paper in step 3 of the 

previous section into a 500 ml beaker, using about 

the wash liquid. Scrape part of the softened paper into the solution if 

necessary. This quantity of acid is sufficient for any 5 gm thermet pelleto 

Heat on electric hot plate for one to two hours. 

2. Filter through fine filter paper and wash with water. Retain solids 

and paper for determination of uranium oxides and A120
3

Q 
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3. Add NH40H until solution is only slightly acid with H2S04 " Dilute 

to 500 ml and pipette a 25 ml aliquot into a beaker~ The size of this aliquot 

may be varied depending on the amount of aluminum present in the intermetallio 

cut. Keep remainder of solution for uranium determinationo 

40 Dilute the aliquot to a volume of about 100 ml~ 

5. Add slowly about 15 ml of the oxine solution. 

6. Cautionusly neutralize with a saturated solution of NH4C0
3

Q 

excess of 25 ml per 100 ml of solution. (add about 30 ml excess) 

Add an 

7. Heat solution on electric hot plate to about 50° C (122° F), taking 

care to avoid excessive effervescence caused by too rapid heating. Digest 

until precipitate becomes dense and crystalline. 

8~ Cool, filter, and weigh as in steps 12 through 15 of the previous 

section. (section A) 

CQ Determination of Uranium in Uranium-Aluminum Intermetallics 

1. General Remarks: The following cations interfere with the titration 

in this determination: Cu(II), Fe(II and III), Mo(VI), ~i(II), and Ti(IV)o 

Since neither Al or Be cations interfere, they need not be separated from 

the solution to be titrated. The test portion is cooled in an ice bath 

after the reduction and addition of the reagents because the endpoint is 

more readily detected if the solution is cold. The addition of FeC1
3 

and 

of H2S04 in H
3

P04 mixtures also aids in producing a sharper end pointo 

has been found experimentally that when reagents of the specifications 

given herein are used, the blank on the reagents is negligible. 

It 
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2~ If the Jones reductor is new or has been standing for some time, 

pour 100 ml of 5 per cent H2S04 th,rough the reductor; otherwise omit this 

stepo The amalgam should be covered with water during periods when the 

reductor is not in useo 

30 Pipette 15 ml of the stock solution from step 3 of the previous 

section (section B) into the Jones reductoro 

40 Open the stopcock on the Jones reductor and collect the solution in 

a 500 ml filter flask at a rate of 8 to 10 ml per minute. 

5. While the sample solution is still above the amalgam, wash the sample 

from the amalgam with approximately 100 ml of 5 per cent H2S04 " Keep the 

surface of the liquid above the amalgam at all times. 

6. Close the stopcock and remove the filter flasko 

70 Place a gas dispersion tube into the solution and bubble air through 

the solution for 15 minutes. Regulate the air flow so that the solution does 

not spatter onto the sides of the flask. This oxidizes any trivalent uranium 

to the quadrivalent stateo 

8. Add 40 ml of the FeC1
3 

solution. 

9Q Add 15 ml of the H2S04-H
3
P04 mixture. 

lOG Place the flask in an ice bath to cool for 30 minutes. 

110 Add 10 drops of cold diphenylaminesulfonic acid indicator solution. 

12. Titrate the solution with standard K2Cr20
7 

solution, stirring it 

vigorously, until the indicator changes from a light brown to a purple color, 

which persists for at least 30 seconds. 

13. Record the volume (T) of the standard K2Cr20
7 

solution required. 
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14. Calculations: 

A = dilution factor =1 500 ml 

vol aliquot 

T = volume of K2Cr207 solution used, ml 

N = normality of standard K2Cr207 solution = 0.0500 

119 = equivalent weight of uranium 

Weight of U in sample} gms = (0.119)(T N A) 

Do Determination of Uranium in Uranium Oxides 

1. Wash all solids from the filter paper in step 2 of section B into 

a 250 ml beaker with about 100 ml of 1 N HN0
3

0 Heat on electric hot plate 

for one to two hours. 

2. Filter through a small diameter, low ash filter paper and wash 

with water. Retain paper for A120
3 

determination. 

30 Add 10 ml of concentrated H2S04 to the filtrate and boil until 

strong fumes of S03 appear. 

40 Dilute filtrate to 500 ml. Proceed through steps 2 through 14 of 

section C. A 20 or 30 ml sample aliquot may be required for this determination. 

Eo Determination of Aluminum Oxide 

1. Place the precipitate and filter paper from step 2 of section D 

in a tared porcelain crucible with cover. 

2. Ignite in a furnace at 2200° F for about 30 minutes~ Cool in air 

to about 400-600 0 F then cool to room temperature in a desiccator. 

30 Remove crucible from desiccator and let stand in air for 10 minutes. 

Weigh crucible. 
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46 Calculations: 

Fo Apparatus and Reagents 

10 Jones Reductor, 5/8-ino ID and 18-in. length, equipped with an 

oblique-bore stopcock. Fill the tube with water, add four 1/2-in. lengths 

of 5-mm glass tubing and a small wad of glass wool to support the zinc amalgam~ 

Then fill the tube to within 4 in. of the top with granulated zinc amalgam 

(reagent 14)6 Add the amalgam in small portions (sufficient to filII to 

2 in. of the tube), tamping each portion gently into place with a glass rod. 

The tamping is done to prevent the formation of air pockets or channels. 

20 Use distilled water for the preparation of all reagents and throughout 

the procedure. All reagents should be reagent grade. 

30 Ammonium Acetate Solution, approximately 2 ~ CH
3

COONH4 o Dissolve 

154 g of CH
3

COONH4, A.C.S. reagent grade, in distilled water and dilute the 

solution to 1 liter with distilled water. 

4. Oxine Solution, 5.0 % in approximately 2 ~ acetic acid. Dissolve 

5.00 ~ 0.05 g of oxine (8-hydroxyquinoline), A~C~S. reagent grade, and 

11046 ml of conc. acetic acid in distilled water and dilute to 100 ml with 

distilled water. 

50 Diphenylaminesulfonic Acid Indicator Solution, approximately 0.01 ~ 

diphenylaminesulfonate. Mix 0~32 g of barium diphenylamine sulfonate with 

100 ml of water, and then add 3 ml of conc. H2S04 ° Heat the solution to 

boiling and digest it for 10 minutes. Let the barium sulfate settle out, 

and then decant the supernatant liquid; filter the liquid if necessary. 

Store the solution in a refrigerator. 
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6. Ferric Chloride Solution, approximately 8% FeC1
3

·6H20" Dissolve 

80 g of FeC1
3

°6H20 in water and dilute the solution to one liter with water. 

70 Mercuric Chloride Solution, approximately 6% HgC12 • Dissolve 6 g 

of HgC12 in 100 ml of water, and then add 1 to 2 drops of conCD H2S04 • 

8. Nitric Acid, approximately 0.5% HN0
3

• Dilute 1 ml of conc. 

HN0
3 

to 200 ml with water. 

9. Standard Potassium Dichromate Solution, 0.0500 ~ K2Cr20
7

" Dry a 

~uantity of a National Bureau of Standards standard sample of K2Cr20
7 

at 

llO° C and cool it in a desiccator~ Dissolve 4.904 + 0.001 g of the dry 

K2Cr20
7 

in water and dilute the solution to 2 liters. 

10. Sulfuric acid, approximately 9.5 vlo H2S04 • Carefully add 1 ml 

of conc. H2S04 to a volume of water, and then dilute the solution to 200 ml 

with water. 

11. Sulfuric Acid, approximately 5% H2S04 . Carefully add 50 ml of conc. 

H2S04 to about 500 ml of water and dilute the solution to one liter with 

water. 

12. Sulfuric Acid-Phosphoric Acid Mixture, 1:3. Mix 2 liters of 

conc. H2S04 with 6 liters of 85% H
3
P04 • 

13Q Zinc Metal. analytical reagent grade, 20 mesh, for use in Jones 

reductor. 

14. Zinc Amalgam, 2%. Clean 180 g of 20-mesh size, granulated zinc 

by washing it with 100 ml of 0.5% HN0
3

0 Rinse the zinc three times with 

100-ml portions of water, activate the ~inc by washing it with 5% H2S04 

for 10 seconds. Rinse the zinc rapidly with three 100-ml portions of 

water; then amalgamate it immediately by stirring it with 100 ml of a 
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HgC12 solution for 10 minuteso Remove the solution by decantation and 

rinse the amalgam 3 to 4 times with 100-ml portions of Oo~ H2S04~ Store 

the amalgam under water. 

G. References 

TID 7015, ORNL Master Analytical Manual, Procedures Numbered 1 210250 

(5-18-53) and 1 219270 (6-1-56) 

Lundell, Go E. FG, and H" Bo Knowles; !lUse of 8-Hydroxy~uinoline in 

Separations of Aluminum,!I Bur. Standards :1:. .. Research, 1, 91, (1929) 

Kolthoff, I" M., and Eo Bo Sandell; Textbook of Quantitative Inorganic 

Analysis, 3rd Ed., The Macmillan Company, New York, 1952. 



Quarterly Report No.1, Project No. B-153 

VII. PRIOR REPORTS 

Previous reports issued under this contract are: 

1. Monthly Letter Reports NOSe 1 - 40. Issued each month since 

December 1958D 

2. Progress Report No.1, August 1959. Issued as ORO-209 by OTS, 

Department of Commerce. 

3. Progress Report No.2, Part 1, August 1960. Issued as ORO-325 

by OTS, Department of Commerce~ 

4. Progress Report No.2, Part 2 (Declassified), August 1960. 

5. Progress Report No.3, August 1961. 
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FOREWORD 

The investigation reported in this document was performed by the Engineering 

Experiment Station of the Georgia Institute of Technology under Uo So Atomic 

Ehergy Commission Contract No. AT-(4o-1)-2483. The work was sponsored by the 

Division of Reactor Development, Fuels and Materials Development Branch, Mr. J. M. 

Simmons, Chief. The contract was administered by the Oak Ridge Operations Office, 

Reactor Division, Dr. David F. Cope, Director. 

This report covers the period from July 1 to October 1, 1962. 
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I. INTRODUCTION 

The excellent thermal shock resistance and indications of good radiation 

resistance of fused silica have recommended it for consideration for use in 

high temperature radiation fields. With the development at Georgia Tech of 

techniques for economical fabrication of large and complex silica shapes by 

slip casting, major objections to this material, on the basis of cost and 

fabrication difficulty, have been overcome. 

Although the art of fused silica is well developed, many gaps are still 

existent in its science. Insufficient data are available for the intelligent 

evaluation of fused silica as a reactor material. One object of Project B-153 

is the development of sufficiently reliable data for, and basic understanding 

of, fused silica to permit this evaluation. 

Fused silica is unique among slip casting materials in the small amount of 

drying and firing shrinkage associated with its fabricationo If other materials 

could be caused to display a similarly low shrinkage, much better advantage 

could be taken of slip casting as a fabrication techniqueo A second object of 

Project B-153 is the optimization of slip casting ceramics, through a comparison 

of silica with different materials and a basic study of the mechanism of slip 

casting. Slip cast alumina is being investigated at presento 

The competitiveness of nuclear power systems depends strongly on the extent 

to which use can be made of potentially high operating temperatureso The fuels 

required to operate stably at these high temperatures must be fabricated at 

equally high temperatures if conventional fabrication techniques are usedo The 

fabrication problems and expense increase with fabrication temperature in more 

than linear proportion, adversely affecting the economics of the systemo 

-1-
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Project B-153 also is concerned with an investigation of a novel process 

in which the material being fabricated furnishes the high fabrication temperatures 

required. This process consists of selecting materials which will undergo highly 

exothermic chemical reactions, producing both high temperatures and desirable 

reaction products. To date, aluminum and beryllium reduction of oxides of 

uranium has been studied, with the major emphasis being placed on aluminum 

reduction of U
3
08 - Since Al-U

3
08 dispersions are in common use as reactor fuels, 

the results of this study are obviously of interest in hazards evaluatioTIo The 

program is planned so as to yield information in a form suitable for this 

evaluation_ 

-2-
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II. SUMMARY 

More detailed studies were made of the effects of steam on the firing 

behavior of slip cast fused silica. Firings were made in a tube furnace at 

a steam flow rate of approximately 17 cu. ft. per hour, STP, to determine the 

rough temperature for peak strengthening in 4 hours. A firing profile was then 

determined for this temperature, 2075° F, showing a peak strength of 6000 psi 

at 6 hours, approximately 25 per cent higher than the peak strength in air firing. 

The results of this firing profile study were highly erratic and indicated that 

the tube furnace was not suitable for steam firing. Construction of an Inconel 

steam firing chamber was begun to provide more uniform firing conditions. 

Determination of the compressive strength of slip cast fused silica was 

completed. The maximum compressive strength was reached in approximately the 

same firing time, at a given temperature, as the minimum porOSity and at a 

somewhat longer firing time than for maximum modulus of rupture. The maximum 

compressive strength ranged from 21,000 psi at a firing temperature of 2100° F 

to 29,500 psi at 2300° F. 

The bulk density changes in slip cast fused silica were found to follow 

the relationship 

62200 
[exp (20.2 - T )] In (e

c 
+ 1) 

where 6B is the change in bulk density. T is the firing temperature, and e 
c 

is the corrected firing time. This e~uation was applied to a functional 

analysis of non-Newtonian viscous flow as a sintering mechanism for slip cast 

fused silica. This analysis indicated that the activation energy for sintering 

of slip cast fused silica is 68.6 kcal per mole. 
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A statistical study was made of the effects of 0.1 and 1 wlo additions 

of Baymal on the ignition characteristics of 14.6 wlo Al-U
3

0S composites. No 

statistical indication was obtained of an influence of 0.1 wlo Baymal additions 

on the ignition characteristics of the pellets. Addition of 1 wlo Baymal showed 

a significant decrease in the ignition temperature, peak height and peak area in 

differential thermal analysis at greater than the 95 per cent confidence level. 

X-ray diffraction analysis did not show any obvious differences in the pellets. 

The effects of U
3

0S particle size were studied in 25 w/ o-Al-U
3

0
S 

composites. 

Only the -325 mesh U
3

0S showed significantly different ignition characteristics, 

yielding decreased ignition temperatures and increased differential thermal 

analysis peak areas. Weight changes were monitored in the 25 wlo pellets but 

no systematic differences were noted. The weight change averaged a loss of 

approximately 5 w/o. Only in one pellet was an apparent weight increase noted 

during ignition. 

One differential thermal analysis furnace was converted to chromel-alumel 

thermocouples to give increases sensitivity. Fifty wlo Al-U
3

0S composites were 

pressed using "dead-burned" Y-12 U
3

0S supplied by ORNL. Differential thermal 

analysis was applied to these pellets using various standards. No standard was 

sufficiently matched to the unknown to permit any conclusions to be drawn 

concerning low temperature reactions. Apparent reactions were seen in the 

range of 1700-1S400 F regardless of the standard used. 

-4-
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III. EXPERIMENTAL WORK 

A~ Slip Cast Fused Silica 

10 Steam Firing 

Work carried out in the previous report period showed that firi.ng 

slip cast fused silica in steam produced properties markedly different from 

those of air-fired silica. These studies showed a substantial increase in the 

strengthening kinetics as well as a noticeable increase in peak strength" This 

phenomenon is of importance in predicting firing behavior in gas fi.red kilns as 

well as representing a potential source of higher mechanical propertieso 

Further studies were made during this report period to confirm the previous 

rough results and to provide a more quanti tati.ve evaluation of the differences 

between steam and air firing. In these tests, slip cast fused silica bars were 

fired in sets of 12 in a tube furnace through which steam was passed at a rate 

of approximately 17 cu. ft. per hour, STPe No attempt was made to correct the 

firing time in these initial runs & 

Since the first steam firings at 2200° F showed the bars to be overfired 

at 2 hours, runs were first made to determine a suitable firing temperature for 

production of peak strength in the range of 4 hourso This temperature proved 

to be about 2075° Fo Following location of the convenient firing temperature 

range, determination of a firing profile was beguno Duplicate set.s of bars 

were fired at each time to permit statistical analysis of the data" Following 

the firing, the bars were tested for porosity, bulk densi.ty., apparent 

theoretical density, and strength. 

Upon compilation of the data, it was innnediately obvious that statistical 

analysis was not warranted. The results showed both radical random scatter 

-5-



Quarterly Report Noo 2, Project No" B-15.3 

and systematic differences. The ends of the bars closest to the steam inlet 

were consistently lower in strength than the ends away from the steam inlet, 

indicating rather pronounced axial temperature gradients in the tube" Bars in 

certain positions in the tube were substantially weaker than the average in 

almost every case, indicating nonuniform steam flow and radial temperature 

gradients. The bulk density measurements showed conclusively that the test 

runs suffered from poor control since the bulk density did not consistently 

increase with time.. This behavior was not observed in any firings prior to 

this study and undoubtedly reflects both temperature and steam flow variationso 

Although the tube furnace proved totally unsuitable for controlled steam 

firing, the results are interesting for purposes of comparison with air firingo 

The midline strength of the bars is shown in Figure 1 as a function of time for 

steam firing at 2075° F and for air firing, in the tube furnace, at 2200° Fa The 

bars fired in steam were strengthened essentially as rapidly as the bars fired 

in air at a temperature 125 0 F higher" The contrast between steam and aIr 

firing is graphically illustrated by comparing the time of 49 hours to reach 

maximum strength in air firing at 2100 0 F with the 6 hours requi.red in steam 

firing at 2075° Fe 

The peak strength reached in steam firing was 20-25 per cent higher than 

the peak strength associated with air firing. The average strength in one 

set of bars was 7080 psi and many individual bars had strengths in the range 

of 7000-9000 psi" 

The results of this study showed great promise for steam firing and a 

demand for better firing control in order to obtain more meani.ngful data" 

The tube furnace used is unsatisfactory for this application 0 Construction 

-6-
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I 
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Figure 1. Comparison of Strengthening in Air Firing and Steam Firing. 
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was begun of an Inconel steam firing chamber for use in a large bottom load1.ng 

furnace. This chamber will permit firing of larger samples and should expose 

the samples more uniformly. Following completion of thi.s chamber, steam firing 

profile determinations will be resumed. 

20 Compressive Strength 

Compression testing of the slip cast fused silica was completed. 

