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SUMMARY
PART T

In a binary alloy system having a terminal solid solution, the ex-~
tent of which decreases with decreasing temperature, the solubility of
the metal of smaller percentage, that is, the solute, is obviously greater
at a higher temperature than at a lower one, The purpcse of this work is
to determine experimentally whether in a chemically homogensous specimen
of such a binary alloy, having appropriate composition and being subjected
to an appropriate temperature difference so that one part is of one-~phase
gtructure and ons part is of two-phase structure, the chemical camposition
of the specimen will in time become inhomogeneous dwe to diffusion of
solute toward the part that is a one-phase structure, i.e., the higher
temperature region.

The method employed was to subject homogeneous specimen of FPb-
14%Sn, Al-24%Zn, Cu-5%Ag and Cu=0,1%Cr alloys, while protacted by in=
ert atmospheres, to controlled temperature gradients for long periods
of time, after which the chemical compositions of all parts of the
specimen were checked for any changes,

It was found that; in addition to the unavoidable experimental
errors in the analyses, inhomogenuities in chemical composition appeared
in the specimen, there being a large migration of solute, theoretically
from the two-phase region to the one-plase region, in practice from the

cooler portion of the specimen to the hotter portion. This is in accord
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with a theoretical prediction based upon the phase rule. Superimposed
upon this larger effect of migration of solute toward the hotter portion
of the specimen was a similar migration of smaller extent that was con-
fined entirely within the region of the one-phase solid solution. This
smaller effect is believed to be the Soret effect; its direction of
migration is found to be in accord with that reported by others for the
Soret effect acting alone in completely one-phase alloys., It is rec-
cmmended that more work be done on this whole problem, refining it by
incorporating several new lmportant experimental procedures which the
present work emphasized as being needful, These improvements will eli-

minate areas where the findings were doubtful.
PART IT

It is proposed to answer by both theoretical and experimental
means the following question: Will there be non-uniform chemical composi-
tion formed as a resuwlt of a portion of an alloy specimen of wniform
chemical composition being maintained at a pressure different from that
of the remainder of the alloy specimen?

The complete theoretical foundation of the solution is presented,
which, by means of sound mathematical and physical chemical concepts,
shows the feasibility of this presgssure effect, The basis of this
thecretical proof is the utilization of the concept of fugacity and the
fact that under conditions of equilibrium the fugacities of a particular
component in each of two adjeining portions of an alley specimen are
equal, even when the two portions are subjected to different pressures.

There is also attached theoretical importance to the difference in the



partial molal volumes of the component in question when this component

is present in different concentrations in the same binary alloy system.
It is calculated that, starting with an alloy specimen of copper and tin
with a mole fraction of tin of 0,5 and subjecting two portions of it to a
pressure difference of 10,000 atmospheres, having the lower pressure por-
tion of the alloy specimen being so large in size that there will be only
a negligible change in its composition, the higher pressure portion will
have a mole fraction of tin of 0,37 at equilibrium.

In performing experiments to test this theory, there was at first
developed a screw-type pressure-exerting apparatus exerting approximately
25,000 atmospheres, but due to inconstancy of pressure it finally proved
to be unsatisfactory and had to be abandoned. A more satisfactory apparatus
which was developed derived its force from the weight of a steel ingot
acting dowrward on a portion of an alloy specimen, subjecting it to a
pressure of approximately 550 atmospheres., Assuming again the same copper-
tin alloy and theoretiecal caleulations used above, this pressure gives an
equilibrium value of the mole fraction of tin of 0.h86.

Chemical analysis of various copper-tin alloy specimens, after treat-
ment in the screw-type apparatus at elevated temperatures, gave some results
that did and some that did not show the proposed effect. Spectroscopie
analysis of copper-phosphorous, copper-lead and copper~tin alloys, treated
at elevated temperatures in the weight-type apparatus, shomed in only one
run of one alloy the proposed effect. Thus the experiments failed to un-

questionably demonstrate the theory which seems sound.



PART I

THE EFFECT OF A TEMPERATURE GRADIENT
UPON CONCENTRATION YN BINARY ALLOYS



CHAPTER I
INTRODUCTION

Proposal .—~If a piece of solid binary alloy originally having the same
chemical composition throughout is subjected to a temperature gradient
by having one location in the alloy at a certaln temperature and another
location in the alloy at a different temperature, will the chemical
compogition of the alloy specimen become inhomogensous? To find the

answer to this guestion 1s the purpose of this investigatiom.

Migration due to different solubllities of solute in two-phase snd one-

phase regions.-—Assume the composition of an original alloy specimen is

such that when it is subjected to a temperature gradient, one loecation in
the alloy specimen is at a cerfain temperature and is by microscopie
structure & single phase, that i3, a solid solution, Also assume another
adjacent location in the same alloy at the same time but at a lower
temperature is by microscopic structure two phases, ons the sams solid
solution, the other, a phase richer in solute, ideally being the pure
solute., To illustrate this condition, consider an alloy specimen having
the compoaition 7.5% copper and 92.5% silver, ordinary sterling silver,
and having one location at 800°C., and another location in the same speci~
men at TO0®C. with all regions iying between having temperatures between
thess extremes, The American Society for Metals (1) copper—silver phase
diagram, Figure 1, shows that these assumed conditions are fulfilled since

the 800°C. location would be in the Ot , or single-phase solid solution
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region, the 700°C. or lower temperature location would be in theoc + B
or two-phase region. Now at the particular point in the O¢ region under
consideration, that is 7.5% copper amd 800°C., O¢ is unsaturated with
respect to copper, being able to hold in solid solution at this tempera-
ture about 8% copper. 4lso the compositions and proportions of the £
and X phases in the o * A region at the point 7.5% copper and 700°C.
are readily found by the tie-lines. The A phase is found to be of
very small amount, since its ratlo to the ot phase is 'inversely pro—
porf.ional to the ratio of the lengths of the long tie line to the short
one. However, the B phase is found to be very rich in copper, in fact,
it is very nearly pure copper. Therefore one might expect for an alloy
of overall, homogenous chemical composition 7.5% copper and 92.5% silver,
subjeoted to a temperature gradient of 800°C. to T00°C. or lower, that
in order for tha_system to move toward equilibriunm, fhe unsatura ted hotfér
o¢ phase must become !ﬁore nearly saturated with copper by dissolving copper
from the S phase of the adjoining colder . + A region. As a result the
hotter pure oL one-phase location of the alloy becomss richer in copper.
The same kind of reasbning can be é.pp]ied to any binary metallic
sygtem that has a terminal s.olid golution of limited solubility and whose
solid golubility deéreases with decreasing temperature., Evidently this
is the first time that this particular qualitative approach has been used
to predict the unmixing and the direction of wnmixing of the type of

alloys mentioned above.

Soret Effect.~—The phenomenon of the ummixing of a solution of homogensous

chemical composition, that is, the formation of a concentration gradient



in a solution, by the application of a temperature gradient, is called
the Soret effect or sometimes the Ludwig-Soret effect. It was discovered
by Ludwig in 1856 and was rediscovered and investigated more fully by
Soret in 1879=-81. In bo;ch cases liquid solutions were studied. The
Soret effect is also called "thermal diffusion.” In a brief histary of
the Soret effect in gases, Grew and Ibbs (2) state that thermal dif-
fusion of gases was predicted theoretically by Enskog in 1911-17 and
by Chapman in 1912=-17 and was experimentally found by Chapman and Dootson
in 1917, The Soret effect in liquid alloys was investigated by Ballay
in 1926-28 and a measurable separation due to thermal diffusion was found.
An attempt was made by Ballay to see if a thermal diffusion separation
could be effected in solid alloys, but the results were inconclusive
(3, 4). Reinhold found in 1929-33 that thermal diffusion takes place
in crystalline solid solutions of Cu Br - Ag Br and Cu,S-Ag,s (S5, 6).
It is possible that the reason the concentration difference was large
was that the hot and cold regions of the sample belonged to different
phases, somewhat like the assumed alloy specimen described in the previous
section. This fact is shown diagramatically in the original articles by
Reinhold, as well as being emphasized later by Jost (7) and de Groot (8).
Darken and Oriani in 1954 definitely produced the umixing of solid binary
alloys by the use of a temperature gradient (9). The alloys with which
they dealt, o Fe-N, o Fe-C and Au-Cu, were, at all the concentrations and
temperatures employed, completely single-phase solid solutions, either
interstitial or substitutional » Therefore they were studying exclusively
the Soret effect in solid alloys.

It is douvbtful if the experimentally found direction of migration

of the so-called solute for systems of one type (metal, salt, etc.) or



state (solid, liquid, gas) of matter would be of any use to predict the
direction of migration for matter of a different type or state. There-
fore the direction of thermal diffusion fourd for gases, aqueous liquids,
liquid alloys and solid salts shall not be discussed 1n this paper, which
deals only with solid alloys. In the work of Darken and Oriani on the
Soret effect in single-phase solids it was found that in both the inter-
stitial alloys (0¢ Fe-N and ¢ Fe-C) and the substitutional alloys (Au=Cu),
the solute migrates toward the higher temperature region of the specimen
(9).

In addition to the experimental work mentioned, there have been
several publications which have dealt with the completely theoretical
aspect_s of the Soret effect in condensed systems, Since the first theory
by Van't Hoff in 1887 (10) there have been many others including those
by Eastman in 1926-28 (11, 12), Bru¥s in 1931-32 (13, 1L), de Groot in
1942, 1945 and 1951 (16, 8, 15), Jost in 1552 (7), Grew and Ibbs in 1952
(2), Darkan and Oriani in 195L (9), Dougherty and Drickamer (17), and
others, but it is believed that the application of these theories would

add 1ittle to this investigation.

Plan of attack.,—It is seen from the previous two sections that there are

two possible mechanisms by which one may hope to effect a thermal uwmixing
of a solid alloy. The first is that explained in connection with the

sllver-copper phase diagram znd requires a termlinal solid solution of de-
creasing solid solubility with decreasing temperature. The second is the
Soret effect and needs no particular composition or temperature., In this

work the firast mechanism is to be sought by using appropriate alloys and



temperatures; the Soret effect is to be only incidental to the experiment
since it is impossible to prevent it. The Soret umixing effect will
therefore be, it is hoped, if present at all, superimposed upon the un-
mixing effect of the first mechanism. The experimentally detected un-
mixing will be the resultant of the two,

There are apparently a very large number of suitable systems from
which to choose the terminal solid solution alloy, but there are sewveral
other practical and general requirements in addition to the right general
type of binary phase diagram. The range of solid solubility should be
large enough so that, if there is a measurable increase of the per cent
golute in the higher temperature or one-phase region of the alloy sampile,
the increase will still not be enough for the new composition coordinate
to be in the liquidus region at the highest temperature used, The dif-
fusion coefficient, as defined by the well~kmown Fick's Law, should
preferably be high, This would tend to give a greater diffwion of
metallic atoms for a given time, temperature gradient and umixing force.
The melting point of the alloy, that is, the temperature at which the
rising temperatuwre reaches the solidus, should be high;, as should also
be the temperature of transition between the two-phase and one-phase
region, This allows one to employ high temperatures and take advantage
of the fact that the rate of diffusion increases with rising temperature.
The alloy, that is; the metals in the alloy, should have very low vapor
pressures at the temperatures employed to prevent erroneous results due
to preferential vaporization of one metal and also to prevent the ruining
of the specimen due to complete sublimation at the hotter region or con-

tamination of cooler regions of the specimen or apparatus by the condensed



metallic vapors. Chemical properties of the metals and alloys employed
should be such that they are not so active that they will react with the
atmosphere and corrode at room temperature, thus making their fabrica-
tion difficult. The alloys should also not react with fused silica if
the sample is to be in contact with this material at the temperature of
the experiment. Other practical requirements sought in selecting &
binary alloy are that it is not too rare and expensive, that the alloy
specimen is easily made and has a macroscopically homogeneous chemical
composition, and above all, that at least one of the metals, preferably
the one in smaller comcentration, lends itself to very accurate deter-
mination by analytical procedures,

It is planned to create a temperature gradient in the alloy by
holding opposite ends of the cylinder-shaped specimen at different
temperatures, keeping the individual temperatures constant to within
a few degrees. The chemical composition changes in different macro-
scoplce regions of the alloy speclmens, if there are any changes, will
be detected by analyzing small pieces or slices of the alloy from these
regions, employing chemical methods, or by spectrographically analyzing
small spots along the length of 2 polished specimen,

It is poassible by metallographic examination of an alloy to
ascertaln whether it is structurally composed of a single~phase or a mix—
ture of two phases. By quickly cooling a specimen of long heat treatment
to room temperature; one usually preserves in a metastable condition the
phases that were present before the specimen was quickly cooled; thus by
metallography one can find the structures actually present during the

heating of an alloy specimen., In this work an attempt will be made to



find simultaneously in the same specimen the single-phase structure in the
higher temperature portion of the sample and the mixture of two phases or
the two-phase structuwre in the lower temperature portion of the sample as
would be expectsd from the equilibrium diagram.

After considering theoretical factors mentioned above concerning
choosing of the binary systems for the wmixing experiments and also
alter performing certain tests to check the practicality of certain
materials for use, it was decided to employ the fowr different alloys
whose nominal compositions are: 2lead - 1% tin, aluminum - 24¥% zine,
copper - 5% silver and copper = 0,1% chromium. The phase diagrams of
these binary systems are all shown in Appendix F, with the exception of
the copper-silver diagram which has previously been used in this chapter,
The straight vertical lines in the diagrams are to mark the composition
of the alloys used in this study. It is seen that these lines cover the
range of temperature in their vertical lengths which puts them partly
in the two-phase and partly in the one-phase regions, as it is hoped

to do with actual alloy specimens of this composition.



CHAPTER II

INSTRUMENTATION AND EQUIPMENT

Alloy Specimens.——Based on the theoretical and practical considerations

of the previous chapter;, the first alloy chosen to study in the tempera-
ture gradient were composed of 1% tin and 86% lead. J. T. Baker's
Chemical Reagent Grade shot tin and shot lead were weilghed in amounts
that would by synthesis give this desired composition, assuming no
melting and casting changes. Using a Bunsen burner, the lead and tin
were melted together in pyrex glass under commercially pure argon gas.
The melting temperature was raised to about 400°C. and the molten alloy
ias thoroughly mixed by a glass rod for a few minutes. The alloy was

now cast into rods by quickly pouring into preheated nearly horizontal
pyrex glass tubes, Figure 2, by means of elbows or wvertical bends, bent
up at each end of the tube, the alloy being poured into one opening with
air escaping and metal overflowing from the other, The alloy solidified
within 15 seconds of being cast due to cooling of the tube by air currents.
It is hoped that there was no segregation of the chemical components of
the alloy during solidification. Upon cooling the tube to about 0°C.,
the metallic alloy contracted more than the glass;, thus becoming freed
from the glass, after which it was removed by breaking the glass with a
hammer . By heating in an oven at 150°C., a temperature a little below
the solid solution temperature of 170°C., for approximately 24 hours, the

alloy became by structure two-phase (as seen by metallographic examination)
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and possibly became a little better homogenized. Alloy specimens were
made by simply sawing pieces approximately 7.5 inches long from these
rods, cleaning the surface with dilute hydrochloric acid and threading
each end approximately 1/2 centimeter, leaving the remainder of the
rod the original diameter, OSmall pieces from each end of the remainder
of the casting from which the specimen was sawed were saved for future
chemical analysis,

Other alloy specimens prepared by casting at Georgia Tech were
those composed of 2L% zinc and 76% aluminum and those composed of 5%
silver and 95% copper. These two types were prepared similarly, The
24¥ zinc - 76% aluminum alloy was made by melting together the cal-
cuiated amounts of J. T. Baker's pellet zinc and Sargent’s pellet
aluminum to give the right comﬁosition synthetically, The melting was
done by an induction furnace; machined; graphite, cylinder-shaped cru-
cibles were used to eliminate silicon contamination from clay crucibles
and the contents of the ecrucibles were kept covered by powered carbon
during melting to prevent oxidation of the metals., A long graphite rod
was used to stir the very red hot molten alloy for about a minute. The
alloy was now quickly poured into a graphite mold, Figure 3, which nold
had shortly preceding this casting been heated red hot by an induction
Turnace to remove adsorbed water vapor. Unremoved water would have
cauwsed the mold to explode upon pouring in the molten alloy., The rods
all solidified within a few seconds and were removed and heat treated
at 238°C. (which is a little below the solid solution temperature of
about 255°C.) for approximately 2L hours giving the whole alloy what

was seen microscopically teo be a two-phase structure. According to
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Fink and Willoy (18) this state, being the one present at equilibrium at
room temperaturs, could have been reached completely by aging a few days
at room temperature only, One of these rough rods, which was approxi-
mately 1/2 inches in diameter and 4 inches in length, was machined into
a test-bar shaped specimen, that is;, with a neck in the central section
and coarse threads at each end, the neck itself being 1,0 centimetens
in diameter and L.0 centimenters long., Another rod was machined into a
gimilar specimen but with no reduced diameter neck,.

The 5% silver - 95% copper alloy specimens were made in a mamner
similar to that of the aluminum base alloys, the only difference being
that the ingredients of the copper-base alloy were melted in a Denver
Fire Clay crucible. The copper used was J. T. Baker's shot copper; the
silver was fine sterling silver rod given by the General Plate Division
of Metals and Controls Corp. Calculation was made to account for the
copper amd silver in the sterling sc as to give a synthetic composition
of exactly 5% silver. The powdered carbon covering and the graphite mold
also were used as before. The artificial aging was done by heating the
rods in a muffle furnace to 500°C. (the solid solution temperature being
700°C,) for 3 hours to give a completely two-phase structure, The rods
were pickled to remove the oxide ard machined into test-bar shaped speci-
mens similar to those of the aluminum-base alloys. All other alloy
specimens used in this work besides those already described as being
prepared here were acquired in rod form from manufacturers. A long rod,
having a chemical composition of approximately 0.1% chromium with the

remainder copper and a diameter of one-inch, was given to this project



by Anaconda Copper Corporation., Froam this rod a special shaped specimen
to be described later was machined.

Magnesium~base alloys containing 1.1% manganese and in the fomm
of 0.75 inch diameter extruded rods from the Wrought Section, Metallur-
gical Laboratories, Dow Chemical Company were tried. These were found
to completely sublime at the temperature and during the time necessary

for an ummixing experiment,

Apparatus for thermal diffusion.—After the failure of several attempts

to create the desired controlled temperature gradient in 1L% tin - 76%
lead alloy specimens by various methods, a final apparatus to be used
was designed, This apparatus is shown in Figure L, and is amply de-
scribed by the labels,

A temperature gradient apparatus for use with alwminum-zine ail-
loys is shown in Figure 5. This was used for the temperature gradient
treatment of one of the recorded alwninum-zinc specimens; another was
treated in the apparatus shown in Figure 6 in which also was treated
simultaneously a specimen of 5% silver - 95% copper allay.

An approximately 0,1% chramium - remainder copper alloy specimen
was machined into a short-necked shape as shown in Figure 7., It was then
soft soldered to the cooling water chamber of its special temperature
gradient apparatus (shown in Figure 7). This apparatus is described by
the labeled figure as are the other apparatus.

Temperature control.—-The temperatures of the hot ends of the specimens

treated in any apparatus of the type shown in Figures L, 5 and 7 are

obtained by simply raising the voltage of the variable transformer a
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few volts, waiting for a temperature steady state; checking the tempera-
ture and repeating wntil the desired temperature is reached. To obtain
the desired temperatures for the cold end of the S% silver - %% copper
alloy and also the desired temperature for the hot end of the 2L¥ zinc -
76% aluminum alloy simultaneously (using the apparatus shom in Figure
6), the position within the furnace heating zone occupied by the block
joining the two alloys must be adjusted, as well as the wvoltage of the
variable transformer. This adjustment of depth within the furnace heat-
ing zone is made by lowering, one inch at a time, the quartz tube with
all its contents. This is effective in varying the temperature of the
cold end of the 5% silver - %% copper specimen while the voltage re-
mains constant and also while the hot end temperature of this alloy
remains nearly constant,

The temperature of the boiling water ends of the apparatus is
supposed to remain constant near 100°C. throughout the experiment and
did so to within the accuracy needed, that is; 1 or 2 centigrade degrees.

For all the set ups used, after the desired temperatures are ob-
tained, the temperatures are checked at intervals of about 12 hours for
several days, If found to be maintained, the temperatures of the fur-
naces are then assumed to remain constant to within the acecuracy needed
for this experiment, that is, 1 or 2 centigrade degrees. This constancy
is due mainly to the action of the comstant voltage transformer. How-~
ever, because of temperature changes in the room, changes in the diameter
ard thus resistance of the heating element with age and other factors,
the temperature are not as constant as those of an automatically controlled

furnace, but are sufficient. Also the measurements of the temperatures
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may have been inaccurate due to unknown factors such as thermocouple con-
tamination, thus making in vain any refinement in control, For this
reason the end temperatures used in the plots in Chapter IV are the simple,
umeighted averages of the different temperatures in the tables of tempera-
ture control data, using all temperatwres recorded after the initial heat-

ing up of the apparatus.,

Temperature measurements.——All thermocouples used for measuring tempera-

tures in the previously described temperature gradient apparatus are of
the chromel - alumel type. They were made by welding a No. 28 B, and S,
gauge chromel wire to a No, 18 B, and S, gauge alumel wire using a borax
flux ard an oxygen-natural gas flame as described by Weber (19). Each
of the temperature measuring hot junctions is in series with its two cold
Jjunctions; one cold junction being copper versus chromel and the other
alumel versus copper. These cold junctions are in glass tubes and are
kept at 0°C, during temperature measurements by surrounding the glass
tubes with a Dewar flask of crushed ice and water in equilibrium. The
elfective thermal e.m.f. ﬁro’dmed by the difference in temperature of
the hot junction of a thermocouple and the 0°C, temperature of the cold
Junction is a measure of the temperature of the hot jumetion., This
thermal e.m.f. is measured by means of a leeds and Northup Company K-3
potentiometer. Potentiometer accessories include an Eppley Laboratories,
Inc. standard cell for initial balancing of the potentiometer, a 6-volt
storage battery in series with a Leeds and Northup Company resistance
box, against which the standard cell amd thermal e.m.f. are measured in

turn, and a Leeds and Northup Company galvanometer for indicating the
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null point. The chromel and alumel wire used for the thermocouples is
from Ieeds and Northup Company, and assumed to be of standardized composi-
tion., Therefore, for the purpose of relating e«m.f. to teniperature there
was employed a table of the thermal e.m.f.'s produced by Leeds and North-
up chromel - alumel themmocouples at temperature intervals of 2 centi-
grade degrees and a temperature range of -100°C, to 1400°C. ,the cold
junctions being at 0°C. (19). The temperatures are found by simple,
straight line interpolation within the 2 centigrade degree temperature
intervals, although a formula is available for more exact interpolation,

A thermocouple was standardized by getting its e.m.f. at several fixed
points, that is; the freezing points of different pure metals, and a
deviation curve was dramn showing the error in e.m.f. at different tempera-
tures. It was found that the greatest deviation was 0.037 millivolts,
corresponding to about 0.6 centigrade degrees so the curve was not wed,
this temperature error being well within the limits for this experiment
of 1 or 2 centigrade degrees,

The hot end temperature of the apparatus for the 14% tin - 36%
lead experiment, Figure l, is measured with a mercury-in-glass thermo-
meter of the 360°C. type which is left in the apparatus, thus making
direct reading possible for this lower temperature alloy.