Samples were fired at temperatures of 2000, 2100, 2133, 2166, 2200, and 2300° F .. 

for times sufficient to enclose the peak strength in all cases except the 2000° F 

firings" Sections l-inch long were diamond sawed from 3/4-inch diameter by 5-5/8-

inch long bars and crushed in a Tinius Olsen Super L universal tester. A 

spherical bearing block was used in the tests and the ends of the bars were 

cushioned with 0.048-inch thick cardboard to prevent edge chippingQ A loading 

rate of 4800 pounds per minute was used throughout since the compressive strength 

was statistically independent of loading ratelo 

The compressive strength of slip cast fused silica is shown as a function 

of corrected firing time
2 

in Figure 20 The curves are quite similar tn shape 

to the modulus of rupture profiles determined previouslyo The positions of the 

maxima differed from the peaks in the modulus of rupture and porosity curves. 

A comparison of these peaks, determined by four point Lagrangian interpolation) 

is given in Table I~ 

The differences in the three firing properties are related to di.ffering 

structure dependence.. Any internal cracking will normally be i.n an axial 

orientation since the radial thermal gradient wi.ll be much than the 

axial gradient during cooling.. These axial cracks would act as stress raisers 

1 Quarterly Report No.1, pp. 27-29, April 1962. 

2Ibid, ppo 9-15 

-8-



~ 
I-S 

20 c+ 
CD 

en I-S 
CL 

~ rt) 

Q 
~ 

:r '"d 
t- O 
(!) I-S 
Z c+ w 
a: !2: t- O U) 

I . 
\.0 w I\) I ~ 

U) 
U) I-1j w I-S a: 0 CL. c...... ::! 10 

CD 0 
0 (".) 

c+ 

!2: 
0 . 
td 
I 

I---! 
\J1 
LV 

OL-______________ L-______ ~ ______ ~ ___ ~ __ ~~~ __ J__l~·~L_· ______________ L_ ______ ~ ______ ~ __ ~ __ ~, ___ ~ __ ~~~ 

I 2 3 4 5 6 7 8 9 10 20 40 50 60 70 80 90 100 

90 + I (HRS) 

Figure 2. Compressive strength of Slip Cast Fused Silica. 



Quarterly Report No.2, Project No. B-153 

and lower the modulus of rupture perpendicular to the cracks long before the 

compressive strength, parallel to the cracks, would be affected and before the 

cracking would be extensive enough to show a secondary porosity increase. Also, 

the cracking might be reflected in a higher porosity before becoming sufficiently 

extensive to influence the strength parallel to the cracks. These observations 

would imply that the modulus of rupture, porosity, and compressive strength 

should peak in that order with increasing time and that the differences in peak 

time should increase with increasing firing temperature as a result of the 

increased radial thermal gradient. This expectation is supported moderately well 

by the data of Table I. 

TABLE I 

FIRING CONDITIONS FOR MAXIMUM MODULUS OF RUPTURE 
AND COMPRESSIVE STRENGTH AND MINIMUM POROSITY IN SLIP CAST FUSED SILICA 

Corrected Firing Time for 

Maximum Maximum 
Firing Modulus of Compressive Minimum 

Temperature Rupture Strength Porosity 

(OF) (hr) (hr) (hr) 

2100 49.0 47.4 46.7 

2133 19·0 13.8 17.4 

2166 8.5 10.0 12.4 

2200 3·3 8.0 5.7 

2300 1.6 3·0 2.0 
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3. Sintering Behav~or 

The evaluation of sintered slip cast fused silica showed that the 

change in bulk density could represented by 

DB = M In (e + 1) 1) 
c 

where DB represents the change in bulk density (gm/cc), e is the corrected 
c 

firing time (hr.) and M is a temperature dependent constant. The experimental 

values of M are given in Table II. 

M varies exponentially with the reciprocal aosolute sintering temperature 

as shown in Figure 3. By a least squares fit of the data points in Figure 3, 

( 62200 
M = exp 20.2 - T ) · 

Substituting Equation 2 into Equation 1 gives 

6E = exp (20.2 - 62~00) In (e
c 

+ 1) 

TABLE II 

SINTERING CONSTANT FOR SLIP CAST FUSED SILICA 

2) 

Range of Sintering 
Temperature M Time Studied 

(OF ) (hr) 

2000 0.0056 o - 64.2 

2100 0.0165 o - 68.3 

2133 0.0226 o - 24.4 

2166 0.0326 0 - 24.4 

2200 0.0404 o - 16.4 

2300 0.0877 0 - 4.79 

-11-
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Figure 3. Sintering Constant for Slip Cast Fused Silica. 
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Recognition of the similarity of the bulk density equation to an Arrhenius 

equation prompted further investigation of the densification process in an 

attempt to clarify the sintering mechanism. Consideration was to a micro-

scopic contact point, as described in Appendix A, and the criterion of micro- and 

macroscopic similarity between any two test samples led to the equation 

E 
R 

= lim d(ln8i ) 

Lilli ~O d(¥) 

in which E is the activation energy, R is the gas constant, and is the time 

requir¢d for the specified bulk density change Lilli' This equation should be 

4) 

applicable to sintering of silica by viscous or plastiC flow, For viscous flow, 

the slope of the plot of In8. vs. liT should be constant. Inasmuch as this was 
1 

not the case with the silica, the data indicate that viscous flow is not the 

operative sintering mechanism with slip cast fused silica. Assuming that the 

sintering mechanism is plastic flOW, application of Equation 4 to Equation 3 yields 

E 
kcal 6S.6 
mole 

as the activation energy for sintering of slip cast fused silica. 

B. AI-U
3

0S Interactions 

1. Effect of Baymal 

A brief study made earlier indicated that additions of small amounts 

* of Baymal improved the uniformity of the Al-U
3

0S pellets but did not affect the 

ignition characteristics. In order to evaluate this observation more concretely, 

. I. duPont hydrated colloidal alumina. 

-13-
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three sets of 14.6 wlo aluminum pellets were pressed, one set with no Baymal, 

one with 0.1 wlo Baymal, and one with 1 wlo Baymalo These pellets were 

subjected to differential thermal analysis at a heating rate of 60° F per 

minute in argon. The results of these tests are summarized in Table III. 

TABLE III 

EFFECT OF BAYMAL ADDITIVE 
ON IGNITION CHARACTERISTICS OF 14.6 wlo AI-U

3
0S COMPOSITE 

Baymal Ignition Peak Peak 
Additive Temperature Area 

(w/o) ( OF) (mv) (mv-sec) 

° 1650 2.20 102 

0.1 1660 2. 112 

1.0 1640 2,05 79 

The results were examined statistically to indicate the significance of the 

apparent trends as summarized in Appendix Bo The averages were compared by 

t tests to determine the possibility that they could have been drawn from the 

same population. The results of these t tests are given in Table IV, 

Accepting the usual per cent confidence level requirement for statistical 

significance, the addition of 0.1 wlo Baymal failed to show a statistically 

significant effect on the ignition characteristics of the 14.6 wlo aluminum 

composite. Addition of 1 wlo Baymal significantly decreased the ignition 

temperature and the peak and peak area on the DTA chart 

-14-



Quarterly Report No.2, Project No. B-153 

TABLE TV 

RESlffiTS OF STATISTICAL ANALYSIS OF BAYMAL ADDITIVE EFFECTS 

Confidence Level for 
Significant Difference in Averages of 

Sets of * 
Pellets Compared 

0.1:0 

1.0:0 

1.0:0.1 

* 

Ignition 
Tem;:eerature 

(%) 

<75 

<75 

>99·5 

Baymal contents of sets compared 

Peak 
Height 

(%) 

<90 

>95 

>95 

X-ray diffraction analyses of pellets containing different amounts of 

Baymal additive did not show any apparent differences in types or relative 

amounts of reaction products. 

2. Effect of U
3

0S Particle Size 

In keeping with the extension of the AI-U
3

0S studies to higher 

aluminum contents, an evaluation was made of the influence of U
3

0
S 

particle 

size on the ignition characteristics of 25 wlo aluminum compacts. Spencer 

Peak 
Area 

(%) 

<50 

>99.5 

>95 

fused U
3

0S was separated into six particle size cuts by screening in a Syntron 

sieve shaker following brief milling to break up agglomerateso Pellets were 

pressed from mixtures of these U
3

0S fractions and Alcoa 140 atomized aluminum. 

Five samples from each mixture were subjected to differential thermal analysis 

at a heating rate of 60 0 F/min. The testing atmosphere was argon at 15 psign 
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The ignition characteristics of these pellets are summarized in Table Vc 

TABLE V 

EFFECT OF U~08 PARTICLE SIZE 
ON IGNITION CHARACTERISTICS OF 25 w/o Al-U

3
08 COMPACTS 

U~08 
Par icle Ignition Peak Peak 

Size Temperature Height Area 

(mesh) (OF) (mv/ gm) (mv-sec) 
gm 

+100 1810 00234 9.05 

-100 +140 1820 0.206 5009 

-1~·0 +200 1810 00223 7·55 

-200 +270 1840 0.209 6.33 

-270 +325 1830 0.235 6069 

-325 1790 0.242 10052 

Statistical analysis was applied to the results of the differential thermal 

analysis tests as summarized in Appendix Co This analysis did not show 

cant differences in ignition temperature and peak area in the particle size 

range above 325 mesh or in peak height across the entire particle size range 0 

The mesh samples did show significantly lower ignition temperatures and 

higher peak areas. This would indicate more complete reactions in the -325 

pellets. X-ray analysis failed to provide concrete confirmation of differen~es 

in the extent of reaction since all pellets showed complete reduction of the 

-16-
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The ignition characteristics were not influenced by the U
3

0S particle size 

in the 25 wlo pellets to the extent noted in .6 wlo aluminum compacts,l In 

the 14.6 wlo pellets, the ignition temperatures decreased from 1950 to 1790u F 

with decreasing particle size and the pellets showed a greater effect of particle 

size on peak height and peak area. The differences between the 1406 and wlo 
pellets are felt to arise from the considerable differences in compact structure. 

The 14.6 wlo pellets are only 34 vlo aluminum so that the U
3

0S is the continuous 

phase. During melting, the aluminum would then collect in the large pores in the 

+100 mesh samples, the AI-U
3

0S contact would be poor, and the rea~tion would be 

expected to proceed with difficulty. In the 25 wlo pellets, the aluminum 

comprises 50.2 vlo of the compact and is, therefore, the continuous phase. As a 

result, the AI-U
3

0S contact should be equally good throughout the entire particle 

size spectrum and relatively little difference would be expected in the ignition 

characteristics. In effect, the 14.6 wlo pellets should be affected by decreasing 

particle size both from increased contact through better AI-U
3

0S particle size 

matching and from an increase in the reactive surface area 0 In the 25 wlo pellets, 

only an increase in reactive surface area would be expected, leading to somewhat 

less marked particle size influence. The data support these qualitative observa-

tions. 

Weight changes were monitored as carefully as possible in the wlo pellets. 

This proved difficult because some: material was frequently lost through sticking 

to the alumina spaghetti and the results showed a great degree of variability. 

The results are summarized in Table VI. 

The weight changes were subjected to statistical analysis as summarized 

in Appendix C. Only the -200 +270 U
3

0S particle size pellets showed w~ight losses 

Report No.1, p. 40 (June 1962)0 
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significantly different from the other pelletso Cursory examination of the data 

indicates this to be a random effect. 

In most cases, pellets giving greater peak heights showed the largest weight 

changes. The pellets with finer U
3

0S particle sizes tended to show smaller 

weight losses. Only in one pellet was an apparent weight recordedn The 

weight loss was less than 10 per cent in all pellets. 

Metallography was begun to compare the reacted pellets. 

TABLE VI 

WEIGHT CHANGES IN 25 wlo AI-U
3

0S COMPACTS DUHING IGNITION 

U
3

0a Particle Size Weight Loss 

(mesh) (%) 

+100 4.45 

-100 +140 4.12 

-140 +200 5·30 

-200 +270 0059 

-270 +325 ° 
-325 3· 

3. High Aluminum Composites 

Past studies of composites containing more than about 40 wlo aluminum 

failed to show definite reaction temperatures on differential thermal analysis. 

This was thought to be due prinCipally to the low sensitivity of the testing 

system which was designed for the-more energetic low aluminum compositeso 
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Several agencies interested in AI-U308 dispersion fuels requested that the 

differential thermal analysis system be increased in sensitivity and that a 

brief survey be made of composites in the range of 50-65 wlo aluminum. This 

modification in the program was approved by the sponsor and efforts were begun 

to complete the survey as rapidly as possible. 

In the investigations of low aluminum composites, platinum-13% rhodium 

87% platinum thermocouples were used in view of the high temperatures reached 

during ignition. The thermocouples were contained within closed alumina spaghetti 

to avoid shorting from the aluminum vapor evolved upon ignition. Since these 

practices resulted in a drastically decreased sensitivity, the first step taken 

was to attempt to provide sufficient system sensitivity simply by using uncovered 

thermocouples with higher output coefficients. No difficulties from high ignition 

temperatures or aluminum evaporation were anticipated in view of the much lower 

volumetric energy release expected in the high aluminum composites. The first 

thermocouple chosen for trial was chromel-alumel. The testing furnace was fitted 

with Conax packing glands to accept bare thermocouple wire and chromel-alumel 

couples were used for the standard and unknown posts. The platinum-rhodium control 

thermocouples were not changed. 

In order to check the sensitivity of the modified system, a series of 

wlo aluminum pellets was pressed using "dead-burned" Y-12 U308 supplied by 

the Metals and Ceramics Division, Oak Ridge National Laboratory. The wlo 
pellets were tested in 15 psig argon at a heating rate of 60° F per minute. 

Ignition occurred at an average temperature of 1780° F.l The system sensitivity 

seemed to be roughly an order of magnitude greater than before modification. 

IFurther studies are planned for the near future to provide statistical 
comparisons of ignition in pellets with Y-12 and Spencer Fused U308' 
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Several 50 wlo aluminum pellets were pressed using Y-12 oxide, These 

pellets were tested in the modified system at a heating rate of F per minute 

a pressed alumina standard. The IYrA curve fluctuated wildly during heating 

but the aluminum melting point and an apparent ignition at approximately 1800° F 

were noted. 

The wide fluctuations in the IYrA curve might have been expected from the 

nature of the composite. The aluminum content was high enough (75.2 v/o) to 

provide a somewhat higher thermal conductivity than in most of the pellets 

studied before. This higher thermal conductivity altered the heating rate in 

the unknown to the point that alumina was no longer a satisfactory standardn 

The ideal standard would have the same thermal diffusivity as the unknown and 

would also contain the same amount of aluminum as the unknown. This would 

provide equal thermal arrests during aluminum melting in both standard and 

unknown) cancelling out the melting endotherm and permitting observation of 

any lower temperature exotherms which might exist. 

Although obtaining standards with suitable thermal diffusivity and aluminum 

content would be a rather lengthy program in itself) brief studies were begun to 

select a better standard than the pressed alumina. These studies are not yet 

complete but) so far) a satisfactory standard has not been found. The results 

from all standards have been similar to the IYrA chart shown in Figure 4. This 

chart was obtained using an Al-A120
3 

standard containing the same volume per cent 

of A120
3 

as the U
3

0S in the unknown. The exotherm at 1760° F appears sharp 

enough to warrant the conclusion that a reaction occurredn Certainly the lower 

temperature behavior is too obscure for comment. All standards used to date 

have indicated reactions in the range of 1700-1S400 F but none has clearly 

defined the low temperature behavior. 
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IV. DISCUSSION 

The steam firing studies continued to show promise of providing improved 

proce techniques and increased strength. The tube furnace used for the 

firings produced sufficiently prominent thermal gradients and variations in 

steam flow to mask systematic effects of steam firing. The steam firing chamber 

now being constructed will permit larger sample numbers to be fired, providing a 

better basis for statistical analysis, and should yield more uniform firing 

conditions. 

The contact point analysis applied to the sintering of slip cast fused. 

silica yielded very interesting results. The fact that the data followed the 

predicted behavior for plastic flow does not confirm this as the sintering 

mechanism for slip cast fused silica. Any process which is geometry dependent 

and which shows a rate constant following an Arrhenius variation with 

temperature will probably be resolved by a similar treatment. Further 

attention will be given to this approach in the future with respect to 

different geometries and different mass transport mechanisms. This treatment 

will also be applied to steam firing of the silica to provide activation energy 

comparisons. 

In view of the rather unexpected effects of Baymal additives on the 

ignition behavior of AI-U
3

0S composites, no more than 0.1 wlo will be used 

in future studies. The results indicate that a more detailed evaluation of 

the effects of Baymal should be made. Such an investigation will be begun 

as soon as time permits. 

-22-



Quarterly Report No.2, Project No. B-153 

The studies of high aluminum composites have indicated reactions in 

50 wlo aluminum pellets at temperatures in the range of l700-1S400 Fo Since 

the standards have been far from satisfactory in providing clean DTA curves, 

considerable caution is necessary in stating the Significance of the results. 

Further investigations may indicate that reactions can be confirmed only by 

comparison of DTA curves from fired and unfired compacts. 

While the results of the studies of high aluminum composites are of 

considerable interest, it now appears certain that this brief study will not 

resolve questions as to the safety implications of the Al-U
3

0
S 

reactions 0 The 

lack of a suitable standard means that differential thermal analysis will not 

prove capable of indicating the presence or absence of low temperature reactions. 

Unless future results imply a better approach, the study of the high aluminum 

compacts will be confined to: 

A. 

B. 

c. 

Selection of the most suitable standard following brief evaluations. 

Differential thermal analysis of Al-U
3

0S composites containing 

50, 55, 60, and wlo aluminum. 

Differential thermal analysis of pellets cut from a rolled AI-U
3

0S 

plate, containing about 65 wlo aluminum, to be fabricated by ORNL. 

D. Metallographic and x-ray examination of samples from Band C above. 

These studies will be kept as brief as possible and will not constitute a 

thorough investigation. 
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VI. APPENDICES 
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APPENDIX A 

Sintering by Viscous Flow 

Useful information may be gained from consideration of a microscopic contact, 

of any selected geometry, which would be statistically reproduced in every member 

of a series of slip cast bars formed from random fracture particles. Taking the 

model of Clark and Whitel for convenience, the case of spherical contact points, 

shown in Figure 5 was treated. 

The lens ABCD is assumed to grow by viscous flow of material across the 

similar planes AB and CD. The flow across the plane AB may be represented by 

the Bingham equation 

du 
r 

dr = 1 (S - S!) 
1']00 r 

1) 

where ur is the velocity perpendicular to the plane AB at the radial position r, 

1'] is the coefficient of viscosity at infinite shear rate, S is the applied 
00 r 

shearing stress and Sf is the effective yield stress. The applied stress is 

assumed to result from the excess surface energy or surface tension attempting 

to minimize the free surface by growth of the lens ABeD. This applied stress 

will then be a function of the surface tension and the free surface area or the 

geometric parameters r t , Ri , and r. 

In functional notation 

= 

Substituting Equation 2 in Equation 1 yields 

1 

du 
r 

dr = 

Clark, P. W. and J. White, Trans. Brit. Ceram. Soc. 49 305-33 (1950). 
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Figure 5. Spherical Contact Point between Fused Silica Particles. 
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which, upon integration, gives 

u 
r 

The volumetric flow rate across the plane AB is 

dV 
de 

o 

21tru dr. 
r 

Substituting Equation 3 into Equation 4 and integrating 

4) 

Since the same volumetric flow rate will occur across the plane CD, the rate of 

change of the lens volume is 

dV 
;:; 2 de. 

If Ri is taken as a constant, r t will be defined by the lens volume. Assuming 

7 to be constant, 

and 

From the Ehyring kinetic theory for fluids 

o Nh E/RT 

a V e 
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where ~ is normally taken as unity, N is avagadro's number, h is Planck1s 
a 

constant, V is the molal volume, E is the activation energy, R is the gas 

constant, and T is the absolute temperature. Since the thermal expansion 

coefficient of fused silica is very low, V is essentially constant and 

Ae 

E 
ill 

Substituting Equations 6, 7, 8, and 10 into Equation 5 gives 

E 
~ m

i 
de Ae [F5 (Vi~ - Si F6 (Vi)]' 

If the flow process is Newtonian, the yield stresp is zero and 

Equation 12 may be integrated to yield 

Vi. 
l dVi J F (v ) 

5 i 
0 

. 

E 
-m 

Ae de. 

E 
-m 

Ae e .. 
l 

10) 

11) 

12) 

If Vo. is set at a given arbitrary lens volume and 8. is the time to reach that 
hl l 

volume, the left side of Equation 13 is a constant and 

ln AI + ~ 
RT 

A plot of the log of the time to reach the given lens volume as a function of 

14) 

reciprocal temperature should then be represented by a straight line, according 

to Equation 14. The slope of the line should be 

-29-



Quarterly Report No.2, Project No. B-153 

d(lne. ) 
l E 

R 

If the flow is non-Newtonian, the yield stress is not zero but, for short 

sintering times, the applied stress should be much greater than the yield 

1 stre ss. As a result, Equation 12 still holds at the limit V.e ~ 0, and 

d(lne. ) 

) 

l E 
= 

R 
16) 

In applying these results in practice, a modification is desirable since 

examination of a contact point such as shown in Figure 5 is obviously impractical. 

In most sintering experiments, the test specimens are all assumed to be identical. 

If a contact point, such as that of Figure 5, exists in any bar, as it must if the 

bar is composed of a very large number of random fracture particles, then such a 

point must occur at least once in any specimen of an identical set. In addition, 

if the bars are identical, the behavior of the contact points in all the bars 

must be exactly the same during sintering. If the bulk density change in one bar 

is 6Bi when the contact point lens volume is V.e.' then the same must be true of 
l 

all other bars in the sample. population. In this manner, the bulk density change, 

6B, must be a linear index of the contact point lens volume even if the exact 

relating equation is not known. As a result, if V.e. in Equation 13 is defined 
l 

as the lens volume when the bulk density change is 6B., e. becomes the time when 
l l 

the bulk density change is 6B., and Equation 14 may be represented by a plot 
l 

of the log of the time to reach 6B. vs the reciprocal sintering temperature. 
l 

Equation 15 need not be modified for such a plot. Equatio~ 16 becomes simply 

1 Clark, P. W., J. H. Cannon, and J. White, Trans. Brit. Ceram. Soc. 52 1-49 (1953). 
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lim 
d(ln8. ) 

l E 
R 

The bulk density changes on sintering, which can be measured easily, may now 

be used as indices for the calculation of the activation energy. 
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APPENDIX B 

Statistical Analysis of Baymal Study 

In order to examine the influence of Baymal additives on the ignition 

characteristics of AI-U
3

08 composites, statistical analysis was applied to the 

data, summarized in Table VII. 1 The averages were compared by Student t tests 

which are summarized in Table VIII. 

TABLE VII 

SUMMARY OF BAYMAL STUDY RESULTS 

Baymal Number of Variance 
Variable Content Samples (n L Mean (m) Estimate {s2 L 

(w/o) 

Ignition Temperature ° 2 1655° F 450.0000 

0.1 4 1663° F 8.3333 

1.0 4 1.644° F 6.2500 

Peak Height 0 2 2.20 mv 0 

0.1 4 2·53 mv 0.049167 

1.0 4 2.05 mv 0.003333 

Peak Area 0 2 101.8 my-sec 15.1250 

0.1 4 112.2 my-sec 661.2336 

1.0 4 79.4 my-sec 13.7656 

~Olk, William, "Applied Statistics for Engineers", pp. 115-121, McGravt-Hill 
Book Company, Inc., New York (1958). 
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TABLE VIII 

SUMMARY OF t TESTS OF BAYMAL STUDY RESULTS+ 

Baymal Contents Pooled Standard 
Variable Compared Deviation t 

Ignition Temperature 1.0:0 10.8250 -1.1947 

0.1:0 10.8974 0.7947 

*** 1.0:0.1 2.7003 -9.7940 

* 1.0:0 0.05000 -3.4642 Peak Height 

0.1:0 0.19203 1.9844 

0.162014 -4.1903 
** 1.0:0.1 

Peak Area 1.0:0 3.7557 -6.8869*** 

+ 

0.1:0 22.3500 

1.0:0.1 18.3712 

Note: Significance designated by asterisks on t value. 

* = > 95% confidence level 

** - > 99% confidence level 

*** - > 99.5% confidence level 

0.5382 

-2.5096 

The t tests summarized in Table VIII failed to show any effect on ignition 

characteristics with Baymal additions of 0.1 w/o. Addition of 1.0 wlo Baymal 

lowered the ignition temperature, presumably through better mixing, and 

decreased the differential thermal analysis peak height and peak area. 
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APPENDIX C 

Statistical Analysis of U3~ Particle Size Study 

The ignition characteristics of the pellets with different particle size 

U
3

0
S 

were compared by single factor variance analysis. The data are summarized 

1 in Table IX and the variance analyses are summarized in Table X. 

TABLE IX 

SUMMARY OF U
3

0S PARTICLE SIZE STUDY RESULTS 

U
3

0S Mesh Number of Variance 
( s2) Variable Size Samples (n) Mean (m) Estimate 

Ignition Temperature +100 5 lS07° F 95.0000 

-100 +140 4 lS20° F 266.6667 

-140 +200 5 1814° F 430.0000 

-200 +270 5 1838° F 1270.0000 

-270 +325 5 1828° F 170.0000 

-325 3 1787° F 233·3333 

Peak Height +100 5 0.2340 mv 0.0002325 

-100 +140 4 0.2055 mv 0.0005643 

-140 +200 5 0.2225 mv 0.0016133 

-200 +270 5 0.2085 mv 0.0056530 

-270 +325 5 0.2348 mv 0.0004814 

-325 5 0.2419 mv 0.0014536 

(Continued) 

1 calculation methods see Volk, William, IIApplied Statistics for Engineers", For 
pp. 158-178, McGraw-Hill Book Co., New York (1958). 
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TABLE IX (Continued) 

SUMMARY OF U
3

08 PARTICLE SIZE STUDY RESULTS 

U
3

0g Mesh Number of Variance 2 
Variable Slze Samples (n) Mean (m) Estimate (s ) 

Peak Area +100 5 0.1086 · 2 0.0000493 In 

-100 +140 4 0.0611 · 2 0.0008066 In 

-140 +200 5 0.0906 · 2 0.0001151 In 

-200 +270 5 0.0760 · 2 0.0022159 In 

-270 +325 5 0.0803 · 2 0.0000848 In 

-325 5 0.1262 · 2 0.0006302 In 

Weight Loss +100 5 4.452' % 6.1031 

-100 +140 4 4.124, % .8991 

-140 +200 5 5.298 % 14.0779 

-200 +270 5 00590 % 0.6758 

-270 +325 5 0.958 % 0.4335 

-325 5 3.456 % 4.8102 
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TABLE X 

SUMMARY OF VARIANCE ANALYSIS OF U
3

08 PARTICLE SIZE STUDY 

a. All groups: 

Source 

Within Groups 

Between Groups 

Total 

b. Omitting -325 group: 

Source 

Within Groups 

Between Groups 

Total 

IGNITION TEMPERATURE 

Sum of Squares 

9,127 

6,142 

15,269 

Sum of Squares 

8,660 

2,914 

11,574 

Degrees 
of Freedom 

21 

5 

26 

F Between = 2.8265 
Within 

F = 2.6848 5/21,0.05 

Degrees 
of Freedom 

19 

4 

23 

F Between 1.5983 
Within 

F / = 2.2663 4 19,0.1 

( Continued) 
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Mean Square 

434.6 

1228.4 

Mean Square 

455.8 

728.5 
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TABLE X (Continued) 

SUMMARY OF VARIANCE ANALYSIS OF U
3

08 PARTICLE SIZE STUDY 

a. All groups: 

Source 

Within Groups 

Between Groups 

Total 

a. All groups: 

Source 

Within Groups 

Between Groups 

Total 

PEAK HEIGHT 

Sum of Squares 
Degrees 

of Freedom 

0.039428 

0.005217 

0.044645 

23 

5 

28 

F Between = 0.6086 
Within 

F / - 0.8964 5 32,0.5 -

PEAK AREA 

Sum of Squares 
Degrees 

of Freedom 

0.014800 

0.013102 

0.027902 

23 

5 

28 

F Between = 4.0721 
Within 

F = 3.9392 5/23,0.01 

(Continued) 
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Mean Square 

0.0017143 

0.0010434 

Mean Square 

0.00064351 

0.00262042 
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TABLE X (Continued) 

SUMMARY OF VARIANCE ANALYSIS OF U
3

08 PARTICLE SIZE STUDY 

b. Omitting -325 group: 

Source 

Within Groups 

Between Groups 

Total 

a. All groups: 

Source 

Within Groups 

Between Groups 

Total 

Sum of Square s 

0.012280 

0.005818 

0.018099 

Degrees 
of Freedom 

19 

4 

23 

F Between = 2.2506 
Within 

F / - 2.2663 4 19,0.10 -

WEIGHT LOSS 

Sum of Squares 

158.099 

104.568 

262.667 

Degrees 
of Freedom 

23 

5 

28 

F Between = 3.0425 
Within 

= 2.6400 

(Continued) 
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Mean Square 

0.0006463 

0.0014546 

Mean Square 

6.8738 

20.9135 
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TABLE X (Continued) 

SUMMARY OF VARIANCE ANALYSIS OF U
3

08 PARTICLE SIZE STUDY 

b. Omitting -200+270 group: 

Source 

Within Groups 

Between Groups 

Total 

Sum of Squares 

155.396 

61.664 

217.060 

Degrees 
of Freedom 

19 

4 

23 

F Between = 1.8849 
Within 

F4/ = 2. 19,0.10 

t Tests 

a. Ignition Temperature 

-325 mean = 1787° F, n = 3 

* +325 mean::;:; F, n ::;:; 24 

Pooled standard deviation = 20.847 

t = 2.6633 

t 25 , 0.025 = 2.3846 

t 25 , 0.01 = 2.7874 

( Continued) 
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b. Peak Area 

* 
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TABLE X (Continued) 

SUMMARY OF VARIANCE ANALYSIS OF U
3
0S PARTICLE SIZE STUDY 

-325 mean = 0.1261S, n = 5 

* +325 mean = 0. OS422 , n = 24 

Pooled standard deviation = 0.025367 

t = 3.3649 

t = 3.0565 27,0.005 

Pooled value of all +325 groups. 

The variance analysis and t tests indicated that -325 mesh U
3

0S produced 

significantly lower ignition temperatures and peak area. Above -325 mesh 

U
3

0S' there was no statistically significant effect of U
3

0S particle size. 

The -200+270 mesh group showed a significantly lower weight loss during 

This is felt to be a random, rather than systematic, effect. 
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VII. PRIOR REPORTS 

Previous reports issued under this contract are: 

1. Monthly Letter Reports Nos. 1 - 46. Issued each month since 

December 1958. 

2. Progress Report No.1, August 1959. Issued as ORO-209 by OTS, 

Department of Commerce. 

3. Progress Report No.2, Part 1, August 1960. Issued as ORO-325 

by OTS, Department of Commerce. 

4. Progress Report No.2, Bart 2 (Declassified), August 1960. 

5. Progress Report No.3, August 1961. 

6. Quarterly Report No.1, April 1962. 

7. Summary Report No.1, July 1962. 
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FOREWORD 

The investigation reported in this document was performed by the Engineering 

Experiment Station of the Georgia Institute of Technology under U. S. Atomic 

Energy Commission Contract No. AT-(4o-1)-2483. The work was sponsored by the 

Divi.sion of Reactor Development, Fuels and Materials Development Branch, Mr. J. M. 

Simmons, Chief. The contract was administered by the Oak Ridge Operations Office, 

Reactor Division, Dr. David Fo Cope, Directoro 

This report covers the period from October 1, 1962 to January 1, 1963. 
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I. INTRODUCTION 

The excellent thermal shock resistance and indications of good radiation 

resistance of fused silica have recommended it for consideration for use in 

high temperature radiation fields. With the development at Georgia Tech of 

techniques for economical fabrication of large and complex silica shapes by 

slip casting, major objections to this material, on the basis of cost and 

fabrication difficulty, have been overcome. 

Since fused silica has not, until recently, been considered an engineering 

material, many gaps exist in the data necessary for its evaluation for use in 

reactorse One object of Project B-153 is the determination and compilation of 

sufficient data for this evaluation and for systems design based on slip cast 

fused silica. 

Slip casting offers several advantages as a fabrication technique for 

refractory materials. In many cases, the materials may be formed with a degree 

of purity and structural isotropy not obtainable with other methods of fabrica

tion~ Equally as important, the low capital investment required for slip casting 

is particularly attractive in the nuclear energy field where many "one of a kind" 

components must be fabricated. A second object of Project is the develop-

ment of techniques for slip casting a wide variety of refractory materials. In 

addition to fused silica, investigations are currently being made of slip cast 

alumina 0 

The competitiveness of nuclear power systems depends strongly on the extent 

to which use can be made of potentially high operating temperatures. The fuels 

required to operate stably at these high temperatures must be fabricated at equally 

high temperatures if conventional fabrication techniques are used. The fabrication 
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problems and expense increase with fabrication temperature in more than linear 

proportion, adversely affecting the economics of the system. 

Project B-153 also is concerned with an investigation of a novel process in 

which the material being fabricated furnishes the fabrication temperatures 

required. This process consists of selecting materials which will undergo highly 

exothermic chemical reactions, producing both high temperatures and desirable 

reaction products. To date, aluminum and beryllium reduction of oxides of uranium 

has been studied, with the major emphasis being placed on aluminum reduction of 

U
3
08 " Since AI-U

3
0S dispersions are in common use as reactor fuels, the results 

of this study are obviously of interest in hazards evaluation. Several special 

studies of AI-U
3
08 dispersions are included in the program to assist hazards 

evaluation. 
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II. SUMMARY 

A statistical study was made to determine the ~ffects of the time allowed 

for thermal equilibration in the high temperature ring tensile test of slip cast 

fused silica. The study consisted of three firings with the rings from each being 

broken at 2000° F after soaking times ranging from three minutes to approximately 

minutes. The statistical analysis of the breaking loads showed variations 

between firings at greater than the 99 per cent confidence level. Variations 

between soaking times failed to show significance at the 95 per cent confidence 

level. No evidence was detected of an interaction between the two factors. 

Studies were made of steam sintering slip cast fused silica at 2000, 2100, 

and 2200° F with a controlled steam flow rate of 0.72 pounds per hour. The 

strengthening profiles as a function of firing time and temperature indicated a 

sintering mechanism similar to that in air firing but much more rapid sintering 

kinetics~ At 2100° F in steam firing, a peak modulus of rupture of 4500 psi was 

reached in 8-1/2 hours while in air firing the peak strength of 4200 psi was 

reached in 49 hours. In air firing, the minimum porOSity attained was 14.2 per 

cent after which an increase was noted. In steam firing, the lowest porosity 

reached was 1206 per cent but no indication was given that the porosity was 

reaching a minimum. The bulk denSity increased linearly with time in steam 

firing, indicating that the sintering mechanism is viscous flow. The bulk denSity 

changes followed the equation 

B = 1.854 + exp (33.5 _ 99300 )e 
T 

where B is the bulk denSity (gm/cc), T is the absolute sintering temperature 

(OR) and e is the sintering time (hr.). From this equation, an activation energy 

-3-



Quarterly Report No.3, Project No. B-153 

of 110 kcal per mole was calculated for steam firing of slip cast fused silica 

at a steam flow rate of 0. pounds per hour. 

Studies were begun of Al-U
3
0S reactions in a rolled plate of ATR composition, 

containing 33.79 wlo u
3
0S' 66.07 wlo X-SOO aluminum and 0014 wlo B4C. Differential 

thermal analysis curves from specimens of this plate did not differ significantly 

from curves obtained with cold pressed pellets of similar composition. A small 

exotherm was noted, peaking at approximately 1300° F. Immediately following the 

exotherm, a very large aluminum melting endotherm appeared. A second exotherm 

peaked at lS20-1S400 F. During this exotherm, the unknown pellet appeared visually 

to glow slightly brighter than the standard. Upon cooling, an aluminum solidifica-

tion exotherm was noted but its size was somewhat smaller than the melting endotherm. 

The difference in size of the two peaks increased with increasing pellet firing 

temperature. 

Plate ATR specimens were subjected to x-ray diffraction in the as-received 

condition, after vacuum annealing, and after being heated to 1000, 1200, 1400, 

1600, and lS30° F at 60° F per minute. Both aluminum and U
3
0S showed consistent 

decreases with increasing severity of heating. The U02 peaks were largest in the 

vacuum annealed sample although they appeared in all samples. Al20
3 

peaks first 

appeared in the 1000° F specimen and increased consistently in intensity with 

increasing heating temperature. UA14 was detected in small amounts in the 1000° F 

specimen but not again until the 1600° F specimen. In the 1600° F specimen, small 

amounts of UAl
3 

and UA14 appeared. The UA1
3 

and UA14 peaks were well defined in 

the lS30° F specimen although residual U
3
0S was still present. These results 

support the suggestion of a probable two stage reaction with initial reduction of 

U
3
0

S 
to U02 followed by further reduction to UA1

3 
and UA14" Complete reduction 

of the U
3
0S to U02 prior to UA1

3 
and UAl4 formation did not occur. 
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Preliminary metallographic examination of the ATR specimens indicated 

formation of a reaction zone, probably principally A120
3

, around the U
3
08 

particles which were converted to a fragmented structure. Gas pores and grain 

boundary precipitation, presumably UA14, were noted, increasing significantly 

in concentration with increasing heating temperature. 