The temperatures of the boiling water in the boiling water tubes
are all measured by a long 0°C.-100°C., mercwry-in-glass thermometer that
has a scale marked in 0.1 centigrade degrees. This long thermometer. is
inserted in a boiling water tube only when a temperature reading is

wanted and it may be read while the bulb is under the boiling water.
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Determimation of composition.--Since all alloys used in these experiments

are composed nominally of two metals only and since the effect upon the
experiments of possible traces of impurities is unknown, there could be
no advantage in analyzing for trace elements so this was not done, but
it is believed that impurities are lower than in most commercial nominally
binary alloys. The metal determined in any one binary alloy is usually
the one in least percentage, but sometimes both may be determined to
advantage. As stated before, the alloys chasen were those whose solute,
that is, element in the least percentage, is determined without difficulty.
Exact procedures of chemical analysis are in Appendix B. Tin was deter-
mined in the presence of lead by the method described by McDow, Furbee
and Clardy (20), their method not being changed in any way. In this
method the tin is detemined by titrating the stannous ion with 2
standard iodine solution, the stannous ion being oxidized to the stannie
ion. The titration is carried out under a protective covering of carbon
dioxide {gas fram dry ice), The stamnic tin is reduced to stamows by
boiling the strongly hydrochloric acid sample solution in the presence
of nickel shot, This reaction may be stopped by cooling the solution to
+ 10°C,, therefore the nickel shot need not be removed to titrate the
stannous ions. lead is prevented from interfering by having an excess
of sulfate ion present, the souwrce of which is the potassium sulfate and
sulfuric acid with which the alloy sample was put into solution. ILead
sulfate precipitates and stays insoluble throughout the detemmination.
The method is very accurate according to McDow, Furbee and Clardy. The
difference between the percentage of tin found by the average of six

determinations and the true amount of tin present is only 0.01% for a
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solder containing 34.88% tin and 0,00% for a lead-base metal containing
10.91% tin, The tin equivalents of the iodine solutions used are deter-
mined by titrating solutions containing known weights of tin that have
been carried through exactly the same preliminary treatment as the un-
knomn,

In the 24% zinc - 76% alumimm alloys, the zinc was determined
in the presence of aluminum by an electrolytic method. The method
chosen is very simple and is a combination of those described by Sard
(21) and the Association of light Metal Refiners (22). It consists
egsentially of the electrolysis of a strongly alkaline solution of
the sample., The zinc plates out upon a copper plated platinum elec-
trode and is weighed., Having cyanide ion present in the solution helps
give a better zinc plate, Aluminum, of course, is not deposited from
an aqueous solution under any conditions, therefore the current density
need not be accurately controlled., The sample is dissolved in dilute
sulfuric agid to prevent spray after which an excess of sodium hydroxide
is added. The main possible source of error is the loss ineurred upon
the removal of the cathode from the strong alkali and washing and drying
it, but if these operations are performed carefully, it was found that
the cathode should not weigh low by more than about 0.2 milligrams,

The 5% silver ~ 5% copper alloy was analyzed by a combination
of the chloride separation method of the A.S.T.M. (23) and the electrolytic
methods of Mahin (2) and Sard (21). None of the electrolytic separations
were necessary. Ihe filtered silver chloride was redissolved by boiling
in concentrated sulfuriec acid to drive off all chlorides. The solution

was then made strongly basic by adding sodium hydroxide after which 3
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grams of potassium cyanide were added. The silver was electroplated and
weighed. The copper was determined also, as a check, by evaporating the
filtrate from the first chloride separation, doing this in the presence

of sulfuric acid, thus removing all chloride ions here also., After add-
ing a little nitric acid and urea the copper was electroplated and weigh-
ed., Unfortunately, the analyses where both elements were determined did
not add up to within 1% of the 100% needed to be correct. The 5% silver -
95% copper results were poor because of this,

The approximately 0.1% chromium - remainder copper alloy was
analyzed at selected spots by a spectrographic method using a large
grating spectrograph., In this method the density of the 2979.741J chromivm
line was compared with the density of ths 3010.8.2 copper line, the ratio
of the chromium density to the copper density being an indication of the
concentration of chromium, The percentage of copper (almost 99.9%) is
considered constant since a small change in its absolute concentration
would not change its relative line density appreciably. Excitation 1is
by the spark method, the sparking time and voltage being controlled,
Many speots on the surface of the specimen to be tested were sparked and
data taken as one set of congruent data. Starmdard copper-chromium alloys,
that is, pieces of the original bar of 0,1¥ chromium - remainder copper
alloy, were sparked identically as the sets of unknown spots and were
included within these sets. This is useful in telling whether the chro-
mium concentration of the unknown is higher or lower than that of the
standard and also in relating any one particular set of results with any

other set as several sets of results are obtained. See Appendix E for
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this calculation relating one set to another). Two of the sets of results
or spectrogcopic data were obtained without a standard chromium-copper
alloy being sparked along with the unknomns., These two sets were related
to the others by firding spark locations in these two sets identical to
spark locations in the others and considering all the sparked points that
have common locations to have identical compositions., This makes it
possible to find factors relating these two sets to the others. (See
page 73, Appendix E also for this calculation for relating one set of
results to another). By these methods, all points plotted in Figure 15
are on exactly the same scale anxd can, therefore, be put into the same
plot and one curve drawn from all the points, thus giving a better
average., The indications of chromium concentration cannot, however, be
changed to absolute composition percentages by any kind of calculations,
except at one concentration, that of the standard. This is because only
one concentration of standard was used and therefore there is no way to
get the slope of an actual Imcmh percentage composition versus trans-
mission ratio plot.

The instrument used was a one and one-half meter, Applied Research
Laboratory grating spectrograph with a controlled spark excitation sowrce.
An external standard, and iron-iron arc, was used to identify the lines
of standard wave length in the sample. A maximum of 15 separate spectro-
grams could be taken on a single photographic film. The counter electrodes

employed in the spark excitation of the alloy specimen were of pure graphite.

Metallography.~—All metallographic examinations were of water quenched

alloy specimens which were at room temperature when examined., Bausch and
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Lomb research metallographic equipment, having binocular eye pieces and
a ribbon filament lamp, was used to visually find the different phases.
The kind of preparation given the quenched specimens was governed by
the chemical composition of a particular specimen amd also by the fact
that, for all specimens, only the distinguishing of the phases was
sought and not the crystal structure nor the grain size.

The 1% tin - 86% lead specimens were prepared in the marmer
prescribed by Woernley (25) with only one step changed; the sample was
not microtoned prior to etching but was left whole. It is well known
that the surface of cut lead alloys, even if microtoned, is worked and
if the true structure is to be seen the worked layer would have to be
etched off. In this etching process the whole specimen was immersed
in a solution at 42°C. and containing 15 milliliters of glacial acetiec
acid, 20 mil]i.'literé of concentrated nitric acid and 80 milliliters of
water. At frequent intervals the specimen is removed from the etching
solution, rinsed with cold water, swabbed with cotton whils under cold
water and the etching repeated until the crystals appear mirrorlike when
viewed with the naked eye. The drying of lead alloys after etching
presents a special difficulty in that unless certain precautions are
taken the surface will exidize before it can be viewed throcugh the micro-
scope, This is prevented by quickly rinsing the etched specimen first
in tap water and then distilled water, placing it in a 130 milljiliter
bottle having enough acetone to cover the specimen, stoppering the bottle
with a one~hole rubber stopper to which is connected an aspirator or
water pump, pumping the air and acetone vapor out for a short time, tilt-

ing the botile so that all the liquid acetone is pumped out, allowing the
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speoimen to dry in an atmosphere of acetone vapor and finally allowing
it to dry further in a vacuum, Thereafter the lead alloy surface re-

mains unoxidized, even in the air for several days, and the phases can
be seen readily at a magnification of 250 X,

For the 24% zinc ~ 76% aluminum alloys, the preparation method
for specimens for metallographic examination is similar to those em-
ployed by Hanson and Gaylor (26) and Fink and Willey (18). One whole
gide of the specimen, is abraded flat upon a fast moving wet band of
emery cloth, the flat plane being parallel to the axis of the specimen.
This flat surface, extending from end to end of the specimen, is now
polished, first on successively finer emery paper wheels amd then on
wet cloth wheels, using sueccessively finer grained aluminum oxide su~
gspensions. After the final polishing, by simply rinsing the specimen
in distilled water and in methyl alecohol and then drying in a current
of air, one may see the phases present at a magnification of 500 X, but
by also giving the polished specimen an etch for about 15 second in
25% nitrie aeid at 70°C. it is easier to ascertain whether there is one
rhase or two.

The alloy specimens of the copper-silver system are prepared for
metallographic examination in a manner like that described for the 24%
zinc -~ 76% aluminum alloy with the exception that the etching step is
different. Silver-rich copper-silver alloys are etched according to
Stockdale (27), that is, by swabbing on a mixtwre of chromic aclid and
sulfuric acid in dilute aqueous solution. This same method is better
described by the American Society for Metals (1). Using this etch, and

a magnification of 150 X, the # phase appears as dark areas along the
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grain bommdaries; the o phase is the white matrix. Copper-rich copper-
silver alloys must be etched by a different method, For very small a-
mounts of ® phase, an ammoniacal solution of cupric chloride, called
"copper ammonium chloride” is used and Is the one recommended by Smith
ard Lindlief (28). This is also the etchant used by Stockdale (27),
with which the o phase appears white in a dark matrix at a magnification
of 150 X, For larger amounts of silver in copper-rich, copper-silver
alloys, ammonium persulfate solution is used, this being also recommended
by Smith and Lindlef (28). With this etchant the o phase appears as
white globules very clearly.

The 0.1% chramium - remainder copper alloy was not examined metal-

lographically.
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CHAFTER TIII
PROCEDURE

Chemically analyzed specimens.—The apparatus shown in Figure L was

assembled, using one of the 14% tin - 86% lead alloy specimens already
described. The pyrex glass protection tube was evacuated by a mechan-
ical vacuum pump, commercial grade argon gas was let in to atmoapheric
pressure, the tube was evacuated again, about 1/3 atmosphere of argon

gas was then let in, and the stopcock was closed. The voltage of the
variable transformer was slowly increased wmtil the higher temperatiure

end of the specimen was at approximately 210°C., the temperature of the
lower temperature end rising to a constant 101°C. (Appendix A shows

the temperatures maintained during the treatment of all the alloy speci~
mens). After being kept in this temperature gradient for 90 days, the
specimen was quenched by allowing cold kerosene to flow intoe the recently
evacuated pyrex glass protection tube., The specimen was removed from the
apparatus, washed in benzene, prepared for metallographic examination as
described previously urder "Metallography," and then examined at a mag-
nification of 250 X, The alloy specimen was now sectioned for chemical
analysis as shown in Figure 8. The slices were of only approximately
equal thickness. The sectioning was done by a large hinged kmife used
ordinarily to cut metallic sodium, Individual samples were welighed, amd
gtored in stoppered vials until they were chemieally analyzed. The samples
were chemically analyzed by the methods described previously wxer "Deter-

mination of Composition," and the results are shown in Appendix C,
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Chemically analyzed specimens are all given a code name according
to the major metal and order of treatment., The chemical analysis samples
of the sectioned specimens are numbered according to their distance from
the higher temperature end of the specimen rod, the lower numbers being
nearer the higher temperature end. A3 an example the chemical analysis
sample nearest the higher temperature end of this first treated 14% tin -
86% lead alloy is called 1 Pb - 1,

Another specimen of the 1LZ tin - 86% lead alloy of exactly the
game size and shape as ) Pb, aml dencted by the code name 2 Pb, was later
treated in the same apparatus and in the same way as 1 Pb except that
the temperature gradient was maintained for 67 days, the higher tempera-
ture end of the specimen was at approximately'225°c. and the specimen
was not examined metallographically. (See Appendix A for the tempera-
tures maintained and Appendix C for the results of chemical analysis).