Initial studies were made to compare reactions in cold pressed AI-U02 

pellets with those in cold pressed AI-U
3
08 pellets. DTA curves from the two 

systems were quite similar in appearance. The reaction exotherm in Al-U02 

occurred at 1820° F compared with 1780° F for Al-U
3
08 • The reaction in Al-U02 

appeared more energetic although insufficient samples were tested to permit 

statistical comparison. 

-5-
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III $ EXPERIMENTAL WORK 

A. Slip Cast Fused Silica 

1. High Temperature Tensile Strength 

In preparation for the last series of high temperature ring tensile 

tests, a series of tests was made to determine the influence of the time for 

thermal equilibration allowed following insertion of the sample into the testing 

furnace. A set of 36 fused silica was cast using Keltex mold release. The 

rings were fired in groups of 12 at 2200° F for an uncorrected firing time of two 

hours. During firing, the rings rested on an Alundum plate and were shielded with 

Inconel sheeting. 

The fired rings were broken in the ring tester at 2000° F. Four rings from 

each firing were broken as soon as possible, approximately three minutes, after 

insertion into the testing furnace, four after return of the furnace to the 

testing temperature of 2000° F, and four five minutes after the furnace returned 

to 2000° F. The experiment was programmed to avoid bias due to testing sequence 

and specimen placement during firing. 

The results of the tensile tests are summarized in Appendix A. Since the 

dimensions of the rings did not vary significantly, statistical analysis was 

applied directly to the breaking loads rather than to computed tensile strengths. 

A two factor analysis of variance was used to examine the effects of re-heat 

time, firing to firing variation, and the second order interaction between the 

two. The results of this analysis are summarized in Table I. 

The firing to firing variation proved significant at better than the 99 per 

cent confidence level. This is in agreement with prior work and appears unavoidable 

without extensive equipment redeSign and more than reasonable preciSion in firing 

procedure. 
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TABLE I 

ANALYSIS OF VARIANCE OF RING TEST DATA 

Sum of Degrees of Mean 
Source of Estimate Squares Freedom Square Estimate F 

Between Firings 207,239 2 103,620 6.36*** 

Between Re-heats 100,643 2 50,322 3.09 

Interactions 150,535 4 37,634 2631 

Error 440,201 27 16,304 

F 
2/27 

=: 3. F 
4/27 

2,,73 0.05, 0 .. 05, 

F 
2/27 = 5849 *** 0.01, Significant at >99 per cent 

FO•005, 2/27 6.49 
level of confidence. _. 

The time allowed for reheating prior to testing failed to show significance 

at the per cent level of confidence required for statistical validityc This 

is not surprising since the point of maximum stress in the ring is at an exposed 

surface and a rapid thermal equilibration at this point would be expected. In 

order to provide a uniform basis for future testing, the ring furnace will be 

allowed to return to the testing temperature prior to load application. 

2. Steam Firing 

Studies made during the previous quarter indicated that firing the slip 

cast fused silica in a steam atmosphere failed to give reproducible results when 

a tube furnace was used.. Prior to accepting the expense of building an Inconel 

chamber for steam firing in the bottom loading furnace, however, an attempt was 

made to improve the results by modifying the steam flow systemo In order to 

achieve this, a ballast tank was inserted into the water flow line. The air space 
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over the water in the ballast tank was pressurized and held at a constant pressure 

by means of a compressed air regulator. The water flow was then adjusted by means 

of a rotameter and water was introduced directly into the furnace tube. 

In order to check the modified flow system, a group of 264 fused silica bars, 

3/4-inch in diameter and 5-5/8-inches long, was cast in one piece molds using the 

graphite mold release. The bars were fired in sets of 11 in the tube furnace. 

1 
The firing conditions were 2000° F for 6-1/4, 40, 66, and 68 hours, 2100° F 

for 1, 2, 4, 8, and 16 hours and F for 1, 2, and 4 hours. Two sets were 

fired at each combination of firing temperature and time except for the 2000° F 

runs for 66 and 68 hours in which only one set was used at each point. In all 

runs, the water flow rate was 00 pounds per hour. 

The porosity, bulk density, and apparent theoretical density of each fired 

bar were determined using the air displacement porosimeter. Following these 

measurements, the bars were tested for modulus of rupture in three point loading 

on a Tinius-Olsen Super L universal testero Each bar was broken on a four inch 

span and twice on a two inch span the halves from the first break. 

The modulus of rupture of the steam fired bars is shown in Figure 1 which 

indicates that the strengthening process is qualitatively similar in steam and 

air firing~ Initial strengthening occurs with improved sintering until post-

firing cooling produces micro-flaws in the interfacial cristobalite. While the 

strengthening mechanism is apparently similar in air and steam firing, the 

kinetics are quite different 0 As an illustration of this, the 2100° F firing 

profiles for air and steam are compared in Figure 2. 

In Figure 3, the porosity profiles are shown for steam firing. Again, a 

significant difference from air firing is noted. While in air firing a minimum 

lAll firing times are uncorrected. 
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porosity is attained at approximately the same time as the maximum strength, no 

such minimum was reached in any of the steam firings. In addition, in the air 

firings the minimum porosity reached was approximately 14.2 per cent in the 

temperature range 2000-2200° F. In the steam firings, the porosity reached a 

low of 12.6 per cent in the longest 2200° F firing and showed no sign of minimizing 

even then. It is of interest to note that the maximum strengthening in steam and 

air firing occurred at roughly the same porosity. 

The bulk density of steam fired fused silica is shown as a function of 

firing time in Figure 4. In air firing, the bulk density change varied with 

the logarithm of firing time while, in steam firing, the variation is seen to be 

linear. As discussed in Appendix B, this implies that the sintering mechanism in 

steam firing is viscous flow rather than plastic flow, at least through the point 

of maximum strengthening. 

The bulk density changes in steam firing of slip cast fused silica at a 

steam flow of 0.72 pounds per hour may be represented by 

exp (33.5 _ 99300 )8 
T 

where ~ is the change in bulk density from the initial value of 1.8535 gm/cc, 

T is the absolute sintering temperature (OR) and 8 is the sintering time (hr.). 

As discussed in Appendix B, 

= 

~=Const 

99300 = 
E 
R 

1) 

which, after dimensional conversion, yields an activation energy of 110 kcal per 

mole for sintering of slip cast fused silica in steam at a flow rate of 0.72 

pounds per hour. 
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Bo Aluminum-Uranium Oxide Reactions 

10 Reactions in Al-U
3
2B Dispersions of ATR Composition 

A 3/S-inch thick plate of AI-U
3
0S dispersion, corresponding to the ATR 

fuel composition, was obtained through the courtesy of the Oak Ridge National 

Laboratory, Metals and Ceramics Division 0 The U
3
0S used in the dispersion was 

"dead-burned" Y-12 oxide, probably from the same batch made available by ORNL 

for the powder metallurgy compacts previously discussedl • The composition of the 

dispersion was 33Q79 wlo U
3
0S' 66007 wlo X-SOO aluminum, and 0.14 wlo B

4
C. The 

plate was hot rolled at 500 0 C to an S:l reduction ratio followed by a per 

cent cross roll 0 

A reference sample was cut from the as-received plate and half of the plate 

was vacuum annealed at 500 0 C for one hour. After the anneal, a second reference 

sample was cut. 

A 3/S- by 3/S- by 3/S-inch sample configuration was selected for convenience~ 

While rectangular geometry is not ideal for differential thermal analysis, the 

thermal conductivity was felt to be sufficiently high to minimize the resulting 

i.naccuracies from lack of perfectly reproducible sample orientation in the furnace. 

A hole liS-inch in diameter and approximately 3/16-inch deep was drilled in each 

sample to receive the DTA thermocouple. 

ao DTA Tests 

Several pellets were subjected to DTA through the apparent reaction 

2 
temperature range 0 The resulting DTA curves were not noticeably different from 

those obtained using pellets of similar composition prepared from Alcoa 140 

aluminum and Y-12 oxide by powder metallurgy. A typical DTA chart is shown in Figure 5Q 

1 Quarterly Report Noo 2, po 
2 6 0 All DTA runs were made at ° F per minute. The furnace was three times 

to approximately 10 microns and backfilled with argon prior to each runo 
standard was a similar pellet, previously fired to above lS40 0 F. 
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On heating) an exotherm was invariably noted) peaking at approximately 

1300° Fo This exotherm was followed by a large endotherm which peaked at 1430 

to 1460° Fo This endotherm would be expected to be associated with the melting 

point of the aluminum but is in apparent conflict with the known melting temperature 

of aluminum 0 Analysis of this difference is not simple, however. Although a 

temperature measurement error of approximately 200° F would be the most convenient 

assumption, rough calculations show that this conclusion is not warranted. Assuming: 

a. 

d. 

Equal heat input to the sample and standard pellets. 

Complete prior reaction of all the U
3
0S in the standard 0 

No prior reaction in the unknown. 

No phase change other than aluminum melting over the endotherm 

temperature range. 

a temperature differential as high as approximately 230° F could arise between the 

standard and unknown following complete aluminum in the standard as a 

result of the greater free aluminum content of the unknown. In view of this) 

until further studies can be made) the assumption that the endotherm is due to 

aluminum melting and that the temperature measurement is accurate does not seem 

unreasonable 0 

In all samples) a second exotherm peaked at approximately lS20-1S400 Fo 

During this exotherm) the unknown appeared visually to glow slightly brighter 

than the standard. This cannot be taken as being indicative of the magnitude of 

the temperature excursion) however, since visual detection of color differences 

in this temperature range is quite difficult. Attempts will be made in the future 

to follow the unknown temperature during this exotherm using optical and two color 

pyrometry. 

-16-
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In several runs, the DTA recorder was used to follow the unprogrammed cooling 

of the reacted pelleto Since the cooling rate was approximately twice as rapid as 

the rate, quantitative comparisons could not be made of the and 

DTA traceso Qualitatively, however, it is of interest to note that on 

cooling only a single exotherm was observed in the position appropriate for the 

aluminum solidification exotherm and that this exotherm appeared substantially 

smaller than the aluminum endotherm on heating. Occurrence of a cooling exotherm 

is a reasonable result since the unknown would be expected to contain more free 

aluminum than the standard, even after the heating cycle. The excess should be 

somewhat less than during the heating cycle, however, provided a reaction did 

occur in the unknown. An exotherm would thus be expected on cooling although 

it should be less prominent than the endotherm 0 

In order to explore the DTA plots further, a series of samples was subjected 

to heating at 60° F to maximum temperatures of 1000° F to 1900° F in 100° F 

increments 0 After the maximum temperature was reached, the sample was allowed 

to cool in the fu.rnace while DTA recording was continued. The aluminum endotherm 

on heating was compared qualitatively with the exotherm on cooling~ Below 1500° F 

maximum temperature, no conclusive comparison could be drawn since the 

endotherm had not been completed before cooling was beguno The partially complete 

endotherm and exotherm did appear similar, however. The run to a maximum 

temperature of 1500° F yielded an aluminum endotherm and exotherm of approximately 

the same sizeo In the run to 1600° F, the cooling exotherm was reduced to 

approximately half the area of the heating endothermo The 1700° F run showed 

an exotherm reduced slightly further, perhaps to one third the area of the 

endotherm 0 The runs to 1800° F and above showed greatly reduced exotherms ranging 

from about 10 to 20 per cent of the endotherm area. In one run, no exotherm was 

noted on cooling. 

-17-
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It is possible that adjustments may be made which will permit the relative 

endotherm and exotherm areas to be used as an index of the amount of aluminum 

reacting. This possibility is being exploredo 

b. Diffraction 

Complete x-ray diffraction traces were made of pellets cut from 

the as-received plate and from the annealed plate, and of samples heated to 

maximum temperatures ~f 1000, 1200, 1400, 1600, and lS30° F. Standards were not 

available for quantitative comparison but qualitative comparisons of the samples 

are made i.n Table II" In addition to the observations listed, low strain 

broadening was noted in the as-received sample but not in any others. No UA12 

was detected in any sample. 

For convenience, the changes in the various components with increasing 

maximum temperature during heating are shown in Figure 6. Since this schematic is 

based on only one sample at each condition and since some variability is noted, 

this comparison must be taken as being only tentative. Many more samples must 

be run for confirmation. 

The results summarized in Figure 6 agree on some points and disagree on others 

1 with previous work at lower temperatures. The low temperature work indicated a 

two stage reaction with initial reduction to followed by reduction of the 

u02 to UA1
3 

and UA14 after complete reaction of the U
3
0S Q The absence of UA1

3 

and UAl4 in the runs up to 1600 0 F (except for the 1000 0 F run) with generally 

increasing U02 indicates that the reduction is two stage over this temperature 

range. The one disturbing factor is the initial decrease in U02 when the annealed 

samples were heated. Since the U
3
0S decreased consistently, this would seem to 

require some U-Al intermetallic formation in all the samples although none was 

Iprivate communication with Mr. Co Fo Leitten and Mr. R. C. Waugh, ORNL. 
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seen except in the 1000° F specimen 0 It is possible, but not likely, that the 

aluminum orientation shifts in the range 1000 to 1200° F could cause similar 

effects in the U02 thereby altering the U02 diffraction peakso Sample to sample 

variations would seem more likely responsible but, since only one sample was used 

per point, evaluation of this factor must await further runs .. 

As opposed to the lower temperature work, Figure 6 shows that complete 

reaction of the U
3
0

8 
prior to UA1

3 
or UA14 formation is not required at higher 

temperatures.. Residual U
3
08 was noted in all the runs in which the U-Al 

intermetallics appeared" 

Co 

Metallographic examination of the ATR specimens was begun" To date, 

only six specimens have been studied and these with only one preparation techniqueo 

The mechanical polishing method used in preparation of these six specimens showed 

a pronounced tendency to pull oxide material from the matrix and was far from 

completely satisfactory. It is hoped that this material loss can be minimized 

by improvement of the mechanical technique or by application of electropolishing. 

In view of the small number of specimens studied and the limited work on 

preparation technique, any conclusions drawn at this time must be considered 

tentative and hi.ghly speculative" Nevertheless, a brief mention of the metallog

raphy appears worthwhile" 

Figure 7 shows typical micrographs of the as received material and the sample 

heated to 1830° Fo At least one structure which appears in the 1830° F specimen 

(see arrow) is absent in the as received material.. This structure has the 

appearance of regions in other samples which were identified as A120
3 

by electron 

microprobe analysis 0 It is of interest to note that this structure appears near 

many of the particles of presumably unreacted U
3
0S' but is heaviest in the areas 
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A. AS RECEIVED 

B. HEATED TO 18300 F 

Figure 7. Micrographs of ATR Specimens As-received and Heated 
to 1830° F. (650X, Unetched). 
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of most significant material loss during polishing. This would imply that the 

U
3
0S reacts to form a phase, probably which is more dense and fragmented 

hence easier to remove from the matrix during polishing. 

Figure S shows micrographs of the as-received material and the specimens 

heated to 1000, 1200, 1400, 1600, and 1830° FD The zone tentatively identified 

above as A120
3 

appears frequently in the 1830° F specimen, far less frequently 

in the 1600° F specimen, and only very rarely in the others" In probable 

conjunction with this, much more material loss is seen in the higher temperature 

specimens a 

The higher temperature specimens also show a fairly heavy concentration of 

mlnute pores, indicative of gas evolution. This gas evolution could arise both 

from dissolved gas in the aluminum and from adsorbed and dissolved gas in the 

U
3
08 0 The higher temperatures would lead to a release of gas from the 

aluminum through normal changes. In addition, fragmentation of the 

U
3
0S should facilitate release of its gases. 

Beginning in the specimens heated to 1200 to 1400° F, the presence of a 

second phase is noted in the aluminum. In the 1830° F specimen, this second 

phase is seen to be quite prominent and probably boundary precipitation 

is noted. In view of the much higher concentrations of UA1
3 

and UAl4 indicated 

by the x-ray analysis of this specimen, the grain boundary precipitate would 

appear to be UA14 and possibly precipitated UA13" In view of the short time 

available for diffusion of uranium through the liquid aluminum in the lower 

temperature runs, the uranium concentration should be higher in the vicinity of 

the reacting U
3
0S' leading to precipitation of UAl

3 
near these particles. In 

the higher temperature runs, the uranIum mobility would be increased and a 

longer time would be available for di.ffusion. The improved diffusion would 
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lead to more uniform uranium distribution in the liquid aluminum, hence lower 

uranium concentrations. At the same time, with increased reaction of U
3
0

S
' 

the total amount of uranium in the liquid phase should increase. The combination 

of the more uniform distribution) the greater amount of dissolved uranium, and 

the lower uranium concentrations would promote more prominent and more well 

dispersedl preCipitation of UA14 or the UAl4-D solid solution eutectic on 

cooling through the UAl4 peritectic temperature (1345° F) and the eutectic 

temperature (11S4° F)o Etching studies were begun to delineate the micro-

structure of the metallic matrix a 

2. Comparison of AI-U02 and AI-U
3
2s Compacts 

Studies were begun to compare reaction tendencies in Al-U02 and Al-U
3
0

S 

powder metallurgy compactsc Compacts containing 35 wlo U02 and 35 wlo u
3
0S 

were produced in the usual manner2 The starting materials were Alcoa 140 

atomized aluminum, hydrothermal U02 ' and Ildead-burned ll U
3
0S

3 • The pellets 

were subjected to differential thermal analysis in argon at a heating rate of 

60° F per minute. 

One of the AI-U02 pellets failed to show a reaction peak although no mal-

function in the equipment was detectedo This datum point was omitted from the 

summary of the DTA results given in Table 1110 

From the preliminary results, it appears that Al-U
3
0S compacts undergo 

reaction at a lower temperature than Al-U0
2 

compacts under the conditions of 

the DTA test. The reaction appears more energetic in the AI-U02 compacts, 

however. While this could be explained in terms of a higher activation energy 

lWith respect to the U
3
0

S 
particles. 

2 
Summary Report No.1, p. 3S. 

3uranium oxides furnished through the courtesy of the Metals and Ceramics 
Division, Oak Ridge National Laboratory. 
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in AI-U02 resulting in onset of the reaction at a higher temperature} and 

greater reaction rates at this higher temperature following reaction onset, 

these data are based on too few samples to be conclusive. Additional samples 

are now being run to permit statistical evaluation. 

TABLE III 

DTA DATA FOR Al-U02 AND Al-U
3
0S COMPACTS 

Temperature of Peak Peak 
System Exotherm Peak Height Area 

(OF) (mv) (in
2

) 

Al-35 wlo U02 lS20 1·9 0.61 

Al-35 wlo U
3

0S 17S0 1.2 0,,52 
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IV. DISCUSSION 

As in previous studies, the evaluation of the effects of equilibration time 

in the ring test showed a significant firing to firing variation which masked any 

possible soaking time effectso This observation continues to support the decision 

to limit the number of testing temperatures studied and to use sufficient samples 

for statistical correlation at each pointQ 

The modified water supply system for the steam firing furnace proved highly 

satisfactory in improving the reproducibility of firing. The results of the 

steam firing study continued to be most intriguing, offering the possibility of 

much more efficient firingo In view of the strengthening kinetics observed, 

steam appears to decrease the yield strength and viscosity while producing 

structural or chemical changes which increase the activation energy. Since the 

steam will not necessarily affect the devitrification and sintering kinetics in 

the same manner, different steam flow rates may change the relative rates of 

sintering and devitrification and have a significant effect on both the strength

ening kinetics and maximum strength attainable in quench-firing. 

The results of the steam firings to date indicate that further investigations 

are highly desirable. A better understanding of the effects of water vapor is 

essential from the standpoint of both more efficient fabrication and service 

evaluation in water-vapor-bearing environments. If such a program cannot be 

completed during the current year, continuation past completion of the remaining 

work with silica is strongly recommended. 

The results of the first studies of the Al-U
3
0a dispersion of ATR composition 

are both informative and consi.stent with past work with pressed compacts. The 

early appearance of U02 prior to formation of UA1
3 

and UA14 offers support for 
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the suggestion of a two stage reaction. The observation of residual U
3
0

S 
in 

all the specimens indicates that complete reduction to U02 does not necessarily 

precede formation of UA1
3 

and UAl4 • 

The behavior of the U02 in the annealed and heated specimens is rather 

strange. If the one annealed specimen analyzed is truly representative of all 

the starting material, reduction of some U02 must have occurred upon heating of 

the annealed specimens. This conclusion follows from the decrease of both U02 

and U
3
0S noted upon heating the annealed specimens. If the U02 were reduced, 

some U-Al intermetallics should have been found in all the specimens, not just 

in the 1000, 1600, and lS30° F pellets. A further disturbing, possibly related, 

fact is that the metallographic examination did not yield results which could be 

correlated directly with the x-ray results. A new phase was apparent in the 

metallic matrix in all specimens heated to or above 1400° F but, with the exception 

of the 1000° F specimen, no new x-ray peaks were noted in specimens heated to less 

than 1600° F. These two facts could be reconciled if the x-ray detection 

efficiency for the U-Al intermetallics were fairly lowa More runs are obviously 

necessary before this point can be resulved .. 

The initial tests of Al-U02 specimens showed behavior similar to that of 

Al-U
3
0so Since so few specimens have been run, it is difficult to state the 

significance of the apparently higher temperature, compared with Al-U
3
0S' 

reQuired for reaction and the apparently more energetic reaction. This behavior 

is at least not inconsistent with that to be expected from U02 from two different 

sources. If a two stage reaction is operative in Al-U
3
0S' and if the high 

temperature exotherm is caused by secondary reduction of the U02 produced in 

the first stage, the high temperature reactions in Al-U
3
0S and Al-U02 should 

be mechanistically similar. Since the U02 in the two cases does not arise from 
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the same source, however, and is not even necessarily of the same stoichiometry, 

differences in the energetics should not be surprising. More clarification should 

be possible with the additional samples now being run. 
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APPENDIX A 

Data From Study of Ring Test Re-Heat Time 

Firing Data 

Heat-up-time (min~) 

34 

29 

29 

* Tensile Strength Data 

Minimum Temp_ (OF) 

1960 

2000 

2020 

Warm-up to Warm Five Min. Avg. 
No Warm-up Preheat Temp. After Preheat Temp. Over Firings 

1st Firing 898 1049** 
U80} 
1108 

1090 1089 
lO36} 
1181 

1362 1116 
1000} 
1093 

1085 

2nd Firing 

3rd Firing 

Avg .. over 
warm-ups 

* 

1010 

97
O
} 890 850 

760 
780 

793 } 
790 834 
900 
854 

911 

1048 1008 

1071 } 1265} 
768 889 1191 1126 
830 870 
888 1179 

91O} 85] 1055 1005 838 8'74 
803 895 I 

1250 908 

994 1039 

Since the tensile strength factor was expected to be the same for each 
ring (the dimensions did not vary significantly from ring to ring), the 
load required to rupture each ring was displayed. This was justified 
because of interest only in the differences between testing methods. 

** Figures shown by braces are averages for the samples enclosed by the 
braces. 
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APPENDIX B 

Sintering in Steam Firing 

Application of the viscous flow modell to the sintering of slip cast 

fused silica indicated that 

= constant E 
B-1) = R 

.6B=Const 

where e represents the sintering time, T is the absolute sintering temperature, 

E is the activation energy, and R is the gas constant. Since this condition 

was met in the steam firing of the silica, the prevailing sintering mechanism 

would appear to be viscous flowa 

2 
Examining this case more closely, if the argument for relating the bulk 

density change to the sintering lens volume is accepted, it is evident that 

this condition may be applied to any functional equation desired. Consequently, 

Equation 113 may be modified to yield 

where A2 is a constant. 

1 2, Quarterly Report No. p. 
2 2, Quarterly Report NOe p. 

3Quarterly Report No. 2, p. 
errors" They should read 

E 
RT 

26. 

30. 

29. 

E 

Ae 

Equations 10 and 11 contain typographical 

=: A e 
o 
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At a given temperature, if the sintering bulk density change is linear with 

time 

Fl (6B) - S' F2 (6B) = constant B-3) 

Since 6B is not single valued, this can be true only if the functions Fl and 

F2 are constant or compensating, i.e. of the same form. In either case, if the 

yield stress is significant and varies significantly with temperatures, the 

variation in densification curve slope with ~ would be other than exponential. 

The logarithms of the slopes of the densification curves are plotted as a 

function of ~ in Figure 9. Since the variation is exponential, three possibilities 

are evident~ 

a. S' = O. 

b. S' is significant 

c. S' is negligibly dependent on temperature. 

Case c would not seem physically reasonable. Either case a or case b would be 

possible and would constitute a proper basis for identifying the sintering 

mechanism in steam firing of fused silica as viscous flow. Further work is 

obviously necessary to support this conclusion. 
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Figure 9. Arrhenius Plot for Bulk Density in Steam Fired Slip Cast 
Fused Silica. 
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20 Progress Report No.1, August 1959. Issued as ORO-209 by OTS, 

Department of Commerce. 

30 Progress Report No.2, Part 1, August 1960, Issued as ORO-325 

by OTS, Department of Commerce. 

4. Progress Report Noo 2, Part 2 (Declassified), August 1960. 

5. Progress Report No.3, August 1961. 

6. Quarterly Report No.1, April 1962. 

70 Summary Report No.1, July 19626 

8 Quarterly Report No.2, October 1962. 
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FOREWORD 

The investigation reported in this document was performed by the Engineering 

Experiment Station of the Georgia Institute of Technology under U. S. Atomic 

Energy Commission Contract No. A1~(40-1)-2483. The work was sponsored by the 

Division of Reactor Development, Fuels and Materials Development Branch, Mr. J. M. 

Simmons, Chief •. The contract was administered by the Oak Ridge Operations Office, 

Reactor Division, Dr. David F. Cope, Director. 

This report covers the period from January 1, 1963 to April 1, 1963. 
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I. INTRODUCTION 

The excellent thermal shock resistance and indications of good radiation 

resistance of fused silica have recommended it for consideration for use in 

high temperature radiation fields. With the development at Georgia Tech of 

techniques for economical fabrication of and complex silica. shapes by 

slip casting, major objections to this material, on the basis of cost and 

fabrication difficulty, have been overQome. 

Since fused silica has not, until recently, been considered an engineering 

material, many gaps exist in the data necessary for its evaluation for use in 

reactors. One object of Project B-153 is the determination and compilation 

of sufficient data for this evaluation and for systems design based on slip cast 

fused silica. 

~lip casting offers several advantages as a fabrication technique for 

refractory materials. In many cases, the materials may be formed with a degree 

of purity and structural isotropy not obtainable with other methods of fabrica~ 

tion. Equally as important, the low capital investment required for slip casting 

is particularly attractive in the nuclear energy field where many Hone of a kind" 

components must be fabricated. A second object of Project B-153 is the develop

ment of techniques for slip casting a wide variety of refractory materials. In 

addition to fused silica, investigations are currently being made of cast 

alumina. 

The competitiveness of nuclear power systems depends strongly on the extent 

to which use can be made of potentially high operating temperatures. The fuels 

required to operate stably at these high temperatures must be fabricated at equally 

high temperatures if conventional fabrication techniques are used. The fabrication 
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problems and expense increase with fabrication temperature in more than linear 

proportion, adversely affecting the economics of the system. 

Project B-153 also is concerned with an investigation of a novel process: in 

which the material being fabricated furnishes the high fabrication temperatures 

re~uired. This process consists of selecting materials which will undergo highly 

exothermic chemical reactions, producing both high temperatures and desirable 

reaction products. To date, aluminum and beryllium reduction of oxides of uranium 

has been studied, with the major emphasis. being placed on aluminum reduction of 

U
3
0S " Since Al-U

3
0S dispersions are in common use as reactor fuels, the results 

of this study are obviously of interest in hazards evaluation. Several special 

studies of Al-U
3
0S dispersions are included in the program to assist hazards 

evaluation. 

-2-
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Il. SUMMARY 

A treatment of the early cristobalite growth process in the firing of slip 

cast fused silica predicted a cubic time variation in cristobalite. Analyses 

by x-ray diffraction yielded growth curves in agreement with this prediction. 

Based on these results, the initial cristobalite content of the fused silica 

is approximately 0.5 per cent. 

Consideration of the conditions for maximum strengthening in fired sliP 

cast fused silica led to a functional analysis of the effects of firing tempera

ture on the time required for maximum strengthening. The activation energy 

for this strengthening process, indicated by the analysis, is 205 kcal per mole. 

The study of sintering in slip cast fused silica under one atmosphere of 

stearn was completed~ Application of the prediction of cubic time variation 

of cristobalite content to the steam fired bars indicated an initial cristoba-

lite content in the of 0.5 per cent, in excellent agreement with the air 

data. The one atmosphere stearn data were a~so used to determine the activation 

energy for devitrification in one atmosphere steam. This activation energy 

is approximately 98 kcal per mole. 

Investigations were begun of firing slip cast fused silica under two 

atmospheres of stearne The preliminary results of this study indicate sintering 

even more rapid than in one atmosphere steam. The maximum moduli of rupture and 

firing time for maximum strength at 2100° F are approximately 4200 psi and 48 

hours in one atmosphere air, 4600 psi and 9.5 hours in one atmosphere steam, and 

6100 psi and 5 hours
l 

in two atmosphere stearn. 

1... Preliminary data 

-3-
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Investigations were made of the influence of application of pressure 

and vibration during slip casting of fused silica. These studies showed 

that application of 60 psig lowered the casting time of 3/4-in. diameter 

bars from 150 to 17 minutes at the cost of a decrease in cast bulk density 

from 1.S54 to 1.S46 gm per cc. A 60 cps axial vibration of 0.015-in. amplitude 

increased the cast bulk density in 60 psig cast bars to 1.849 gm per cc. 

without producing a noticeable increase in casting time. 

Modification and testing of the high temperature x-ray diffraction 

system were begun. The modification was almost completed and measure

ment of reaction rates in ATR compacts should begin early during the next 

quarter. 

Investigations were' begun to determine the feasibility of measur~ng the 

aluminum conversion and reaction energy by differential thermal analysis 

(DTA) of reacting Al-U
3
0S composites. Although trends were observed, quan

titative comparisions were not possible due to complications, probably arising 

from uranium oxide stoichiometry changes, in the x-ray diffraction analysis. 

Application of the DTA technique to calorimetry of reacting Al-U
3
0S composites 

appears promising although only two samples have been run. 

-4-
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EXPERMENTAL WORK 

A. Slip Cast Fused Silica 

1. Effects of Air Firing 

Final x-ray diffraction analyses were begun to determine the 

bulk cristobalite growth rates during devitrification of slip cast fused 

silica. An analysis of the probable growth mechanisml indicated that the 

initital growth stages should produce a cubic time variation in the cristobalite 

content. The preliminary cristobalite analyses are shown as a function of 

firing time according to the criterion in Figure 1. 

Whi~e the cristobalite data are drawn from too few samples for satis

factory statistical reliability, it is of interest to note the reasonable 

agreement between the expected and observed initial cristobalite growth. 

Assuming that this picture is correct, Figure 1 indicates that the fused 

silica slip is not initially free of cristobalite. For the slip useq in this 

study, an original cristobalite content of the order of 0.5 per cent appears 

likely. Further cristobalite analyses now under way should provide a more 

valid test for this early devitrification hypothesis. 

The strengthening process during firing of slip cast fused silica is 

probably, as has been suggested previously, regulated by two competing 

mechanisms, sintering due to bulk flow and bond disruption following devit

rification. These processes are illustrated schematically in Figure 2. The 

increased bonding resulting from plastic flow of the silica2 should cause a 

continuous strenghtening. The devitrification occurring during firing should 

produce cristobalite "inclusions" in the bonding junctures between particles. 

Since the silica is air ~uenched following firing, these cristobalite inclusions 

1. Appendix A. 

2. Quarterly Report No.2, p. 11-13. 

-5-
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will be subjected to thermal stressing upon cooling and, above a critical 

Size, will fracture, resulting in bond rupture. The extent of this bond 

rupture should increase with increasing cristobalite content and inclusion 

size. The fired strength of the fused silica would then be the algebraic 

summation of the strengthening and weakening effects of these two processes, 

as shown in Figure 2. 

The preliminary x-ray cristobalite analyses indicate that the peak 

strength in air is reached at a roughly constant cristobalite content 

of approximately five per cent regardless of the firing temperature. This 

is not an unexpected result. Once the cristobalite inclusions reach the size 

productive of thermal cracking, fragmentation of the cristobalite should be 

essentially complete as a result of rapid crack propagation characteristic 

of ceramics. In combination with the strong dependence on time of the extent 

of cristobalite formationl , this would imply that the disruption due to 

cristobalite fracture should be capable of over-riding the slower sintering 

strengthening at almost any level of firing. In addition, the notch sensitivity 

typical of ceramics would magnify the effects on strength of any cracks result-

ing from cristobalite fracture. This reasoning led to an analysis for devitrif

ication
2 

based on observation of the time re~uired for maximum strengthening 

as a function of firing temperature. This analysis, ~uite similar to the previous 

sintering analyses3 indicated that 

d(lne. ) 
l 

1. Appendix A 
2. Appendix B 
3. Quarterly Report No.2, p. 26-31. 

Quarterly Report No·3, p. 33-34. 

constant 

-8-
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where e. is the time to reach maximum strength, T is the absolute firing 
l 

temperature, R is the gas constant, and E is the activation energy for the 

cristobalite formation process. The times for maximum strengtheningl are 

plotted according to Equation 1 in Figure 3. The activation energy indicated 

by Figure 3 is 205 kcal per mole. Since the process characterized by this 

activation energy is probably quite complex, some caution is necessary in 

referring to the energy as the activation energy for devitrification. Al-

though this may prove to be the case, direct determination of the devitrifica-

tion activation energy from x-ray analysis for cristobalite appears essential 

for confirmation. In addition, the other devitrification-dependent parameters 

should.be given a similar treatment for comparison. 

The modulus of rupture data were extended to complete definition of the 

strengthening contour for slip cast fused silica. This contour is shown in 

Figure 4. 

2. Effects of Steam 

a. One Atmosphere Steam: 

Slip cast fused silica bars fired under one atmosphere absolute 

2 of steam were regrouped into the sets in which they were fired. Each group 

was crushed to -200 mesh and a sample was drawn for cristobalite analysis 

by x-ray diffraction. Since the early devitrification process would be expected 

to be similar in air and in steam, the same analysis was applied to the steam 

and air firings3. Figure 5 shows the one atmosphere steam firing cristobalite 

data plotted as indicated by the analysis of Appendix A. It is of interest to 

1. Quarterly Report No.1, p. 22. 
2. Quarterly Report No.3, p. 7-13. 
3. Appendix A. 
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note that the steam and air firing data indicate approximately the same 

initial cristobalite content, approximately 0.5 per cent, in the slip. 

While insufficient data were available for a determination of the 

activation energy in air devitrification, the steam data were reliable 

enough to permit this analysis. The Arrhenius plot for devitrification 

of slip cast fused silica under one atmosphere of steam is shown in Figure 

6. From the slope of this curve, an activation energy of 9B kcal per mole 

was calculated. 

The firings in one atmosphere steam were extended to permit determina-

tion of the strength contour. This contour is shown in Figure 7. 

b. Two Atmosphere Steam: 

A total of 30B fused silica bars, 3/4-in. in diameter by 5-5/B-in. 

long, was cast in one piece molds using the graphite mold release. The bars 

were fired in sets of 11 using a small tube furnace. Firings were made at 

2000°F for 4, 8, 16 and 24 hours, at 2100° F for 1, 4, 6, and 8 hours, 

and at 2200° F for 1/2, 1, 2 and 4 hours. Triplicate firings were made at 

2100° F for 6 and 8 hours, and duplicate firings were made at all other 

conditions. In all cases, the following firing procedure was used: 

a) The furnace was preheated to the desired firing temperature. 

b) A set of 11 test bars was placed in the center of the heating 
tube. 

c) The tube was'closed, and a vacuum was drawn on the heating tube. 

d) The tube was backfilled with argon, and a vacuum was drawn. 
This step was repeated four times. 

-12-
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e) When the furnace again reached the preheat level, water was 
introduced to the furnace at the rate of 0.72 pounds per hour. 

f) Taking zero time to be the instant water was first introduced 
to the furnace, the bars were fired over the desired time span. 

g) During firing, the steam pressure was maintained at two 
atmospheres absolute using a 15 psig "pop-off" valve placed 
at the end of the furnace opposite the water inlet. 