An alloy specimen of approximately 2L% zinc and 76% aluminum and
with the code name 1 Al was maintained for 148 days in a temperature
gradient in the apparatus depicted in Figure 5, the higher temperature
remaining approximately 475°C. and the lower temperature at 100°C. as
shown in Appendix A, The final protective atmosphere of about 1/3 at-
mosphere of argon gas, when at room temperature, was put into the pyrex
glass tube in the same way as it was with previous apparatus. The quench-
ing was done by quickly removing, while at treatment temperatures, the
entire assembly fram the pyrex glass tube and immediately plunging into
cold water. The specimen was now disconnected from the apparatus, pre-
pared for metallographic examination as described previously under

"Metallography,” examined at a magnification of 500 X, and then sectioned
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for chemical analysis, The sectioning was done with an ardinary hack
saw with the slices as shomn in Figure 8. The sample slices were weighed
individually, stored in stoppered vials until they were chemically ana-
lyzed and finally chemically analyzed by the method previously described
under "Determination of Composition.® The results are shomn in Appendix
Ce |

Another alloy specimen of approximately 2L% zine and 76% aluminum
and an alloy specimen of approximately 5% silver and 95% copper were
simultaneously treated in the temperature gradient apparatus shown in
Figure 6. Unwanted diffusion between the two iron cylinders and the
épecimens was prevented by heating the iron cylinders only in air te
red heat before assembling, This forms a coating of Fe203 on the iron
threads., The higher temperature end of this 24i% zine 76% aluminum speci-
men, 2 Al, was maintained at approximately L75°C.; the lower temperature
end of 2 Al, was at 100°C. The higher temperai-;um end of the 5% silver -
95% copper specimen, denoted by the code name 1 Cu, was maintained at
apﬁroximately 887°C. The lower temperature end of specimen 1 Cu was at
the same tempera.tﬁre as the higher temperature end of specimen 2 AL or
approximately 475°C. The protective atmosphere of hydrogen was put in-
to the fused silica tube by simply evacuating the tube and heating the
piece of commercially pure sodium (which always contains hydrogen) shown
in the pyrex test tube by applying a Bunsen burner flame to the outside
of the apparatus. The dropping temperature readings far a particular
furnace voltage, shown for the apparatus in Appendix A, are believed to
be due to contamination of the thermocouple by the reducing atmosphere,

although it is unknomn if this contamination actually happened. The
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temperature gradient treatment was terminated by quenching the specimens,
This was done by evacuating the fused silica tube and then allowing cold
kerosene to rush in and fill the evacuated tvbe, The specimen was re-
moved and washed with benzene. The surface of specimen 1 Cu was found %o
be covered with a network of cracks due to the hydrogen reacting with
occluded copper oxide and releasing water vapor as explained by Smith

and Hayward (29). The speoimens were prepared for metallographic examina-
tion and examined as described previously under "Metallography." Both
specimens were sectioned by hack saw, as shown in Figure 8, and the slices
weighed and analyzed by the methods previously described under "Deter-

mination of Composition™ with the results of the analysis in Appendix C.

Spectroscopically analyzed specimen,—The one specimen to be spectro-

graphically analyzed, the previously described approximately 0,1% chrom=
ium ~ remainder copper alloy denoted by 2 Cu, was treated in the tempera-
ture gradient in the apparatus shown in Figure 7. After assembling the
apparatus and allowing the shsllaced stoppers to dry, the fused silica
tube used for protecting the specimen was evacuated, and while still being
pumped by a mechanical vacuum pump, the furnace was turmsd on to a tempera-
ture of approximately 500°C. for about 1 hour in an attempt to out-gas the
metal specimen. Argon gas of commercial purity was now allowed to fill

the tube to a pressure of about 1/2 atmosphere at this temperature and the
stopcock was closed for the remainder of the treatment time, The variac
volts and thus the furnace temperature was gradually raised and the tempera-
tures were maintained as shown in Table 5, Appendix A, The same difficulty

with dropping temperature readings was encountered here also and is belleved
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to be due to contamination of the thermocouple wires in the closed tube
by metal vapors although, again, there is no certainty that this happen-
ed. The rate of flow of the cooling water was kept at about 2 liters

per minute. After heating for 59 days the specimen was quenched by
quickly removing the alloy specimen and its attached metal parts from

the hot fused silica furnace tube and immersing immediately in cold
water, The reason for this quick cooling was not for preserving the
phages for metallographic examination but fo eliminate the very slow
(appraximately 12-hour) cooling of the sample which would take place if
the furnace was simply turned off and allowed to naturally cool while
containing the specimen, It was feared that the wvery slomly dropping,

but still high temperatuwre, cooling of the specimen upon which there was
not at the same time maintained a temperature gradient, could possibly
result in ordinary concentration-type diffusion cauwsing a remixing of

any previously ummixed material, This quenched specimen, appearing quite
bright and with no cracks, was unsoldered from the other metal parts. A
small amount of chromium-colored material was seen on the cooler parts

of the specimen, particularly the neck. This is believed to be sublimed
and condensed chromium from the hotter parts of the specimen. By means

of a milling machine the specimen was cut so that a plane surface parallel
to the specimen axis was formed along it's entire length, This plane side
was further ground, first by a wet band sander, nsxt by successively finer
emery paper wheels and finally by wet cloth wheels using successively finer
grained aluminum oxide swspensions, Figure 8, page 29, shows the section-
ing of this specimen., In order to get the 8-1/2 inch long specimen into

the light=tight enclosure used for excitation, it was cut into two pieces,
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each exactly L-1/li inches long. The specimen thus prepared was spectro-
graphically analyzed at different spots over the plane surface, employ-
ing the principles and methods described under "Detemination of Composi-
tion." The entire plane surface was nor reground and repolished to re-
move the burned metal and the analysis repeated at a different set of
locations. These spark locations are all shown in Figure 9, page 35.
Upon analyzing the first set of spark locations it was seen that along
the neck where the chromium~colored metal was deposited, scme of the
individual analyses indicated unusually high chromium content, due to
this extraneous material, This material was filed off the specimen be-~
fore subsequent sets were analyzed. All the data obtained and all the
indications of composition for the location are shom in tabular form

on pages 68 to 72, Appendix E, and graphically in Figure 15, page L2.
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CHAPTER IV
DISCUSSION OF RESULIS

Graphical Presentation.--It is believed that the best way to envision

what has happened to the alloy specimens is to pleot the compositions
found, that is, the percentages of solute for the final unmixed alloys
versus the temperatures maintained in each individual sample during the
heating, The plots which may be seen on the next six pages make use

of the experimental data in this way. The only temperatures used here
that are measured directly are the average terminal temperatures of the
specimen rods; the others are estimated. Since the thicknesses, or
lengths along the axes of each chemically analyzed sample of alloy cut
from these specimen rods, are directly proportional to the sample
weights and the temperatures maintained are assumed to be directly
proportional to the lemgths along the axes from the cold end (the speci~
men rods being wniform in diameter), the sample weights are used direct-
ly to find the temperatures which are shown along the abcissae of thase
plots. (Sample calculations used to find these temperatwes are in
Appendix D, page 65). The curves themselves were drawn where they are
for no particular reason except that they are roughly the simple averages
of the plotted points. The ummixing of the formerly homogeneous alloys
is strongly suggested by these plots. It appears that for gome of the
plots there is not a material balance., By this is meant that the total

smount of solute gained by all reglions which have a greater concentration
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than that of the original alloys is not equal to the total amount of
solute lost by all regions which have a lesser concentration than that
of the original alloy. This paradax could possibly be true for the
analyzed portion of the sample only, since the threaded portions of the
specimens were not analyzed and their loss might have caused the discrep-
encies, Nevertheless, the entire specimens definitely should show
material balances for the diffusion process., Other possible explain-
ations for the unbalances of material are: firstly, the data are ac~
curate enough to show the general trends of a rise or fall in solute
composition but not accurate enough for the material balance to show;
secondly, there may have originally been smell inhomogenuities in the
cast alloy specimens; thirdly, there may have been some diffusion be-
tween the specimens and the structural material and; fourthly, there

is the possibility of 2 loss or gain of volatile material at the spec-
imen surfaces considering the high temperatures employed. In the spec-
ial case of specimen 2 Cu, the plot of which is shown in Figure 15, the
apparent lack of material balance is due to the non-uniform diameter
of the specimen., In Pigure 1L, page L1, representing specimen 1 Cu, the
5% silver - 95% copper alloy, the usual representation of the composi-
tion is reversed, the major camponent, copper, being used as the ordin-
ate. This is because the detemmination of the copper is believed in
this case to be more accurate than that of the silver. In all of the
graphical presentations, but not in all of the tables, the numerical

values of the compositions are rounded off to one decimal place.

Qualitative interpretation.——Upon observing the results of analysis of

. the two Pb - 14% Sn alloy specimens, 1 Pb and 2 Pb, as shomn graphically
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in Figures 10 and 11, and also observing in the phase diagrams shown in
Appendix F, it is seen that the temperature at which this alloy in its
original overall camposition changes from a two-phase to a one-phase
structure is approximately 160°C, It is also seen that in general far
both these specimens thers is an overall movement of solute, that is
tin, from the two-phase to the one~phase region. This is expected fram
previous theory. These theoretical locations of the crossing of the
phase borderline temperature (160°C,) on both of the plots are also
near the locations in which the major unmixing has taken place experi-
mentally and is approximately on the main point of inflection for each
of the plots. For clarity these points have been shown by the short,
strajght vertical lines crossing the curves in Figures 10 and 11, It
is reasoned that as the region of the alloy located on the higher tempera-
ture or one-phase side of this overall dividing line becomes during the
experiment inereasingly more rich in solute, that is, tin, the line
theoretically dividing the two-phase aml one-phase regions gradually
moves to a lower temperaturs. This would necessitate the continual
shifting of the line over which the movement of solute occurs toward
the tin-enriched one-~phase region, that is, tomard the higher tempera-
ture end of the specimen rod. The experimental effect of this principle
is not definitely discernible from the curves. As explained in Chapter
I, the trus Soret effect, when in operation in a completely substitu~
tional, completely one-phase solid alloy, such as Au -~ Cu, glves a diffu~
aion of solute towmard the higher temperature portion of the specimen.
In these specimens, considering the one~phase regions of the specimen as

a different specimen for applying this rule, there should be an enrichment
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of solute at the extreme higher temperature end of the specimen at the
expense of the nearby rég:lon. This is posgsibly the reason there is &
small but definite dip found in the cuwrves within the long region of
general tin enrichment between 160°C. and the highest temperature. Also
this is probably the reason that there is found &t the extreme highest
temperature of the specimens a short region of tin enrichment greater
than at any other place. The pure Soret effect operates best in this
region above 160°C, for two reasons; first, the region is all one-phase
solid substitutional alloy and second, diffusion rates in solids are
always higher at higher temperatures. Equilibrium was not reached here
and since time is constant for all the effects, the rate of diffusion
is important in determining the final quantities. It is probable that
the two effects took place simultaneously, the Soret effect taking place
in the one-phase region and the effect due to the differences in solu-
bility of solute in the different phases taking place only at the border-
line of the two-phase and one-phase regions, that is, at approximately
160°C,

‘ The shape of the plot of the results of analysis of the Al - 2%
Zn alloy specimens, 1 Al and 2 Al, as shown in Figure 12 and 13 have a
similarity to those of the Fb - 14¥% Sn specimen with exceptions, One
of these differences is the dip in the left side of the curve, that is,
the relative lowering of the zinc content in the one-phase region, thought
to be the separation due to the pure Soret effect, is as great as, or
greater than the dip in the right side of the curve thought to be the
separation due to the effect of different soclubilities in different phasge

regions. The reason for this is not known exactly, but it is surmised
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that even though other things are similar, having either a different
major element, a different minor element or both is sufficient cause
for the difference.