The porosity, bulk density and apparent theoretical density of each fired 

bar were determined by air displacement. Following these measurements, the 

modulus of rupture of each bar was determined in three point loading by break-

ing once on a four inch span and, using the end pieces from the first break, 

twice on a two inch span. 

Although data reduction for this study is not yet complete, the preliminary 

results of the strength and porosity determinations are shown in Figures 8 and 9. 

As a matter of interest, 2100 0 F strengthening curves are shown in Figure 10 for 

firing in air, one atmosphere steam, and two atmosphere steam. 

3. Pressure-Vibration Casting 

A further study was made of the effects of pressure application 

and mold vibration during casting of the fused silica slip. A set of 160 

bars 3/4-in. in diameter by 5-5/8-in. long was cast in one piece molds using 

the graphite mold release. Internal pressures of 0, 20, 40, and 60 psig were 

placed on the casting slip and 60 cps axial vibrations of 0-, 0.010-, 0.012-, 

and 0.015-in. amplitude were applied. The castings were made in random order 

using a new mold for each specimen. The casting times were recorded. The 

bars were dried overnight in the molds, removed, air dried overnight, heated 

to 110 0 F for six hours and, finally, to 270 0 F for 16 hours. The porosity, 

bulk density, and apparent thoretical density of each bar were determined by 

-16-
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air displacement. The averaged bulk properties are shown in Table L. 

In general, application of pressure is seen to produce a significant 

lowering of the casting time at the cost of a lower cast density. Vibration 

increases the cast density without strongly affecting the casting time. The 

strength of vibration available for the study was not sufficient to maintain 

the cast density at the zero pressure-zero vibration level with high casting 

pressures. The importance of this effect will be evaluated from modulus of 

rupture measurements now being made. 

B. Aluminum-Uranium Oxide Reactions 

1. High Temperature X-ray System 

A furnace was constructed to adapt the high temperature x-ray 

diffraction system to dynamic AI-U30S reaction rate measurements. 

The high temperature diffraction equipment consists of a Siemens 

Crystalloflex IV x-ray generator, North American Philips Co. diffractometer, 

proportional counter, and Siemens counting equipment including a strip chart 

recorder. The x-ray tube is a Philips high intensity copper tube, and Ka radia

tion is used. 

The high temperature furnace is illustrated in Figures 11 and 12. It 

is a more refined version of a furnace used in earlier work on this projectl 

The furnace body is cut from foamed fused silica, and the heated cavity is a 

cube measuring approximately two inches on a side. The heaters are 0.040-in. 

diameter Kanthal A-I resistance wire, coiled and placed around lengths of 3/16-in. 

diameter alumina spaghetti. The upper and lower halves of the furnace were 

fabricated separately, and the heaters in each half connected in series. About 

200 inches of heating wire were put into the furnace. Power is furnished through 

1. Progress Report No.1, pp. -37. 
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Amplitude 
Pressure of Vibration 

(psig) ( in.) 

0 0 

0 0.010 

0 0.012 

0 0.015 

20 0 

20 0.010 

20 0.012 

20 0.015 

40 0 

40 0.010 

40 0.012 

40 0.015 

60 0 

60 0.010 

60 0.012 

60 0.015 

TABLE I 

BULK PROPERTIES OF FUSED SILICA 
SLIP CAST UNDER PRESSURE AND VIBRATION 

Approximate Bulk 
Casting Time Porosity Density 

(Min. ) (%) (grn/cc) 

17.8 1.854 

150 17.6 1.849 

150 16.4 1.879 

150 .8 1.890 

33 18.0 1.853 

33 1/1.6 1.846 

33 17·7 1.843 

17.8 1.858 

25 17.8 1.848 

25 17·7 1.848 

18.1 1.841 

25 17·9 1.845 

17 18.2 1.846 

17 18.2 1.837 

17 18.4 1.843 

18.2 1.849 
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Apparent 
Theoretical Density 

(grn/cc) 

2.26 

2. 

2.25 

2.24 

2.26 

2. 

2.24 

2.26 

2.25 

2. 

2. 

2.25 

2 26 

2.25 

2.26 

2.26 
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vacuum glands in the aluminum end plate and brought by copper wire to the right 

end of the furnace body (see Figure 11), where the copper leads are connected 

to the Kanthal heating wire. 

Two platinum, platinum - 13% rhodium thermooouples, prepared from 0.020-in. 

diameter wire and supported by alumina spaghetti, extend through the roof of the 

heated cavity and are positioned very close to the specimen. These are connect

ed to temperature compensated lead wires which extend through vacuum glands in 

the aluminum end plate. One thermocouple actuates a Wheelco Model 403 temperature 

controller (see Figure 13), and the other permits the temperature to be monitored 

by a potentiometer. The temperature can also be determined with an optical pyro

meter focused on the sample through one of the Mylar x-ray windows. 

The sample rests on a slip cast and fired alumina platform supported by 

two 3/16-in. diameter alumina rods. 

The furnace is designed for operation with a controlled atmosphere. The 

stainless steel vacuum vessel shown in Figure 11 is placed over the furnace body 

and sealed at the aluminum back plate with a neoprene gasket. The system is 

evacuated with a mechanical pump and then filled with helium or argon to an 

absolute pressure slightly above 1 atmosphere. The vacuum vessel is equipped 

with 0.0005-in. thick Mylar x-ray windows. These are held in place by aluminum 

clamps and sealed with neoprene gaskets. 

Cooling water is circulated through copper tubing attached where high 

temperatures are likely to be a hazard to the equipment. 

The furnace is designed for use at diffraction angles (2e) of ° to 60°, 

which is adequate for AI-U
3
0S reaction product analyses. Provisions are made 

for adjustment of the sample elevation and orientation. 
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Initial runs of ATR specimens were begun to test the performance of 

the x-ray system. These runs suggested minor system modifications which 

are currently being completed. The runs also indicated that thermal noise 

from the molten specimen will not be a problem. 

2. DTA Testing 

Attempts were begun to extend the DTA test to at least semi-quanti-

tative analysis of the extent of reaction in heated Al-U
3

08 compacts. A series 

1 of samples was prepared from the rolled ATR fuel plate. These specimens 

were subjected to DTA under argon at a heating and a cooling rate of 60 0 F 

per minute. A previously fired ATR specimen was used as the standard. Follow-

ing DTA, measurements were made of the DTA chart peak areas corresponding 

to the aluminum melting endotherm and the 18000 F reaction and aluminum 

solidification exotherms. The complete x-ray diffraction trace was determined 

for each specimen. Typical raw data for two groups of pellets heated to 1600 

and 18000 F are shown in Table II. 

Examination of the raw data shows that qualitative correlations among the 

various quantities measured do exist. For example, the specimens heated through 

the reaction exotherm .show significant UA14 contents and a concomitant decrease 

in the aluminum DTA exotherm compared with the endotherm. In these specimens, 

the U02 content appears higher than that of the specimens not heated through 

the reaction exotherm. In spite of these consistent trends, discrepancies are 

noted. There is an apparent lack of quantitative correlation between the re-

action exotherm peak areas and the x-ray data. Specimen 47-F, which shows the 

1. Quarterly Report No.3, p 14. 
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TABLE II 

DTA AND X-RAY DATA FOR FIRED ATR SPECIMENS 

DTA Peak Area X-ray Peak Area 

* 
Reaction U

3
08 U02 UA14 Sample Weight Al Endothenn Al Exothenn Exotherm 

; 

(in
2

) (in
2

) (in
2

) (gm), 21.5° 26° 34° 28.3° 55.6° 15.5° 

39-16 3·97 2.35 1.25 0.32 0.58 0.54 0.09 0.07 0 

40-16 3.78 1.65 1.36 0.43 0.88 0·72 0.15 0.04 0.02 _ 

41-16 3·51 1.64 1.22 0.41 1.00 0.74 o. 0 0 

42~16 3.80 1.80 1·32 0.34 0·74 0.69 0.13 0 0 

44-F 3·52 2.14 0 0.61 0.62 0.66 0.39 0.80 0 0.11 

I 45-F 3· 1.92 0·32 0.85 0.38 0.48 0·39 0.62 0 0.12 
!\) 
-.J 46-F 3.84 2.40 o. 0·90 0.43 0·50 0.e6 0.56 0 0.09 I 

47-F 3.48 2.55 0.19 0.87 0·70 0.78 0.56 0.92 0 0.24 

48-F 3.41 2.12- 0.50 o. 0.66 0.84 0·51 0.84 0 0.19 

* -16 = Tenninal DTA temperature of 1600° F 

-F = Tennina1 DTA temperature above reaction eX9therm peak ("""1900° F). 
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largest concentration of UAl
4 

and U0
2 

and the strongest reaction exotherm 

(a consistent relationship) also perversely shows the greatest concentration 

of U
3
0S in the -F group. 

The comparisons to be made are more readily seen from the reduced data 

of Table III. The arrangement of Table III should correspond roughly to 

increasing conversion of U
3

0S ' A general, but by no means totally consistent 

or quantitative trend ~oward lower aluminum exotherm:endotherm ratios is observed. 

This trend appears promising enough to warrant an expanded study to permit 
I 

statistical analysis. At any rate, significant difference in the exo-endotherm 

ratio obviously exists between the and -F group as would be expected. The 

x-ray data show a trend toward higher U0
2 

contents in the more strongly reacted 

samples as well as a reasonable qualitative correspondence between high U02 and 

high UAI4' A possible explanation for the lack of correlation of U
3

0S with the 

reaction products and the reaction exotherm peak areas is apparent in the U
3

0S 

diffraction peak area ratios of Table III. The absence of constant area ratios 

indicates either significant matrix absorption differences, varying U
3
0S 

orientation, or more likely, shifts in the oxide stoichiometry. 

In view of the difficulties experienced with x-ray analysis for U
3

0S' the 

advantages of successful reaction extent survey by DTA are even more apparent, 

While such an analytical technique would be useful only for total reaction surveys, 

not for dynamic rate studies, the time savings and independence of oxide structure 

effects WOuld make the DTA approach, where applicable, compare most favorably with 

post-heating diffraction analysis, 

Investigations were begun to determine the feasibility of DTA calorimetry 

of the AI-U
3
0S reaction. Such an approach could provide only rough accuracy 
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TABLE III 

REDUCED DATA FOR ATR SPECIMENS 

DTA Peak Areas X-ray Peak Areas 

U
3
0S Area Ratio

2 
Total 

26° 36° U02 UA14 

( ) ( 

1 Reaction Al Cooling Exotherm 
Sample Exotherm Al Heating Endotherm 

(in2jgm) 

41-16 0.744 2.44 10S0 0015 0 

40-16 0.S24 2.05 1.67 0.19 0.02 

42-16 0·733 2.1S 2.03 0.13 0 

39-16 0·532 1.Sl 1.69 0.16 0 
I 

1,07 0.53 O.SO 0.11 I\) 44-F 0.173 0.0 ~ 
I 

4S-F 0.211 0.236 1.27 0077 0.S4 0.19 

46-F 0.234 0.071 1.16 0.61 0.56 0.09 

45-F 0.249 0.169 1.26 1003 0.62 0.12 

47-F 0.250 0.075 1.11 O.SO 0.92 0.24 

1 -16 = Terminal DTA temperature of 1600° F. Arranged in order of decreasing U
3
0S ' 

-F Terminal DTA temperature above reaction exotherm (~1900° F). Arranged in order of increasing 
reaction exotherm peak area. 

2 Relative x-ray peak area compared with 21.5° peak. 
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but the expense would be minimal compared with more conventional calorimetry. 

The technique being investigated involves only routine DTA runs. An inert 

standard is used to display the entire aluminum melting endotherm. The peak 

area of the endotherm is used as an internal standard, with the known heat of 

fusion of aluminum, to calibrate each DTA chart individually. Based on this 

calibration, the reaction exotherm energy is given simply by 

E = 2) 

where 

E = Reaction energy release per gram of sample. 

x = Weight fraction of aluminum in original sample. 

& f Heat of fusion of aluminum. 

AR = DTA reaction peak area. 

~ =: DTA aluminum melting endotherm peak area. 

If this technique can be reduced to practice, the usual problems 

associated with DTA calorimetry will be minimized. A complex, expensive 

DTA furnace will not be required, the DTA samples and standard pellets 

will not have to be the same size or precisely matched, sample and standard 

orientation need not be precisely reproducible, and no separate system 

calibration need be made. 

The first problem apparent in this DTA calorimetry approach was, not 

surprisingly, selection of an appropriate standard material. With the 

rather unconventional application of DTA to high thermal conductivity 

materials, such as the ATR specimens, matching the thermal diffusivity of 

sample and standard becomes considerably more critical and more difficult. 

-30-
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The survey of standard materialsl was extended to high aluminum test compacts 0 

The result of this survey was that graphite should, in principle, be as 

satisfactory a standard as any other readily available inert material, at 

least for compacts of ATR composition. 

A series of tests was begun to evaluate both the graphite standard and 

the DTA calorimetry approach. Several cylindrical standard pellets were 

machined from spectrographic graphite rods. The standards were vacuum 

annealed for several hours at 2100° F to remove any volatile contaminants 

and stored in a dessicator. DTA tests were begun using these standards with 

2 parallelepiped samples cut from the ATR fuel plate . 

Although only two tests have been made to date, the results are sufficiently 

interesting to be reported. Figure 14 shows DTA curves obtained with a graphite 

standard and with a pre-fired ATR standard. Neither curve provides a clear 

base line but this is to be expected from the mismatch in thermal diffusivity. 

No statement can be made from the graphite standard curve concerning low 

temperature reactions. The heating and cooling aluminum therms appear similar 

in both curves but the therms are, as would be anticipated, larger in the graphite 

curve. The reaction exotherms are much the same in both cases. 

The data from the two graphite standard runs made to date are summarized 

in Table IV. 

1. Quarterly Report No.2, p. 20. 

2. If the technique is successful, the standard and unknown need not be 
of similar size or shape. 
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TABLE IV 

INITIAL DTA CALORIMETRY RESULTS 

Sample G-l 

Sample Weight (gm) 

Reaction Peak Temperature (OF) 

Aluminum Melting Endotherm 

Peak Area (in2 ) 

Aluminum Solidification 

Exotherm Peak Area (in
2

) 

(rL)l Apparent Aluminum Conversion ]V 

Reaction Exotherm Peak 

2 
Area (in) 

Apparent Reaction Energy Release 

(Mw-sec/kg) 

Theoretical Maximum Energy 

Release (Mw-sec/kg) 

Theoretical Maximum Aluminum 

Conversion ('/0) 

3086 

1840 

1·93 

35 

1.01 

0.059 

1. Assuming 'fo conversion = (1 _ Exotherm Area ) 100 
Endotherm Area 

-33-
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The principal difficulty encountered in making the calculations for 

Table IV lay in proper selection of the DTA base line. As a result of the 

high thermal diffusivity of the material and the impossibility of matching 

the sample and standard diffusivities exactly, no regular base line appeared 

on the chart. Although a better choice can be made with further study, the 

line chosen for the first runs was a heating base line parallel to the cooling 

line. Since this involves several assumptions, including those of no reaction 

during cooling and a constant sample thermal diffusivity prior to and follow= 

ing the upper reaction zone, this is almost certainly not the proper choice. 

The values calculated in Table IV from this assumed base line do, however, 

seem gratifyingly reasonable when compared with the theoretical limits. 

Consideration of the probable direction of error in the base line choice 

would indicate that the true base line is probably more nearly vertical than 

the one arbitrarily selected. This would tend to increase the calculated value 

for the integrated energy release and decrease the value of the aluminum 

conversion, bringing both more in line with the theoretical values. It is 

of possible interest to note that selection of a vertical base line would 

bring the aluminum conversion values to approximately 17.5 per cent, a quite 

reasonable figure. 
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IV. DISCUSSION 

The analysis of the early devitrification in slip cast fused 

silica seems to correlate well with the observed cristobalite content. 

This analysis and the corresponding analysis of the conditions for 

maximum strengthening offer possiblities for investigation of the sintering 

behavior of slip cast fused silica which were not previously available. 

Studies of the kinetics and activation energies of the solid state transport 

phenomena, devitrification, sintering shrinkage, strengthening and porosi.ty 

change, are now possible. Comparison of the parameters characterizing these 

processes should shed light on the mechanisms of silica sintering. 

Steam firing of slip cast fused silica continues to be most interesting 

from both a fundamental and an applied standpoint. The practical advantages 

of more rapid processing and better material properties are apparent though 

the limitations of the method are not yet in sight. From the fundamental 

viewpoint the obvious conclusion of a different effect of steam on the bulk 

flow and devitrification processes offers great potential for further investiga

tions. It is entirely possible that the science of silica processing will be 

completely altered by further studies in this field. 

Although not yet complete, the current results of the pressure-vibration 

casting experiment are ~uite pleasing. The significant decrease in casting 

time with pressure application will permit fabrication of much more homogeneous 

castings provided the sintering properties are not drastically altered. 
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Techniques for applying DTA to the determination of aluminum conversion 

and energy release in reacting AI-U
3
0S compacts will obviously require much 

refinement prior to use. The results of the first studies are not at all 

discouraging and no reason is apparent as to why the method should not 

prove successful. The advantages of such a technique should not be overlooked 

with to kinetics studies of high U
3
0S composites. While the 

dynamic x-ray diffraction technique appears more suitable for the slow 

reaction in ATR compacts, higher U
3
0S contents will probably produce reaction 

kinetics beyond the time response capacity of the x-ray system. In this 

case, DTA may offer an alternate approach to the kinetics measurements. The 

financial advantages of internally calibrated DTA calorimetry are obvious 

for AI-U
3
0S compacts of any composition. 
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VI. APPENDICES 
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APPENDIX A 

ANALYSIS OF EARLY CRISTOBALITE GROWTH IN SILICA 

The devitrification of fused silica is well known to proceed from the 

surface inward. The initial stages should thus involve growth of cristobalite 

about isolated surface sites of nucleation. If any cristobalite is present 

in the starting slip, it will also tend to appear at the surface since, during 

grinding, the cristobalite points should act as stress concentrators. These 

stress concentration points should undergo fracture during grinding, producing 

particles in which the cristobalite appears principally on the surface, where 

it can serve as nucleation points for devitrification. Considering the nuclei 

to be hemispherical points sunk into the fused silica particle surface, the 

rate of cristobalite growth should depend directly on the nucleus surface area 

available for further growth, at least until the surface is covered with crist-

obaliteo As a result 

dx = 3) 

where x = cristobalite concentration 

e = time 

Cl = constant of proportionality 

r = average growth nucleus radius. 