When an interpretation of the graphical presentation of the
results from the Cu - 5% Ag specimen is sought, finer details of the
curve (such as small dips or rises) may not be seen, due to the rough-
ness of some of the analyses. A very general trend can be recognized
in which the percentage of copper is smaller, and thus the percentage
of silver or solute is greater, in the higher temperature half of the
specimen, as is predicted for both the pure Soret effect and for the
effect of different solubilities in different phase regions. There is
seen no significance for the line of demercation between the one-phase
and the two-phage regions being exactly where it is, but in general it
does divide the higher solute portion of the final specimen from the
lower solute portion.

It is believed that becawse of the large number of analyses am
the relafively small amount of gross scattering of points in the plot,
the graphical representation of the results for specimen 2 Cu, show
in Figure 15, shows a significant chemical composition change, In this
specimen, as was previously explalned, there is an apparent material
inbalance because of the nomunlform shape of the specimen combined with
the fact that a linear temperature s.cale was wed, Thus with no contra-
dictions, there is seen in Figure 15 a greater area representing material
with a high chromium content than with a low chromium content, the chro-
mium content of the original alloy being the reference point. The portion

of the specimen nearest the cold end, although represented by many points,
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has a median composition almost exactly that of the original alloy while
the composition of all other points of the alloy have changed. This is
reasonsble since there should be the least diffusion of any kind, and
therefore the least composition change, at the cold end of the specimen,
and ig further evidence that the experimental work on specimen 2 Cu is
accurate. A possible qualitative interpretation of the curve utilizes
the same two effects as in previous specimens. The effect of different
solubilities in different phase reglons causes large quantities of
solute to flow toward and over the line of demarcation separating the
two phase regions, drawing all of it from the region on the cold end
side of the line. There is then set up by this drift of material, a
deficiency of solute in the region at the very far right side of the
line, as seen in the cuwrve. Everywherse toward the hot end side of this
deficient region there is a larger concentration of solute than in the
original alloy. The principal factor in a proposed explanation of the
dip in the solute-enriched region is again the pure Soret effect. This
Soret effect 1s so much at work here In the very high temperature region
that the indications of composition of solute is approximately twice that
of the original alloy. The source of this matertal must have been the
adjoining cooler region according to the general rule for the direction
of the Soret effect in single phase solid solution alloys as found by

Darken and Oriani (9).



L8

CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

Conclusions .—The results of these experiments indicate that when certain
homogeneous binary alloy specimens are subjected to a temperature gradient,
there are developed within the specimens regions of different composition,
the regions richer in solute being generally nmear the higher temperature
ends of the specimens. Statements concernming the reasons for the final
results that is, what effects have been brought into action and how, are
all at the best only qualitative hypotheses. One especially important,
in fact the chief purpose of the present study, was to determine what is
the effect of having a two-phase region at a certain temperature adjacent
to ard in direct contact with a one-phase reglon of another temperature.
Although there appeared to have been presented sufficlient explanation
under the heading "Qualitative Interpretation,” using circumstantial
evidence only, to make it possible to conclude that, even as theory pre-
dicts it, there is a flow of solute from the two-phase to the one-phase
region, it 1s not possible to do this because conclusive evidence in the
form of sufficient data is lacking. One reason that one is not able to
state conclusively that the effects noted simultameously with the pure
Soret effect are those predicted is that metallographic data showing the
one-phase regions adjacent to the two-phase regions is lacking. There-
fore one 1s not sure that the right conditions existed for this effect.

With specimen 1 Pb, metallographic examination revealed only one type



L9

structure throughout the length of the specimen when viemed less than one
hour after quenching. Specimen 1A1 showed a one-phase region at the hot
end portion and a two-phase region at the cold end portion of the speci-
men but the structure of a broad region near the hypothetical junction
of the two regions was not discernable, After a few hours, the structure
of this gpecimen also became completely two-phase. The results of
metallographic examination of specimen 1 Cu are similar to those of
specimen 1 Al. Again the unstability of the metastable material, con-
stantly changing as it is, hinders an accurate appraisal. Specimens 2 Pb,
2 Al and 2 Cu were not examined metallographically. From the foregoing
it can be said that the effect due to the two structures was possibly,

but not conclusively, the cause for the analytical results obtained.

Recomendationa .—~Certain obvious limitations and short-comings con-

corning detail; method and scope of the experiments, as seen in this
present work, are themselves readily suggestive of improvements needed
in future stuwdies of this kind. Generally, the improvements found to
be neseded are simply experimental refinements of the overall present
plan of attack used in this work. Naturally, it is very desirable to
keep all other conditions constant in any scientific study where one
seels to determine the effect which results from one particular wvariable
condition or cause. To do this is to have, in effect, one equation with
cne unknown which easily lends itself to solution. 4s an example of this
it is seen that the possibility of one being able to correlate the move-
ment of solute in a binary alloy with both the temperature gradient and

the microscopic or phase structure of the material is greatly enhanced
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if one is able to eliminate all other variables from the equation, espe-
cially those variables caused by unwanted experimental imperfections,

Of prime importance in this type of endeavor is the means of
determining the chemical composition of materials. Concerning this, it
is recommended that better analytical determinations be obtained for
certain alloy systems. It is suggested here that whenever possible
purely instrumental methods such as those utilizing X-ray diffraction
and radioactive isotopes be employed. In the present work, the simul-
taneous making of all the different observations upon the specimens
during the time it was at ths conditions of the experiment was not possi-
ble with the apparatus used, and also was not suitable here. Such a
procedure was not needed to obtain results of the accuracy which was
satisfactory for the present experimental studies. For future work, it
seems desirable to seek to find the actual, indisputable evidence con-
cerning what the temperature, structure and composition of a2 specimen
is during an actual experiment in the apparatus, not just the calculated
or assumed conditions. To eliminate having to assume ideal type experi-
ments when seeking to calculate the temperatures between the measured
extremes, it is suggested that more actual temperature measurements be
made using the many spots between the extremes. This can be done by one
of at least three ways. Many tiny thermocouples could be used, each
mounted so as to get the exact temperature of the specimen and also so
as to prevent metal contamination of itself and of the specimen. If a
specimen rod made with one side a flat polished plane was mounted in an
argon filled clear fused quartz tube for protection from atmospheric

oxidation and this whole assembly mounted in a tube furnace that had a
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slot along its whole length, the temperatures of any and all spots on the
specimen could be taken simultaneouwsly by optical pyrometry. For moderate-
1y high temperatures such as those employed in the Pb - 1L% Sn and the Al -
1% 2Zn alloy experiments, temperature sensitive paints could be used. It
is within the realm of possibility, by using some kind of a portable micro-
scope and clear fused quartz tube previously mentioned, to also determine
the structure of all points of a moderate temperature specimen while hot,
and this simultaneous with the temperature gradient experiment. The
mowledge to be gained from this procedure seems very desirable. Another
experimental procedure similar to the above, that 1s also possible but
more difficult is the chemical analysis of a hot specimen through the
clear fused quartz protection tube also simultaneous with the temperature
gradient experiment, This could be done with elther X-ray defraction or
X-ray spectroscopy but there could be little if any information gained
from this procedure greater than that obtained by analyzing the cold

specimen.

The importance of the work of this whole investigation is such
that it should be repeated by many different experimenters using different
techniques, so as to see if the results are truly reproducible and to see
if something previously overlooked can definitely be found. If more were
known about this phenomenon, mamny processes and operations in industry
where it would be useful or detrimental could possibly be predicted anmd
founds Therefore industry should be willing to sponsor further research
of the above type in order that there may ultimately be a final solution

to the problem,
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Table 1. Temperatures During Treatment of Specimen 1 Pb
Setting Thermometesr Thermome ter Date Time
of Reading Reading in Temperature Temperature
Varlac at Hot End Water Chamber Taken Taken
{volts) (°C.) (°C.)
bl 211.5 101 9-23-54 5:l5 PM,
L1 210.,5 101 9-23-51 10:10 P.M,
L1 205 ,5 101 9-2L-54 8:40 A.M,
L1 20k .5 101 9-2L~-5), 10:30 AM,
42 210.5 101 9-2L-5) 3:55 P.M.
L2 207.0 101 9-26-5) 8:00 P.M,
L2 209.0 101 9-27-54 2:50 P.M.
k2 209,0 101 9-28-5L 9:35 P.M.
L2 211.2 101 9-28-5L L:40 PM,
L2 208.0 101 9-30-5)4 2:12 PM,
42 213.1 101 10-1-54 3:30 P.M,
L2 2140 101 10-1-54 5:15 PuXM,
L2 209 .5 101 10-2-5} 9:25 AM,
L2 210,6 101 10-5-54 12145 P.M.
L2 .5 210,5 101 10~-23-5l; 6300 P.M.
L2,.5 208,0 101 10-26-5) 8:30 A M,
L2.5 208,0 101 11-5-54 11:15 A M,
L2.5 207 .0 101 11-6-5L 1:05 PM,
42 .5 2084 101 11-19-5) 9:35 P.M.
(Temperatures observed here but not recorded again until termination on

December 20, 1954).

h2.5

208,0

209°C. Ave.

101

J01°C. Ave.

12-20-5)

10:00 ALM,

otal time = 90 days
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Table 2, Temperatures During Treatment of Specimen 2 FPb

Setting Thermometer Thermometer Date Time

of Reading Reading in Temperatures Temperatures

Variac at Hot End Water Chamber Taken Taken

(volts) (°C.) (°C,)
hl ooucnu.ojust turmd Ollowscoose 1-18—55 ll:hs AJE.
Il 228 100 1-19-55 12:15 P.M.
40.5 22l.5 100 1-20-55 2:00 PM.
40.5 22745 100 1-22-55 2:10 PM,
LO.5 226.5 100 1-24-55 2:05 PM,
h0.5 225,0 100 1-25-55 12:15 P M.

(Temperatures observed here but not recorded again until termination on

March 26, 1955).

40,5 225.0

100

100°C. Ave,

3-26-55

12:00 Noon

Total time = 67 days

Table 3. Temperatures During Treatment of Specimen 1 Al

Thermal Thermo.
Setting EM.,F. of Temp. Reading in Date Time
of Thermocouple at Water Temps . Temps .
Variac at Hot Erd Hot End Chambar Taken Taken
{volts) (millivolts) {°c.) (°C.)
53 oo-‘onanea-.-ojust tu.rned on...u“...---- 12'-29-5)4 2:10 PuM-
53 16.563 L0k .1 100 12-30-5) 2:l5 P.M,
g6 18.077 Lh0,0 100 12-31-5}; 10:35 A.M,
58 19,168 L65 .0 100 1-1-55 12:20 P M,
58 19.55L 475.0 100 1-5-55 12:25 P.M,

(Temperatures not observed again but is assumed to stay constant to within

about 2 centigrade degrees).

58 DQ.IOBbI..GbDnDtemj-mted..ODO..OOOOOU'.
L70°C. Ave. 100°%C

4-25-55  1:15 P.M,

Total time = 1L8
days
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Table L. Temperatures During Treatment of | Specimen 2 AL and 1 Cu

Thermo.
Length of Temp., of Temps of Reading
Setting Silica Hot End of Hot Emd of 2 A1 in Date Time
of Tube Above Specimen {Cool End of Water Temps. Temps.
Variac Hot Zone 1 Cu 1 Cu) Chamber Taken Taken
(VOItS) (ino) (oco) (oco) (oc.)
70 8.5 7355 h66 .0 100 1-1-55 12:30 PM
75 9.5 886,8 309,0 100  1-2-55  8:25 P,
75 9,0 879.1 387.0 100  1-3-55 9:15 PM,
77 9.0 882 ,5 396.0 100 1-L4-55 2:L0 P.YM,
79 9.0 887.0 h7h.5 100 1-5-55 12:20 PM.

(Temperatures not observed again but is assumed to stay constant to within
about 2 centigrade degrees).

79 900 oouaoooocnoterminatedoo.ooooouo.. h’zs*‘ss 1315 P.M.
987°C. Ave., L7L°C, Ave. T00°C. Ave.

Total time for 2 A1 = 203 days (2 Al previously treated in similar gradient
for 58 days); total time for 1 Cu = 145 days.
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Temperatures During Treatment of Specimen 2 Cu
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Thermal Temp. of
Setting EMF, of Terp . Outflowing Date Time
of Thermocouple at Cooling Temps . Temps .,
Variae at Hot End Hot End Water Taken Taken
(volts) (millivolts) (°C,) (°C,)
80 21,330 516,2 28,0 £-9-55 8:L0 P.M.
95 28.397 682 .2 28,0 §-9-55  11:20 P.M,
100 29,680 713,0 29.3 5-10-55 5:40 PM,
105 31,104 7h7.5 29.3 5-10-55  10:30 P.M,
110 31,610 759.0 29.1 5-11-55 8:10 A M.
110 30,803 739.5 Flow increased 5-11-55 1:50 PM.
115 31,013 745 .0 27.9 5-11-55 L4:35 P.M,
115 31.230 750.0 27.1 5-12-55 L:25 P.M,
115 31 0705 761 06 27 -h 5"13-55 2 :35 P.Mo
115 32 n570 782 02 25 .9 5—16-55 h: hO P.M.
115 31.645 760,0 26,0 5-18-55 L:35 P.M,
115 310566 75800 2606 5-23-55 3:)45 P.M.
115 31.330 752,.5 28.2 5-28-55 L4:10 P.M.
115 31.150 748.2 28,2 6-3~55 6:05 P X,

(Temperatures not dbserved again but is assumed to stay constant to within
about 2 centigrade degrees).

115

eescscassasesel@IMinatedecsecscscene

Total time = 5% days.

7?7 o Ave,

7-6=55

28.0°C. Ave,

9:00 AM,
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APPENDIX B
DETAILS CF METHODS OF CHEMFCAL ANAIYSIS OF ALLOYS

Lead-Tin,~The source of the following procedure is that by McDow, Fur-
bee and Clardy (20), although it was not followed exactly. Weigh a
sample of alloy that will give a tin content between 0.1 and 0.2 gram
into a 3 ml, Erlemmeyer flask. Add 10 ml. of concentrated sulfuric

acid and about 5 grams of potassium sulfate, and heat until the alloy
is dissolved. Cool to room temperature. Carefully dilute with water
to about 100 ml., add 75 ml., of concentrated hydrochloric acid and 10
grams of nickel shot and connect flask with a one-hole rubber stopper
and a rubber tube, one end of which extends below the surface of a
beaker of water, Boill gently for 30 minutes, a few minutes before the
end of which time, transfer the end of the outlet tube below the sur=
face of a beaker of 10% sodium bicarbonate solution., Keeping the emd
of the tube below the surface of the sodium bicarbonate solution, place
the flask in a container of ice water and allow to coocl. In this way
carbon dioxide replaces the steam in the flask., Quickly remove the
rubber stopper and introduce first a small piece of dry ice, then
sufficient dry ice to keep the solution blanketed with carbon dioxide
and at a temperature below + 10°C. Immediately add 5 ml, of previcusly
boiled starch indicator scolution which contains about 1% sodium bicar-
bonate and 0,5% soluble starch and titrate with an iodine solution whose

tin equivalent is known, The percentage of tin in the sample can now be
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calculated. The tin equivalent of the iodine solution is easily found
by using the exact procedure given above upon a measured portion of
standard tin, either weighed directly as standard solid tin or measured
from a standard solution of tin and calculated as the weight of solid

tine.

Aluminum-Zine .—A short discussion of the following method is also found

under "Determination of Composition™ on page 21 of this thesis. This
particular procedure is for alloys that contain no other base-soluble
elements arnd little or no other elements such as the heavy metals,
Weigh a sample of aluminum-zinc allcy that contains any welghable
small amount of zinc, preferably between 0,05 and 0,5 grams, into a
200 ml, tall~-form type beaker, About 10 mli. of 1:1 sulfwric acid is
added and the sample allowed to dissolve with warming. The solution is
diluted to about 25 ml. and enough of a cooled, concentrated solution
of sodium hydroxide added to neutralize the acid and an excess equal to
S grams of sodium hydromdide is added. If much insoluble precipitate is
formed, the solution is filtered through filter paper, the precipitate
washed twice with small portions of sodiuwm hydroxide solution and the
filtrate and washings diluted with water to 175 ml., in a 200 ml. tall=-
form beaker, This solution now contains metallic ions of zinc, aluminum
and sodium only and is electrolysed with no fear of deposition of any
metal other than zinc. Add approximately 5 grams of sodium cyanide to
each heaker of solution before electrolyzing. For the electrodeposition
use a rotating platinmum anode and a platinum cathode that has previously

been plated with copper, dried and weighed. Electrolyse for one hour
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nith a current of one amphere (approximately four volts for this solution)
and at a temperature of 20°C. To terminate the electrolysis without loss
of zinc, since zinc will readily redissolve in strong alkali, leave cur-
rent on and gradually raise the electrodes out of the beaker while at the
same time rinsing the upper exposed portion of the cathode as it emerges
from the solution, As soon as the cathode is thus removed from the
electrolyte solution, it is quickly immersed in distilled water and then
in alcohol or acetone. Dry the cathode in an oven at 105°C. for 30
minutes, Weigh the cathode when cool. The gain in weight is zinc.
Second and third deposits of zinc should not be put upon the first one

as the porosity of the thick coating thus formed hinders washing and

drying.
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AFPFENDIX C

RESULTS OF CHEMICAL ANALYSIS

Table 6, Analysis of Specimen 1 Fb

Weight Volume of Tin Equivalent Weight Percentage
Sample of Todine of Todine of Tin of Tin
Number Sample Solution Used Solution Used Found Found
(@o) (mlu) (gmotin/mlo) (gn‘) (%)
Total weight = 55.3872 gms. 31 weights
1 Pb-1 1.3626 35.6 005430 .1935 1,20
1 Pb-2 «9051 23,25 .005L3L .1263 13.97
1 Pb-3 . 7965 20,2 005 L43) .1098 13,78
1 Pb-ly 1.4128 36.0 005434 1956 13.85
1 Pb-5  1.2379 31.5 005434 .1712 13.83
1 Pb=6  1.6402 41,95 20054430 .2280 13,90
1 Pb=7 2.3152 58,25 -00543Y .3165 13.67
1l Pb-8 2.0698 63.2 004520 2857 13.80
1 Pb~9 2.2809 70,1 2004520 .3169 13.89
1 Pb=-10 2,3369 58,0 -005L3YL 23152 13.49
1 Pb-11a 1,911l 51.4 -005150 2647 13.85
1 Pb~11b 1,2850 3L.6 »005150 1782 13.87
1 Pb-12 2,.7}11 8l.6 2004520 Yellow precipitate formed,
results no good,
1 Pb-13 2.4296 60,15 s004520 Yellow precipitate formed,
results no good.
1 Pb-1ha 1.9173 51,15 005150 2263} 13.74
1 Pb-1Lb 1.747h L6.9 005150 2115 13.82
1 Pb-15a 1.5439 L0.3 005150 .2076 13k
1 Pb-lsb 105626 Flask brOkeaeaa-nooonaeeoaoce-c-.oo-a-oooocceaa-co
1 Pb-16 2.5176 73.h »004520 Yellow precipitate formed,
results no good,
1 Pb-17a 1.4259 35.2 .005150 1813 12,71
1 Pb~17b 1,3L487 33.8 .005150 J17h1 12.91
1 Pb-18 2.38L9 70,3 005150 Yellow precipitate formed,
results no good.
1 Pb-19 2.6233 65 .9 005150 «3394 12,9
1 Pb-20a 1,2253 30.85 005150 1589 12,97

(Continued)
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Table 6. Analysis of Specimen 1 Fb (continued)

Weight Volume of Tin Equivalent Weight Percentage
Sample of Todine of Todine of Tin of Tin
Number Semple Solution Used Solution Used Found Found
(gm.) (m.) (gm.tin/ml.) (em.) (%)
1 Pb-20b 1,.8260 h5.,2 005150 2328 12,75
1 Pb-21 2.0435 50.7 .005150 2611 12.78
1 Pb-22 1,2600 36,2 L0015 20 .1636 12,99
1l Pb-23 2.1671 61,9 .00L520 2798 12.91
1 Pb-2, 1.5204 hho2 .001520 1998 13.1L
1 Pb-25 2.0116 58.55 0004520 2646 13.16

1 Pb-26 1.5737 46,55 004520 .210] 13.35




Table 7 -

Analysis of Specimen 2 Fb
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Weight Volume of Tin Equivalent Weight  Percentage
Sample of Iodine of Iodine of Tin of Tin
Number Sample Solution Used Solution Used Found Found

{gm.) (ml.) {gm.tin/ml,) (gm.) (%)

Total weight = 68,3388 gms. 38 weights
2%“38 10,-1}-5? S0 BECO0OBO0OOOBAEBCBO noenoaelostoc cessdnvsessspennnses L BN ]
2 Pb-37 1.3616 34.9 2005290 «18Lé 13.56
2 Pb-36 1.1417 29.0 ,005290 .153L 134k
2 Pb-35 1,0280 25 .9 005290 .1370 13.33
2 Pb=34 1.2773 31,2 .005290 .1650 12.92
2 Pb-33  1.2L98 30,1 005290 .1592 12.74
2 Pb-32 1.2526 30,0 ,005290 .1587 12.67
2 Pb-31 1,.8148 L2.75 005290 L2261 12.46
2 Pb-30 11,9235 46,6 »005290 265 12,82
2 Pb-29 2,0180 49.3 2005290 «2608 12,92
2 Pb-28 1.95L0 46,7 2005430 «2538 12,99
2 Pb-27 1.8508 bl .15 -005L3L «2399 12.96
2 Pb-26 2,2766 53.35 .005L3kL .2899 12.73
2 Pb-25 2,0120 L7.25 0005430 «2527 12,56
2 Pb-2 11,6818 39.8 .005h3], «2163 12,86
2 Pb-23 200“‘-? hgnos .00511311. .2665 130011
2 Pb=22 1.9773 8. 005434k 2630 13,30
2 Pb-21 2,025) 50,8 .005L 3L 2760 13.63
2 Pb20 2,2072 57.55 00543} »3127 1,.17
2 Pb=19 2,4958 6102 ,005034 31489 13.98
2 Pb-18 2.1930 weevsoooeassa vavesosoesssol0Btereocccansoncaoencnca ceoe
2 Pb=17 2,070 52,45 200543Y »2850 13.77
2 Pb-16 2.5988 66.8 .00sL3) .3630 13,98
2 Fb=15  1,9402 50.25 -005143) 2731 11,07
2 Pb-1; 2,1286 5);,05 00513} .2937 13.80
2 Pb-13 2,0992 53.55 00543 +2910 13.86
2 Pb-12 1.7324 L3.35 00543 .2356 13.60
2 FPb-11 2.0967 50,8 005130 2760 13.17
2 Pb-10 1,6911 Lk .05 L00543Y4 .239) 1L.15
2 Pb-9 1.5893 40.35 00543 .2193 13.80
2 Pb-8 1,6067 41,3 .00513) 220 13.97
2 Pb-7 1,9310 L9k .005434 268 13.90
2 Pb=6 1.8334 49.25 005290 +2605 1,20
2 Pb-5 1.9859 52.7 .005290 2788 14,04
2 Pb-)y 1.5380 L0.7 005290 .2153 14,00
2 Pb-3 1.6769 L .8 .005290 2370 14,13
2 Pb-2 103h38 3509 0005290 .1899 :u-l013
2 Pb-1 1.2471 33.3 .005290 1761 14,12