Since 

x = Mass of Cristobalite 
Mass of Bar 

the concentration is 

2 
"3 Jtr3 P n 

x = c 

~ 

where Pc = cristobalite density 

n = number of nuclei in sintering bar 

~ = mass of sintering bar .. 
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If the number of growth nuclei 

x = C r3 
2 

and 

r = C 1/3 
3 x 

Substituting into Equation 3. 

dx 
de = c x 2/3 

4 

and integrating 

1/3 x = + 1/3 x • 
o 

is assumed constant 

Equation 4 shows that a plot of the cube root of the cristobalite con-

centration as a function of time should be linear in the early stages of 

devitrification and that the intercept of the line should be the initial 

cristobalite concentration in the slip. 

If the temperature effects are included in the early devitrification 

process, since the devitrification is the~ally activated, Equation 3 becomes 

of 

dx 
de = 

where E = activation energy 

R = gas constant 

T = sintering temperature 

and, after the same manipulation as before, 

+ 

Equation 6 shows that the plot of xl/3 against e will have a slope 

M = 
E 
RT 

-40-
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A plot of the log of the devitrification curve slope, M, against the 

reciprocal absolute sintering temperature should thus give a straight line 

E 
of slope - R. From such an Arrhenius plot, the devitrification activation 

energy may be calculated. 

-41-
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APPENDIX B 

ANALYSIS OF MAXIMUM STRENGTH CRITERIA IN SILICA 

In conjunction with the discussion in Section III, assume a small, but 

fixed, amount of cristobalite to be detrimental to the strength of the silica. 

Assume further that only one basic mechanism is operative for initial devitrif-

ication, so that we can write: 

where: x 

dx 
de = Kf(x) 

cristobalite content 

e = firing time 

K rate constant 

f(x) a function (unknown to us) whose form depends on the 

governing devitrification mechanism; i.e., depending 

on the order of the reaction, whether or not the 

reaction is autocatalytic, etc. 

Then, since the process is a thermally activated one, in the case of varying 

temperature, we have 

dx 
de = 

E 

Ae RT f(x). 

8) 

where E is the activation energy, R is the gas law constant, T is the absolute 

temperature and A is a constant. 

Rearranging equation 9) and integrating: 

X. 
1 

xl 
o 

dx 
fTX) 

E 

= Ae RT e. 
1 

where e. is the time required for the cristobalite content to increase from 
:l 

its initial value x to the critical value x.. Since the left hand side of 
o 1 

equation 10) is equal to a constant, say C, we can write 

E 
In e. = In At + RT 

1 

-42-
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where At ciA. Equation 11) shows that if a plot is made of In versus 

liT, a straight line with slope ~ should be obtained. 
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FOREWORD 

The investigation reported in this document was performed by the 

Engineering Experiment Station of the Georgia Institute of Technology 

under U. S. Atomic Energy Commission Contract No. AT-(40-1)-2483. The 

work was sponsored by the Division of Reactor Development, Fuels and 

Materials Development Branch, Mr. J. M. Simmons, Chief. The contract 

was administered by the Oak Ridge Operations Office, Reactor Division, 

Dr. David F. Cope, Director. 

This report covers the period from June 1, 1963 to October 1, 1963. 
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I. INTHODUCTION 

During recent years, fused silica has assumed the status of an 

ing material. With the development of slip-casting techniques, the fabrication 

cost has been decreased substantially and much more complex shapes are 

feasible. Slip-cast fused silica is currently being used in many critical 

applications from brazing and heat treating fi.xtures for supersonic 

aircraft components to prototype radomes for hypersonic missiles. The 

which have made slip-cast fused silica sui.table for these uses 

combine with good radiation resistance to recommend it for use in high temper-

ature nuclear applicati.ons. One object of Project is the development 

and compilation of data sufficient to evaluate slip-cast fused silica for 

such nuclear applications. 

Project also is concerned with an investigation of a novel process 

in which the material fabricated furnishes the high fabrication temper-

atures required. This process consists of selecting materials which will 

undergo highly exothermic chemical reactions, producing both temperatures 

and desirable reaction products 0 To date, aluminum and beryllium reducti.on of 

oxides of uranium has beeTl studied, with the major emphasis being placed on 

aluminum reduction of U
3

08 
Since Al-U

3
08 dispersions are in common use as 

reactor fuels, the results of this study are obviously of interest in hazards 

evaluation .. Sev:eral special studies of Al-U
3

0S dispersions are included in 

the program to assist hazards evaluation. 
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II. SUMMARY 

Determinations were made of the elevated temperature tensile strength 

of slip-cast fused silica using a brittle ring test. In order to avoid 

casting flaws in cast rings, were sawed from 12-inch 

cylinders cast while being rotated. 

fired to optimum room temperature strength at temperature-

time combinations of F for 19 hours, 2166 0 F for 8-1/2 hours, and 

2200 0 F for 3-1/3 hours showed essentially the same response to increased 

temperatures. The tensile strength increased roughly from 

approximately 3100 psi at room temperature to approximately 8100 psi at 

2100 0 F. 

Rings fired for various times at 2200 0 F showed similar responses to 

elevated testing temperatures. All increased in tensile strength with 

increased testing temperature to 2000 0 F. The increase was more 

noticeable in the rings fired for times during maturation The ratio 

of the strength at 2000 0 F to the strength at room temperature was 1.63 for 

rings fired for 0.5 hour and 2. for rings fired for 5 hours. 

The activation energies for early cristobalite growth were determined 

for firing under one atmosphere of steam and air. In air firing, the 

activation energy was 150 kcal. per gram mole and in steam the energy was 

100 kcal. per gram mole. 

Etching techniques were studied for phase identification in Al-U
3

0
8 

dispersions. Two methods were found to show promise. Etching for 12 hours 

in a Syntron polisher filled with magnesium oxide slurry removes the aluminum 

alloy matrix, behind the uranium oxides and aluminum oxide, Stereo-
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micrography of the etched specimens reveals the oxide macrostructure" 

A 0.5 per cent HF solution was found to cause differential staining of 

the U-Al intermetallic compounds in Al-U
3

0
S 

dispersions when applied by 

swabbing for 40 seconds. Preliminary studies indicated that the stain colors 

were stable and reproducible. Electron microprobe analyses were carried out 

to correlate the phase compositions with the stain colors. Although the data 

from these studies are not yet completely reduced, preliminary results 

indicated that the 0.5 per cent HF etchant colors UAl
4 

blue while UAl
3 

is 

outlined but not colored. 

ATR Al-U
3
0

S 
dispersions sag tested under a static pressure differential 

at 13S0, 1710, and lS60 0 F were examined after HF In the two lower 

temperature runs, which produced sag at 0.6 and 0"9 psi respectively, an oxi.de-

free alloy exuded under pressure, producing porosity in the dispersion area. 

The exuded area was free of uranium oxides and a sharp line of demarcation 

was apparent between the dispersion and exudate areas. Both areas showed 

evidence of reaction since a blue-staining , tentatively identified as 

UAl
4

, was present. The lS60 0 F test failed to produce sag under an applied 

stress of 4 psi, the maximum obtainable in the apparatus. No exudation occurred. 

Extensive reaction was apparent. The U
3
0

S 
was essentially completely reacted 

and massive amounts of blue-staining and light staining intermetallic compounds" 

i.dentified as UAl
4 

and UAl
3 

respectively, formed in the alloy 

matrix. 

-3-
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IIIQ EXPERIMENTAL PROGRESS AND DISCUSSION 

Fused Silica 

Determinations were made of the tensile strength of slip-cast fused 

silica at elevated temperatures. In vi.ew of the strong increase of the st,rength 

with temperature and the inherent difficulties in axial tensile testing of 

1 
ceramics, the Bortz ring test was used. The ring stress constant used was 

obtained from Bortz!s theoretical curve which was verified in a brief series 

of experiments. 

The individual molds used to cast the rings in prevl.ous work were found 

to result in considerable variation in and fi.ri.ng characteristics of 

the rings. In addition, since the inner surface of the was formed 

against a non-porous mandrel and since the tensile break in the ring test 

originates at this surface, some doubt was evident that the "breaking 

was formed by casting rather than sedimentation. Dye penetrant tests indi.cat;ed 

that the incidence of casting flaws was much higher at this surface than in 

other portions of the ring. 

In order to minimize the adverse effects of the procedure, an 

alternate method was used in this series of tests. Fused silica cylinders 

with a nominal wall thickness of 3/4-inch were drain-cast in 3-inch inside 

diameter, 6-inch outside diameter plaster molds 12-inches long, using Keltex 

mold release. The molds were held horizontal and rotated at rpm during 

casting. The molds were kept full of slip casting by means of a 

lBortz, S. A. and Lund, H. H. "The Brittle Test,'! pp. 383-406, 
Mechanical Properti.es of Engineering Ceramics, Interscience Publishers, Inc., 
New York (1961). 
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reservoir connected to the casting cavity through a swi.vel Five 

hours proved to be the casting time. 

The were air dried in the molds overnight, removed, dried to 

constant weight at 130° F, and dried at 230 0 F for 16 hours. After being 

dried, the silica were bisque-fired at F for two hours and 

diamond-sawed to thicknesses of 0.75- to 0.95-inches depending on the planned 

testing temperature. After sawed, the rings were dried at 230 0 F for 

at least three hours and fired in a bottom loading Globar furnace. 

were made at three optimum pOints, 2133° F for hours, 2166° F for 8-1/2 

hours, and 2200 0 F for 3-1/3 hours. In order to define the influence of 

conditions on the elevated temperature strength, additional 2200° F 

were made for 1/2, 2, 5, and 8 hours. 

The following testing procedure was used: 

1. The ring was placed in the furnace pre-

heated to the desired testing temperature, during 

which the furnace cooled slightly. 

2. Five minutes after the furnace returned to the 

testing temperature, the 

fracture. 

was stressed to 

Strength determinations were made at room temperature, 400, 800, 1200, 

1600, and 2000 0 F for each of the conditions. Bisque-fired rings were 

also tested at room 

point. 

Ten replicates were tested for each datum 

The strength variation with temperature is shown in Figure 1 for the 

optimum fired rings. As was expected, the three optimum firing conditions 

-5-
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yielded the same results. 

The firing condition-testing temperature profile for the 2200° F firings 

is shown in Figure 2. Increased te temperature produced increased 

tensile strength in all cases but the increase was much with 

increasingly severe fabrication. The increase is presumably 

due to increased plasticity at elevated temperature and to partial healing 

of flaws generated by the rapid post-firing air quench. 

Since confidence limits were excluded from the figures in order to 

avoid obscuring the curves, a summary of the statistical data is in 

the Appendix for the tests. 

X-ray diffracti.on cristobali te analyses were completed for the 

majority of the runs made in air at 2000, 2100, 21 2166, 2200, and 2300° F. 

Several analyses were also made for samples fired at 2000, 2100, and 2200° F 

in steam under one atmosphere total pressure. These data were reduced accord-

ing to the analysis of cristobali te growth in sili.ca which was discussed 

. t 1 in a prevlous repor . This analysis indicated that the cristobalite content 

during the early stages of devitrification should follow a cubic time vari-

ationc Treatment of the air and steam firing data in this fashion gave very 

satisfactory results. itrrhenius plots of the slopes of these curves are 

shown in s 3 and 4. From the slopes of the Arrhenius plots, activation 

for devitrification were found to be 150 kcal. per gram mole for 

firing in one atmosphere of air and 100 kcal. per gram mole for firing in one 

atmosphere of steam. These results are consistent with indications obtained 

1 
Quarterly Report No.4, pp. 39-41. 
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in previ.ous work, both on this project and by outside agencies, which indicates 

that steam does decrease the energy barrier for devitrification. 

B. Interactions 

1. Etching Studies 

In order to provide a basis for metallographic identification of the 

phases in reacted Al-U
3
0S compacts, an investigation was made of the effects 

of various etching reagents on fired ATR compacts. Two etching techniques 

were found to show possibilities. The first consists of immersion 

etching in a slurry of magnesium oxide on a Syntron polisher for approximately 

12 hours. The basic solution resulting from slaking of the oxide results in 

removal of the aluminum matrix alloy and outlines the structure of the 

aluminum oxide, U02 and U
3
0S remaining behind. Stereophotomicrographs of such 

samples will be included in future reports. 

The second etching reagent is 0.5 per cent HF in water, applied by 

swabbing for approximately 40 seconds. This etching technique was found to 

stain the intermetallic phases in the samples different colors. In order to 

investigate the of this staining, one sample was stained, 

photographs were made, and the sample was repolished and restained. Identi

cal color staining patterns were obtained in both the first and second etch. 

To determine the phases corresponding to the stain colors, selected areas 

were subjected to electron microprobe analysis through the cooperation of the 

General Electric Nuclear Materials and Propulsion Operation. 5 shows 

the location of the areas subjected to microprobe Figures 6 through 

S show micrographs of the particular particles studied. 
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Location of Areas Subjected to Electron Microprobe Analysis 
(Approximately 7x). 
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Q. 62x 

b. 250x 

Figure 6 . Electron Microprobe Part i cles 1 and 2 , Etched in 0 . 5% HF 
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c. 62x 

b. 250x 

Figure 7 . El e c tron Mic roprobe P'-: rti cles 3 and 4, Etched in o. 5% HF . 
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a. 62x 

b. 250x 

Figure 8 . Electron Micropr obe P&l~ticles 5 and 6, Etched in 0 . 5% HF . 
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While the data from the analytical study have not been completely reduced, 

it appears from ratios of the uranium contents that particles 3, and 5 are 

the same phase, UA14 and particles 2, 4, and 6 are the same phase, UAl
3

. The 

phases tentatively identified as UAl4 stain a blue color under the second 

swab with 0.5 per cent HF while the particles identified as UAl
3 

do not 

stain to any great extent. Prolonged etching stains UAl
4 

particles very dark 

blue, passing into brown, while the UAl
3 

particles become yellow and pitted. 

Further studies are planned to determine more completely the reproducibility, 

specificity, and of the HF stain colors. These studies will be made 

using several different alloy compositions to 

effects, if any, of the various intermetallics. 

2. Pressure Rupture of ATR Specimens 

In Summary Report No.2, descriptions were 

the 

of a brief series 

of tests in which ATR specimens were ruptured under a pressure differential 

in both the prefired and fired conditions. This study was extended and 

complete metallographic examinations were made. 

Figure 91 shows the microstructure of the annealed dispersion before 

te 

Figure 10 shows a sample, originally 93 mils thick, which sagged under 

an applied pressure differential of 0.6 psi at a temperature of 1380° F. 

Figure 11 shows the microstructure of the line of demarcati.on between the 

exuded metal area and the original sample area. Figure 12 shows the unetched 

and etched microstructures of the original sample area. Figure 13 shows the 

unetched and etched microstructures of the exuded metal area. 

lFor convenience, Figures 9-20 are grouped together beginning on page 19. 
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Figure 14 shows a sample, 90 mils thick, which sagged under an 

applied pressure differential of 0.9 psi at a temperature of 1710° Fo Figure 15 

shows a micrograph of the line of demarcation between the original and 

the exuded metal structure. Figure 16 shows the unetched and etched structures 

in the original sample area. Figure 17 shows the unetched and etched structures 

in the exuded metal area. 

Figure 18 shows a sample, 85 mils thick, which failed to sag 

under an applied pressure differential of 4 psi, the maximum obtainable in the 

apparatus, after at a temperature of 1860° F. Figure 19 shows the 

microstructure of the sample and Figure 20 shows the unetched and etched micro-

structures at higher magnification. 

A comparison of Figures 10 and shows that the deformation is grossly 

similar in both cases although the amount of exudate is greater in the higher 

temperature specimen. Internal porosity is apparent in both cases. At 

1380° F, the porosity is perhaps more concentrated proximal to the exudate 

while, at 1710° F, the porosity seems to be greater in the areas distal to 

the exudate. The existence of the porosity could be explained in terms of the 

1 
aluminum oxide substructure previously postulated and observed in the magnesia-

etched specimens to be reported later. Porosity should also result from the 

volume decrease accompanying reduction of the U
3
0

8
, as confirmed by the 

existence of substantial porosity without gross metal flow in the reacted 

specimen, Figure 18. The differences in exudate volume and porOSity location 

in 10 and are probably due to the decrease in the alloy viscosity 

at the higher temperature. 

1 Summary No.2 
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The existence of a bridging substructure is also supported by the 

of the lines of demarcation shown in Figures 11 and Transport of metal In-

to the exudate region disturbed the oxide distribution little, if any, 

in either case. 

In the sample region, the changes observed in Figures 12, 16, and 

20 consist principally of the development of increased porosity and the fonna-

tion of U-Al intermetallics. The porosity increase is probably due to volume 

reduction through reaction and, in the lower tempera~ure samples, metal exuda-

tion under the pressure differential 0 Since the alloy matrix is fluid at 'the 

testing temperature, formation of such voids would appear to imply the 

presence of internal gases. Although this would not be surprising, the 

porosity distribution, particularly in the 1860 0 F specimen, indicates that 

more detailed consideration is necessary for a complete explanati,on. One 

further factor which influences the appearance of presumed voids i,s the fact 

that the U0
2 

produced in the reduction tends to be granular and easily removed 

during mechanical polishing, thus a false indication of porosity. 

The intermetallic phase in both the original sample and exuded metal 

of the lower temperature specimens, Figures 12, 13, 16, and 17, is 

entirely blue-staining UAl4(?)1 upon 0.5 per cent HF etching. Particularly 

in the case of the o F specimen, this provides support for the tentative 

identification of this phase as UAl4 by electron microprobe 

A material balance for the ATR dispertion shows that 

2.29 ~ 
1 -0.799 ~ 

IThe (?) notation is used to designate tentative identification. 

-18-
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o. Unetched, 62x 

b. Unetched, 250x c. Etched in 0.5% H F, 250x 

Figure 9. Annealed ATR Dispers ion Before Sag Tes t ing . 
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Figure 10 . ATR Di spers i on Sag Tested at 1380
0 

F (7x). 
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Figure 11. Line of Demarcati on of Exuded Metal Regi on in 13800 F Sag Test, 
Etched in 0.5% HF (62x). 

- 2 1-



QUBTterly Heport No . 5 , Project No . B- 153 

". '\ fJf! ' 
a 

~ 
II 

~) ~ . -.< ,.. 

""-, 

f \ 
.,. 

~ 't • j ~ 
...i ~l (':' 

'I, \ 
J 

~ 

~ j !\ 
h ~ "-

, ' l~ • " ~~ 

~ 
, 

1 . . 
'. 

, -. , 
\ , . , . 'lJ t I ~ j 

," 
~ (' 

~' 

.., 
' .• ': "Lo '.1 ~ 

\ . , " 
.-" ,,/. , j 

o. Unetched 

b. Etched in 0.5% HF 

Figure 12 . 
. 0 

Original Sample Regi on aft er 1380 F Sag Test (250x ) 

- 22 -



Quarterly Report No.5, Project No . B-15 3 

Figure 14. ATR Di sper s ion Sag Tested by 17100 F (7x). 
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Figure 15. o Line of Demarcation of Exuded Ivletal Region in 1710 F Sag Test, 
Etched in 0.5% HF (62x). 

-25-



Qua rterly Report No.5, Project No . B-153 

a. Unetched 

'},;> 

t6- J 
t 
i\ 

b. Etched in 0.5% H F 

:f 

J 

Figure 1 6 . Original Sample Re gion after 1710
0 

F Sag Tes t ( 250x) . 
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a. Unetched 

b. Etched in 0.5% HF 

Figure 17 . Exuded Metal Re gion in 1710
0 

F Sag Test (250x). 
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Figure 18 . ATR Di spersi on S3g Te sted at 18600 F (7x). 
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Figure 19. ATR Dispersion Sag Tested at 1860
0 

F, Etched in 0.5% HF (62x). 
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Figure 20 . ATR Dispersion Sag Tested at 1860
0 

F (250x) . 
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wheye C
U30S 

represents the conversion of U
3
0

S 
to uranium and 

the weight fraction of uranium in the alloy assuming 

This shows that 33.2 per cent of the U
3
0

S 
would have to be reduced in ordeT. 

to an alloy of uranium content than the Al-UAl
4 

eutectic at. 

13 per cent uranium. Comparison of s 9 and 12 is sufficient to indicatE 

that far less than 33 per cent of the F 

More reduction, approximately 4S.1 per would be required to 

put the 13S0° F specimen in any field U~~~U~.Un UA1
3 

even if the 

measurement were in error. As a result, a safe conclusion is that only 

could form in the 13S0° F specimen. If this were not sufficient proof, a 

further indication is by the appearance of the blue-staining phase in 

the exuded metal If UA1
3 

had formed within the specimen during 

te it probably would have remained in the original sample area since· 

movement of solid particles through the oxide network would be very restrictedo 

The only apparent way that the blue-staining phase could appear in the exudate 

is for the exuded material to have been a molten U-Al solution from which the 

particles on cooling. Such a would necessarily 

As previously noted, the exudate in both of the lower temperature 

specimens, and 17, is remarkably free of uranium oxides. This 

provides additional support for the suggestion that the oxides are held in 

place by a refractory network, probably of 

The explanation for the much strength of the lS600 F 

is fairly clearly indicated by the microstructure, Fi.gure 20, Almost all 

of the U
3
0

S 
is seen to have been reduced, implying the existence of a more 
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extensive substructure. The reaction was apparently complete 

to bring the sample through a phase since a bulk of 

light-staining UA1
3 

(7) than of dark-staining UA14 (?) is obvious, This 

UA1
3 

(?) was retained by the fast the sample after 

of the test. The UA1
3 

(?) could not have contributed to the at the 

temperature since the metal phase would almost certainly have been 

molten during the sag test. 

Further evaluations of the sag tests will be made after the effects of 

the HF etchant are more completely determined. 
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V. APPENDIX 

STATISTICAL SUMMARY FOR HIGH TEMPERATURE TENSILE TESTS 
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STATISTICAL SUMMARY FOR HIGH TEMPERATURE TENSILE TESTS 

Coefficient 
Firing Firing Testing Variance 95% Confidence of 

Temperature Time Temperature Estimate Interval Variation 

(OF) (br) (OF) (pSi2 ) (psi) (% ) 

1800 2 Ambient 4,827 510 ::: 50 

2133 19 Ambient 402,907 3210 + 450 20 

400 631,071 3780 ::: 570 21 

800 912,804 4790 ::: 680 20 

1200 1,007,957 5860 ::: 720 17 

I 1600 1,069,032 6960 .::. 740 VJ 
\Jl 

I 

2000 6,107,427 8650 ::: 1770 29 

2166 8·5 Ambient 306,032 2620 + 400 21 

400 285,796 3410 ::. 380 16 

800 391,160 5260 ~ 450 12 

1200 068 5770 .::. 840 20 

1600 1,281,823 6550 ::: 810 17 

2000 3,759,432 8180 + 1390 24 



STATISTICAL SUMMARY FOR HIGH TEMPERATURE TENSILE TESTS (Continued) 

Coefficient 
Testing Variance 95% Confidence of 

Temperature Time Temperature Interval Variation 

(OF) (hr) (OF) (psi) (% ) 

2200 0·5 Ambient 93, 2260 + 220 14 -
400 248,267 2600 .:: 360 

800 010 2680 :!:. 350 18 

1200 103,586 2700 ~ 250 12 

1600 285,533 2960 ~ 380 18 

I 2000 569,188 3690 :!:. 540 20 
w 
0\ 
I 

2200 2 Ambient 190,444 4300 ~ 310 10 

400 1,191,661 4270 + 840 26 

800 170,912 5000 .:. 770 22 

1200 1,064,712 4680 ::!:: 740 22 

1600 1,760,382 5930 + 950 22 

2000 3,300,477 7510 .:. 1300 



STATISTIGAL SUMMARY FOR HIGH TEMPERAWRE TENSILE TESTS (Continued) 

Coeff:Lcient 
Firing Firing Testing Variance 2 9510 Confidence of 

Time Temperature Estimate (8 ) Interval Variation 

(hr) (OF) ) (psi) (% ) 

2200 3·3 Ambient 867,130 3430 2: 670 27 

400 639,046 4550 :!: 570 18 

800 561, 5040 :!: 

1200 1,577, 5940 :!: 720 21 

1600 1,974,232 5970 :!: 1010 24 

I 2000 4,423,027 7980 :!: 
CD 
-.J 

I 

2200 5 Ambient 377,139 2550 :!: 440 

400 400,810 3270 :!: 

800 560, 4720 + 540 16 

1200 793,517 5390 ~ 640 17 

1600 2,593,284 + -
2000 7010 ~ 2120 42 



STATISTICAL SUMMARY FOR HIGH TEMPERATURE TENSILE TESTS (Concluded) 

Coefficient 
Firing Variance 

8
2 95% Confldence of 

Time Estinll::l.te Interval Vari.a. tion 

(hI') ( OF) (psi2 ) (psi) (% ) 

2200 8 Ambient 20, 1700 2: 100 9 

400 15,539 ~ 90 7 

800 69,404 3350 2: 190 8 

1200 314,636 4120 :! 430 

1600 262, 3990 ~ 470 13 

I 2000 3,343,250 4370 + 1530 42 
LA.) 

co 
I 
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VI. PRIOR REPORTS 

Previous reports issued under this contract are: 

1. Monthly Letter Reports Nos. 1 - 57, Issued each month since 

December 

2. 88 Report No.1, 

Department of Commerce. 

1959, Issued as ORO-209 OTS, 

3. Progress Report No.2, Part 1, August 1960, Issued as ORO-325 
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FOREWORD 

The investigation in this document was performed by the 

Engineering Experiment Station of the Georgia Institute of Technology under 

U. S. Atomic Energy Commission Contract No. AT-(4o-1)-2483. The work was 

sponsored by the Division of Reactor Development, Fuels and Materials 

Development Branch, Mr. J. M. Simmons, Chief. The contract was administered 

by the Oak 

Director. 

Operations Office, Reactor Division, Dr. David F. Cope, 

This report covers the period from October 1, 1963 to January 1, 1964. 
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I. INTRODUCTION 

During recent years, fused silica has assumed the status of an 

material. With the development of slip-casting techniques, the fabrication 

cost has been decreased substantially and much more complex shapes are feasible. 

Slip-cast fused silica is currently being used in many critical applications 

ranging from brazing and heat treating fixtures for supersonic aircraft 

components to prototype radomes for hypersonic missiles. The properties 

which have made slip-cast fused silica suitable for these uses combine with 

good radiation resistance to recommend it for use in high temperature nuclear 

applications. One object of Project B-153 is the development and compilation 

of data sufficient to evaluate slip-cast fused silica for such nuclear 

applications. 

Project B-153 also is concerned with an investigation of a novel process 

in which the material being fabricated furnishes the high fabrication temper

atures required. This process consists of selecting materials which will 

undergo highly exothermic chemical reactions, producing both high temperatures 

and desirable reaction products. To date, aluminum and beryllium reduction of 

oxides of uranium has been studied, with the major emphasis being placed on 

aluminum reduction of U
3
0S ' Since Al-U

3
0

8 
dispersions are in common use as 

reactor fuels, the results of this study are obviously of interest in hazards 

evaluation. Several special studies of Al-U
3
08 dispersions are included in 

the program to assist hazards evaluation. 
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II. SUMMARY 

Brief determinations were made of the physical properties of two 

types of foam from fused silica slip. Nominal Ib /ft3 foam m 

displayed a compressive strength of approximately 400 psi at room temper-

ature and 540 at 2000° F. Nominal 50 Ib /ft3 foam showed compressive 
m 

strengths of approximately 1250 and 1050 psi at room temperature and 2000° F 

respectively. The cristobalite content was less than 2 per cent in each foam. 

Efforts to measure reaction kinetics in AI-U
3

0S dispersions were 

continued. A new dispersion of ATR composition was found to undergo catas-

trophic at elevated temperatures, causing loss of beam alignment 

in the dynamic x-ray system. This dispersion was replaced with a reference 

plate from the ORNL development study of ATR plates. X-ray specimens 

were cut from this plate and the cladding was machined from one side to 

expose the fuel meat. Supporting the sample on the remaining clad side was 

not successful. At testing temperatures, the cladding flowed significantly 

although the fuel meat did not. This again caused loss of x-ray beam 

alignment. The problem was solved by inverting the x-ray furnace, supporting 

the specimen on the fuel meat side upon a stainless steel grid, and 

carrying out diffraction from below the horizontal axis of the goniometer. 

Kinetics runs were begun using the modified arrangement. 

A new replication technique was developed which permits location of 

specific areas in ATR dispersions for electron micrography. The technique 

consists of producing a polyvinyl alcohol replica from which a secondary 

nitrocellulose replica is formed and stripped. The nitrocellulose ca 

is shadowed with platinum and coated with carbon. After dissolution of the 

-2-
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nitrocellulose in amyl acetate or acetone, the carbon-platinum replica is 

left intact instead of fragmented as is usually the case. The replica can 

be indexed with the sample and areas observed optically on the sample or 

the polyvinyl alcohol replica can be located quickly on the carbon-platinum 

replica in the electron microscope. The polyvinyl alcohol replica is not 

destroyed in the process and can be used to produce a series of carbon

platinum replicas if desired. 

-3-
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III. EXPERIMENTAL PROGRESS AND DISCUSSION 

A. Foamed Fused Silica 

In order to supplement the data available for various forms of fused 

silica, brief tests were made on two types of open pore foam formed from 

fused silica slip. Samples of No. and No. 50 foam were obtained from 

Glasrock Products, Inc. Two types of specimens were prepared from each 

sample, a 1 x 1-1/2 x 6-inch modulus of rupture specimen and a 3/4-inch 

diameter cylinder 2-inches long for porosity and compressive strength 

determinations. 

Modulus of rupture in three point loading and room temperature 

compression tests were made on a Tinius-Olsen Super L universal tester. 

CompreSSion tests were made at 2000° F in the ring tensile tester. Bulk 

density, porosity, and apparent theoretical density measurements were made 

by air displacement. The cristobalite contents of the foams were determined 

by powder x-ray diffraction. 

Twenty replicates were used in the modulus of rupture and air 

displacement tests, ten in the compressive strength determinations, and 

a single representative powder blend in the x-ray tests. 

The results of these studies are given in Table I. 

l/Glasrock Products, Inc., 1101 Glidden St., Atlanta, Georgia. 
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TABLE I 

PROPERTIES OF FUSED SILICA 

No. No. 5o?:-I 

Bulk 0.459 + 0.004 

79· + o. 66. ~ 0.35 

Theoretical 
(~) 
cc 

Modulus of 

Room 

F 

2.253 :::. 0.041 

121 + 6 

399 ~ 

540 ::: 

2.276 ~ 0.017 

409 ::: 20 

1252 :::. 77 

:::. 183 

Cristobalite Content (%) 
(Referred to A-4 

1.4 1.8 

shown are for the 95 per cent level of confidence in the mean. 

is nominally 25 lb Ift3 foam. No. 
m 

-5-
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Since the values in Table I were obtained from a single batch of each 

of the foams, they must be regarded as typical. No indication of the 

run-to-run variation in properties can be implied. 

The variation in properties within the batch is low as is shown 

by the various ranges of the different parameters. The only significant 

variation observed was in the 2000° F compressive strength. This variation 

must be assigned in part to the adaption of the ring tester to compression 

testing. The same factor must be kept in mind when comparing the low and 

high temperature compressive strengths which showed a statistically 

significant increase in strength with temperature for No. 25 foam and 

sta tistically decrease for No. 50 foam. 

B. Interactions 

1. Determination of Reaction Kinetics 

Since the initial ATR composite was completely expended in 

earlier work, a new dispersion of similar composition was obtained from 

ORNL for the dynamic x-ray tests. Samples cut from these s were run 

without difficulty for short times at low temperatures but attempts to 

increase either time or temperature produced profound macroscopic blistering 

and swelling in the sample. This gross deformation caused a loss of x-ray 

beam alignment and failure to obtain useful results. 

The new dispersion was not obviously different from the first in 

microstructure or composition that spectrographic analysis showed 

no A detailed review of handling techniques by ORNL and Georgia 

Tech personnel failed to indicate any sources of difference in the production 

-6-
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of the new dispersion or in the preparation of the x-ray specimens. 

Attempts were made to eliminate the swelling by vacuum annealing. 

Annealing at 1200° F for one hour produced marked blistering. Annealing at 

1100° F for one hour and at 1150° F for one hour decreased the incidence of 

blistering from 100 per cent to 20 per cent. No technique was developed which 

could eliminate the blistering completely. 

Since the first dispersion did not swell unduely in the x-ray tests, 

the occurrence of such pronounced swelling in the new material produced doubts 

as to its nature. In order to avoid possible erroneous results arising from 

undetected contaminants in the dispersion, the decision was made to discontinue 

using the new dispersion and substitute a reference plate from the ORNL 

fabrication development study. Through the courtesy of ORNL, a plate was 

flattened and transmitted to Georgia Tech for x-ray studies. 

Specimens were sheared from the plate and the cladding was removed from 

one side to expose the Al-U
3
08 fuel meat. High temperature x-ray runs were 

begun to determine the Al-U
3
08 reaction rate. Difficulty was encountered 

in the first run as a result of the fluidity of the cladding on the unmachined 

side of the specimen at testing temperatures. The cladding on which the 

sample rested was sufficiently fluid to flow when the diffraction table was 

tilted to the required angle. This caused the fuel meat, which did not flow 

significantly, to change its orientation, with a resulting loss of beam 

alignment. 

Several schemes were tried to make the fuel surface stable during the 

x-ray test. Removal of the cladding from both sides of the sample was 

impossible due to the thinness of the 20 mil fuel region. Mechanical 

-7-
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restraint of the specimen was unsuccessful. The difficulty was finally solved 

by inverting the furnace, supporting the sample on the fuel meat surface on a 

loose mesh stainless steel grid held by alumina bars, and carrying out the 

diffraction below the horizontal axis of the goniometer. The fuel meat proved 

strong enough at the testing temperatures not to flow and beam alignment was 

retained. 

In preliminary tests, the inverted x-ray system performed well with the 

reference fuel plate specimens and kinetics runs were begun. 

2. Replication for Electron Micrography 

Attempts were made to develop methods for relocating areas on the 

Al-U
3
08 dispersions for repeated replication and for comparison with optical 

micrographs. Location was occasionally possible with the conventional PYA 

(polyvinyl alcohol) process but usually the carbon replica shattered during 

dissolution of the PYA. 

The conventional PYA replication process was modified by the addition 

of an intermediate step. Following removal of the PYA, it was replicated 

with a nitrocellulose solution!/. The secondary was then stripped 

from the PYA primary replica, platinum shadowed, and carbon coated. Floating 

in amyl acetate or acetone removed the secondary nitrocellulose, leaving 

behind the intact carbon-platinum replica which was picked up and handled 

in the usual manner. 

Replication by this process permits location of specified areas by 

indexing the carbon and PYA replicas under a stereo microscope or by means 

!/Either U. S. Industrial Chemical Company J26A or collodion. 
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of index indentations on the sample. Once the is accompli the 

selected area can be located in the electron microscope by using an optical 

microscope to determine the co-ordinates of the desired area on either the 

sample or the PVA replica relative to the index, and the same 

co-ordinates on the electron microscope stage controls. This is 

accurate to locate the area at low power and 

examined at the high power as usual. 

features can then be 

The new process also retains the PVA master replica, so that as many 

carbon replicas can be produced from the same area as are desired. 

An example of this type of replication is shown in Figures 1 and 2. 

An electron micrograph was to be made of the square particle seen in Figure 1. 

The new process was carried out as above and the area was quickly located by 

means of the index point on the intact carbon replica. The square UAl
3 

particle is sho\ffi in Figure 2. The electron micrograph shows 

rim of UAl4 around the periphery of the particle. 

the 

As time permits, the new replication process will be applied to studies 

of the reaction mechanisms in serial-heated Al-U
3
0S dispersions. 
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a. 250x 

b. 575x 

Figure 1. Optical Micrograph of Al-U
3

0S Dispersion Etched 
in 0.5% HF. 
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Figure 2. Electron Micrograph of Al-U
3

0S Dispersion Etched 
in 0.5% HF (SOOOx). 
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IV • PERSONNEL 

The work discussed in this report was conducted in the High Temperature 

Materials Branch, Mr. J. D. Walton, Head. The Project was directed by 

Dr. J. D. Fleming with Mr. J. W. Johnson acting as Assistant Project 

Director. Major contributing personnel were: 

Mr. Paul Boland 

Mr. S. H. Bomar 

Mr. P. A. Darius 

Mr. A. C. Evans 

Mr. G. W. Smith 

Approved: 

A;W~f::;:d 
~iigh Temperature Materials Branch 

r.13~~. 
F. Bellinger, Chief 

. Chemical Sciences and Materials Division 
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