Table Ba

Analysis of Specimen 1 Al
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Weight Weight of Weight of Weight Percentage
Sample of Cathode Cathode of Zine of Zine
Number Sample Alone Plus Zinc Found Found
1fg;'m. (gm.) (gm.) (gm.) (%)
otal weight = 1,,8568 gms. 18 welghts

1 A1-1 8802 13,7740 13,992 «2148 2L.61
1 A1-2 8076 13.7705 13.59689 .198) 2h.57
1 Al1-3 6955 13,7683 13.9379 1696 24.39
1 A1-Y .7272 13,7650 13.93L8 .1698 23.35
1 Al-5 .7312 13.76L7 13.9336 .1685 23.10
1 Al-6 .7162 13,7600 13.9248 .1648 23.01
1 A-7 5919 13.7539 13.9223 168l 2h.34
1 A1-8 ST9L7 13,7518 13.9476 .1956 2461
1 Al-9 .7563 13.7268 13.911L4 1846 2Ll
1 41-10 .7843 13.7290 13.9199 «1909 2hJ3L
1 41-11 8302 13.7319 13,9262 1943 23.40
1 Al-32 <76L7 13,7371 13,9269 +1898 2L.82
l A'1"13 -9357 1307377 13.9665 02288 Zh.hs
1 AL-14 «8509 13,7407 13.5u443 .2036 23.93
1 A1-15 8141 13.7L30 13.9377 «1947 234,91
1 A1-16 #9984 13.7470C 13,9822 «2352 23.56
1 Al-17 «8L60 13.7770 13,9833 «2063 24.38
1 A1-18 1.231L4 13,7L85 14,027 .2762 22,143




Table 9.

Analysis of Specimen 2 Al
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Weight Weight of Weight of Weight Percentage
Sample of Cathode Cathode of Zine of Zinc
Number Sample Alone Plus Zine Found Found

(gm.) (gm.) {gm.) (gm.) (%)

Total weight = 10,8065 gms. 18 weights
2 A1-1 0.4350 13.5377 13,6408 .1031 23,70
2 A1-2 0.5387 13.4577 13,5798 J221 22,67
2 A1-3 0.4915 13.6408 13,7587 #1179 23.99
2 A1~} 6365 13.5798 13.7304L <1596 25.07
2 Al-5 . 7360 13,7587 13,9225 1638 22,25
2 Al-6 5640 13.5364L 13,6695 «1331 23.60
2 Al-7 .5258 13,6695 13,7930 1225 23.30
2 Al-8 - 7637 13,7930 13.9737 .1807 23.66
2 Al-9 5216 13.5375 13,6868 <1493 2L.18
2 A1-10 5150 13,6868 13,8357 .11:89 2L .21
2 Al-11 5737 13.5812 13,7198 «1386 2L .16
2 Al-12 «5403 13,8357 13,9695 .1338 276
2 41-13 06336 13 07198 13 08677 -lh?g 23 oBh
2 A1-1) 5175 13,4570 13,5812 J2h2 2);,00
2 Al-15 5480 13,7197 13.853L .1337 2L L0
2 A1-16 5528 13.584,3 13,7197 .135L 24.51
2 Al-17 5189 13,4571 13.58L3 J272 24.51
2 A1-18 9942 13,7304 13.9500 2196 22,09




Table 10,

Analysis of Specimen 1 Cu

Weight Weight

Weight of Woight of Weight Percentage Weight of Weight of of Percentage
Sample of Cathode Cathode of Silver of 3ilver Cathode Cathode Copper of Copper
Number Sample Alone Plus Silver Found Fournd Alone Plus Copper Found Found

(gm.)  (gm.) (gm.) {gm.) (%) (gm.) (gm.) (gm.) (%)

Total weight = 35.4812 gms, 19 weights
1 Cu-1 2.3238 13.2810 13.3870 «1060 L.56 13.691 15 .8697 2.1756 93.62
1 Cu-2 1.4543 13.3870 13.45L8 0678 L.66 1%4.8763 16.2502 1.3739 9l L7
1 Cu-3 1.0926 13.2850 13.3367 .0517 L.73 17.059) 18,0938 1.0344 967
1 Cu-l 1.3030 13.L4548 13,5142 0590 L.56 16.2502 17.4537 1.2035 92.36
1 Cu-5 1,571L 13.4088 13,4850 L0762 L.&5 18,0938 19.566l 1.L726 93.71
10Cu-6 1.6641 13.5142 13.5936 079 LheT7 17.U537 1%.0157 1.5620 93,86
1 Cu~7 2.2121 13,5936 13,7010 107h 4.86 19.566), 21.6530 2,0866 gh.32
1 Cu-8 1,0L80L 13.3367 13.4088 0721 L.B7 13.2780 14,6475 1.36955 92.51
1 Cu-9 1.h4699 13.2805 13.3L67 0662 L.50 13,2829 1h.6522 1.3693 93.16
1 Cu~10 1.2775 13,2842 13.3L58 L0616 L.82 14,6475 15.8479 1,200} 93.97
1 Cu~11 1,8902 13,5340 13.6200 0860 L.55 14,6522 16,1173 1.7651 93.38
1 Cu-12 2,5630 13.111k 13.5340 .1226 L.78 15,8479 18.2693 2.h21l 9k .148
1 Cu-13 2.8383 13,5580 13.6941 1361 }.80 16.1173 19.0873 2.6700 9.07
1 Cu-1l 3,0658 13,4080 13.5580 .1500 4,89 19.5577 22 11697 2.9118 9L .97
1 Cu-15 4.1519 13.6200 13.8208 .2008 L8l 20,3508 21,.2968 3.9L60 95 .0k
1 Cu~16 1.3784 13.3467 13.)118 06h7 1,69 18.2693 19.5577 1,288, 93.47
1 Cu-17 1.3420 13.3458 13.4080 .0622 .63 19,0873 20.3508 1.2635 94,15
1 Cu-18 1.1204 13.4850 13.5380 .0530 L.73 13.8208 14.8763 1.0555 9l .20
1 Cu~19 1.2821 13.5380 13.5970 .0590 4,60 15,8697 17.059L 1.1897 92.79

9
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AFPENDIX D

SAMPIE CALCUIATIONS FOR CORRELATING SAMPLE WEIGHIS OF

CHEMICALLY ANALYZED SPECIMENS WITH CORRESPONDING TEMPERATURES

Temperature of Sample 1 Pb - 1:

weightOmeplelpb"lcooo-0000000-103626gnl0

Total welght of all slices from the entire

Specmen..o.looobo.-oocuao-o 550387281110

Temperature of the end of specimen nearest to
smle 1 (hot em) [ ] * @ 2 - L L ] L ] L] L ] L ] L - L] L L 2O9cc *

Temperature of end of specimen fartherest from
sample 1 (cold end)e o« o o ¢ o o o o o » o » o o« o« 101°C.

Temperature difference between hot and cold ends . 108°C.

Using the above we get:

E;—%%gi = 1.956°C. per gram of sample

Therefore multiply the weight of the sample by 1.956 to
give the temperature or distance along the absicca as
follows:

1.3626 x 1.956 m 2.,665°C., temperature difference
betwean 1 Pb - 1 and hot erd of specimen,

209’0- - 2.665000 - 206.335°Ca, temeratm'e of

sample. Rounded off to one decimal, temperature
of specimen of 1 Pb = 1. o o o o o « o« « » 206.3°C,

Temperature of Sample 1 Pb - 2:

Weigh‘tofsamplell’b—2....-..........0.9051911.

Weight of all Samples between 1 Pb - 2 and hot
end of specimen (only one in this case, specimen
lpb—lo.o..ttottonooo-.o000001-3626gnlu



Weight of all Samples fram 1 Pb - 2 to the hot
end of SPeCiMeNe « « o o o o o 6 o o o o « o o o o o 2.2677 gAe

Using this total weight and the same number of

centigrade degrees per gram of sample, as calculated
in the previous example, we gets

2.2677 x 1,956 = L.l°C., temperature difference
between 1 Pb - 2 and hot end of specimen

209000 - ’-l-hhoc. - 2011056’6.

Rounded off to one decimal, temperature. « . « » » o 204.6°C.

Note:

(13 A1l other samples are calculated in a similar way.

(2) The weights of the samples which were lost during analysis are
: converted into temperature intervals which were inserted be-
tween the plotted points.

(3) Samples with the same numbers, except for an additional small
letter, were themselves cut from the same exceptionally thick
slices as shown in Figure 8, page . Weights used for this
type of sample were the combined weights of the two with the
same number but with different small letters. Compositions

used were the simple averages of the two similarly numbered
samples.
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Table 11,

Spectrogcopic Data and Calculated Temperatures for Specimen 2 Cu

Indications Calculated
Transmition Transmition of Chromium Effective
of 2979.7% of 3010,88 Ratio of Content or or Calculated
Identity of Chromium Copper Transmition Correlated Correlated Average
Sparked Spots Line Iine of Cu/Cr Ratio of Ratio of Approximate
Spot (Pilm (Film (Film Cu/Cr (Film Cu/Cr (Film Temperature
Film No. Position No, Negative)  Negative) Negative) Negative) Ne%atige) Mai?tai?ed
. . I, Ce
1222 1l 37.2 28,5 Bl Sk 2.0 11
1222 2 30.0 30,0 1.00 1.12 3.0 33
1222 3 32.2 30.1 .95 1,07 L5 102
1222 L 39.0 28.3 .80 90 99 190
1222 5 28.6 32.8 1.09 1.23 165 297
1222 6 11.6 30,2 1.67 1.88 24L5 L28
1222 7 7.5 31.3 2.10 2.36 325 558
1222 8 31.2 38.4 1.15 1,29 342 586
1222 9 33.3 38.2 1.10 1.24 3L8 596
1222 10 31.5 39.7 1.15 1,29 353 60)
1222 Standard 1 30,2 26,0 91
1222 Standard 2 33.6 29,0 +91 Ave., 1,00
1222 Standard 3 33.0 29 .6 .92 .89
1222 Standard 4 '33.7 23.6 .80
(continued)
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Table 11 °

Spectroscopic Data and Calculated Temperatures for Specimen 2 Cu

{Continued)
Indications Calculated
Transmition Transmition of Chromium Effective
ot 2979.78 of 3010,88 Ratio of Content or or Caloulated
Identity of Chromiun Copper Transmition Correlated Correlated Average
Sparked Spots Line Line of Cu/Cr Ratio of Ratio of Approximate
Spot (Film (FPilm (Film Cu/Cr {Film Cu/Cr (Film Temperature
Film No. Position No. Negative)  Negative)  Negative)  Negative) Né%ative) Mai?tai?ed
; . M, °C.
1223 1 42.8 32.5 82 .86 L 35
1223 2 39.7 33.6 -89 94 3 33
1223 3 L1.8 38.1 093 .98 58 124
1223 L b3.6 h2.3 <97 1.03 125 232
1223 5 Lh.7 41.9 .95 1.00 192 342
1223 6 4.7 L6.8 1.2 1.18 285 493
1223 7 28.7 411 1.28 1,35 340 583
1223 8 32.9 47.0 1.30 1.37 342 586
1223 9 3h.1 50,5 1.35 1.2 3 58l
1223 10 30,1 L48.0 1,40 1.8 350 599
1223 11 L0.3 L6 .2 1.1 1.17 0 28
1223  Standard 1 39.6 36.5 N
1223 Standard 2 39.6 3405 .90 Ave, 1.00
1223 Standard 3 37.6 3h.1 93 95
1223 Standard L 35.9 37.h 1.03

(continued)
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Tabls 11.

Spectroscopic Data and Calculated Temperatures for Specimen 2 Cu

(Continued)

Indications Calculated
Trangmition Transmition of Chromium Effective
of 2979.78 of 3010.88 Ratio of Comtent or or Caleulated
Identity of Chromium Copper Transmition Correlated Correlated Average
Sparked Spots Line Line of Cu/Cr Ratio of Ratio of Approximate
Spot (Film (Film (Film Cu/Cr (Film Cu/Cr (Film Temperature
Film No. Position No. Negative) Negative) Negative) Negative) Neg?tive);) Mair(ltail)led

- I . °C,

122} 12 19.3 36.5 1.50 1,20 405 690
1224 13 22,0 32,0 1,25 1,00 L2l 720
1224 1k 13.5 38.7 1,85 1.8 L70 796
1224 15 17.6 10.0 1.67 1.33 500 8hl
122} 1 23.4 Lh,0 1.5k 1.23 3 33
122 2 20.7 38.0 1.47 1.17 2 31
122} 3 34,2 40,0 1.10 .88 LS 102
122) L 35.7 42.0 1.12 .90 112 211
122} 6 37.2 1,8.5 1.22 .98 205 343
1224 7 25.0 h9.3 1.62 1,30 312 538
122 8 17.2 30.0 1,40 1.12 32 587
122} 9 25.9 55.5 1.78 1.42 342 S87
1224 10 17.5 h5.L 1,85 1.48 348 597
122} 1ia 29.2 40.2 1.25 1.00 0 28
1224 1ib L40.5 L5 .5 1.10 .88 0 28

(continued)
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Table 11.

(Continued)

Spectroscopic Data and Calculated Temperatures for Specimen 2 Cu

Indications Caleulated
Transmiti Transmition of Chromium Effective
of 2979.7 of 3010. Ratio of Content or or Calculated
Identity of Chromium Copper Transmition Correlated Correlated Average
Sparked Spots Line Line - of Cu/Cr Ratio of Ratio of Approximate
Spot (Film (Film (Film Cu/Cr (Film Cu/Cr (Film Temperature
Film No. Position No. Negative)  Negative)  Negative)  Negative) Nég?tivg) Mai?taiged
, . ) M) . °C.
1225 1 22,0 36,1 1.37 1.10 3 33
1225 2 25.3 32.0 1.15 092 78 155
1225 3 29.6 ho.1 1.23 .99 152 276
1225 L 28.L o1 1.27 1.01 232 Lot
1225 S 19.3 u2.7 1.68 1.34 326 561
1225 6 1h.5 39.2 1.80 1.0 3h7 5oL
1225 7 13.6 32,0 1.62 1,29 352 603
1225 8 15.4 33.0 1.55 1.2, 358 613
1225 9 14.8 L.l 1.85 1.48 369 630
1225 10 14.5 36,7 1.72 1.37 377 642
1225 1 16.1 35.5 1.60 1.28 390 665
1225 12 20.0 42.5 1.63 1.27 LOO. 682
1225 13 7.0 39.0 2.50 2,00 117 708
1225 11 1.1 36.5 1.95 1.58 L29 729
1225 15 12.8 3L.5 1.75 1,40 L2 750

{continued)
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Table 11.

Spectroscopic Data and Calculated Temperatures for Specimen 2 Cu

{Continued)
Indications Calculated
Transmition Transmiti of Chromium Effective
of 2979.78 of 3010. Ratio of Content or or Calaulated
Identity of Chromium  Copper Transmition Correlated Correlated Average
Sparked Spots line Line of Cu/Cr Ratio of Ratio of Approximate
Spot~ (Film (Film (Film Cu/Cr (Film Cu/Cr (Film Temperature
Film No. Position No. Negative) Negative) Negative) Negative) Né%atiga) Hai?taiged
} ‘ mn . °C.
1226 Standard 1 27.2 36 0 1,20
1226 Standard 2 35.7 38.4 1.05 Ave, 1.00
1226 Standard 3 35.2 35.0 1.00 1.1k ©
1226 Standard L 28.9 L1.7 1.30
1226 1 27.6 601 1.5 1.27 Lol 683
1226 2 15.1 L2.8 1.90 1.67 110 698
1226 3 10,2 39.2 2,10 1.84 423 718
1226 N 13.7 37.2 1.80 1.58 433 735
1226 5 bl 27.5 2.60 2.28 JRN 753
1226 6 10.5 L0.6 2.10 1.84 L51 765
1226 7 10.0 40.0 2.20 1.93 L62 763
1226 8 7.5 39.0 2,50 2,20 L7l 798
1226 9 12.7 b5 .5 2.10 1.84 L7 808
1226 10 13.0 38.5 1.90 1.67 L90 828
1226 11 1.4 38.0 2.00 1.75 509 858

2l
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Method of caleulating and sample calculation for indications of chromium

concentration.—The data in columns 3, 4L and 5 of Table 11 were obtained

directly from the densitometer. The negative film ratios of Cu/Cr for
the standards (0,1%¢ Cr) for each set with standards as shown in colum 5 R
were averaged aritlmetically. For any set with standards, these averages
were used to convert negative film ratios of Cu/Cr for the other sparked
locations of the specimens into values that are completely correlated to,
arnd may be directly compared to, the similarly converted values of the
other sets, Thls is done by simply dividing the negative film ratios

of Cu/Cr of the specimens by the average of those of the standards. By
this method, with the following data we get for Film 1222:

Position No, 1, uncorrelated ratio of transmition of Cu/Cr

£ilm n6gatives o o o 5 0 s o s v e o 5 v 0 5 s s s o o o <0a8L

Standard, average, ratio of transmition of Cu/Cr film

megative o o o o o 56 5 8 0 s 0 00 0 ¢ 5 0 8 0 s s o o +0.89

Dividing we get:

0.84/0.89 = 0.9L, the correlated ratio of Cu/Cr
film negative for Film 1222 position No. 1 or the
indication of chromium content shown in colum 6,
Table 11,

Next, to get the correlation between these above correlated sets
ard those sets without standards; at least two spark excitation loca-
tions on each set without a standard were found that were identical in
location with at least two excitation location on a set without a stand-
ard. The true composition of identical locations from different sets

is assumed to be the same, That data from the set with the standard is
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congidered to be correct amd is substituted in the unstandardized. The
instrument factor or the factor between two identical positions on dif-
ferent sets is found by dividing the data of the correct or standardized
set by the data of the unknown, unstandardized set. By a simple multiply-
ing operation, this factor is in turn used to correct all the composition
indication data of all the other excitation locations in the unstandardized
set so that they too will be correlated with all other composition indica-
tions in all the five sets., As examples of these last two steps it is
found, using Figure 9, page 35, that position 1 of Film 1226, previously
correlated by standards, and with an imdication of chromium content of
1,27, is equivalent to position 12 of Film 1225 which has a negative film
ratio of Cu/Cr of 1.,63. Therefore position 12 of Film 1225 is assigned
an indication of c¢hromium content of 1,27 also. Now the factor between
these two identical locations is found by dividing as follows:

1.27/1.63 = 0,78, the correlating factor between Film 1225

and Film 1226,
This above factor is also the factor needed to correct or correlate all
the remainder of the composition data of this unstandardized set, that
isy Film 1225. Other identical pairs of spark excitation locations were
treated in a similar way, that is, the previously standardized and con-
sidered correct indication of composition is substituted for the un-
corrected one and the factors found. These factors should, between any
two sets, all be the same in value, and were found to be, except for
small errors. These factors are averaged to get as nearly correct s
value as possible and the remaining uncorrelated composition indications

Irom the unstandardized set are now multiplied by this average factor.



7%

As an example:
Position 15 of Film 1225, uncorrelated ratio of transmition
of Cu/Cr film negative, « o o o o o o ¢ o o o o o o o o o o 175
Average correlating factor between Film 1225 and
Film 1226 o o o o o o 6 0 6 s s« o s s ¢ o s s s = o v o s o 080
Multiplying we get:
1.75 x 0,80 1,40, the correlated ratio of Cu/Cr film
negative, for position 15, Film 1225 or the indication

of chromium content.

Method of calculating and sample calculations for temperatures of spark

excltation locations.-~The method employed for arriving at a temperature

for each excitation location for each of the sets is based entirely wpon
the application of three simple assumptions pertaining to conductivity
of heat, One assumption is that in any cylindrical specimen of uniform
dlameter, which has different temperatures for two different points along
its length, the temperature of all other points between these two points
lie between these two extremes of temperature and are directly propor-
tional to their distances from the lowest of these extreme temperatures,
the relationship being linear. 4 second assumption is that in ay cy-
Iindrical specimen of certain length conduwting heat between two polnts
along the direction of its axis, the thermal conduction is directly
proportional to, and the temperature drop inversely proportional to, the
cross~sectional area of the cylinder, the relationship being linear. A
third assumption is that in any cylindrical specimen of a certain diameter

conducting heat between two points along the direction of its axis, the
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thermal conduction is inversely proportional to, and the temperature drop
is directly proporticnal to the distance between the two points, the
relationship being linear,

A necessary first procedure was to analytically divide the Cu -
0.1% Cr specimen shomn in Figure 9, into several simple cylinders of
known size, all thermally in contact and all conducting heat in series
between the two measured extremes of temperature. The ends of the sev-
eral cylinders are identified in Figure 9 by the small letters, (a), (b),
(e), (d), and (e). The two measured extremes of temperature are those
at position (a), the outward flowing cooling water at 28°C. and at posi-
tion (d), the hot junction of the thermocouple at the imnner end of the
thermocouple tube at 757°C. These cylinders are as follows:

Between {2) and (b), actual length = 5.0 mm., actual cross-
sectional area = 416 square mm,

Between (b) and {¢), actuval length = 25.0 mm., actual cross-
sectional area = 31,2 square mm.

Between (c¢) and (d), actual length = 107.0 mm., actual cross-—
sectional area = 116 square mm,

Between (d) and (e), actual length = 57.0 mm., actual cross-
sectional area = 3% square mm.

Since the ¢ylindrical cross-sectlonal areas vary, in order to deal with

the cylinder lengths all on the same basis, it was needed to reduce each

of the lengths to a correlated length., This length is the length the cy-
linder must have if it were of the same cross-sectional area as the first
oylinder listed (416 square mm.) and still had the same thermal conductivity
and temperature drop as with its actual dimensions. Thia was done by |
multiplying the lengths of the cylinders each by a factor, which factors

are the crogs-gectional areas of the firat cylinder (L16 square mm.) divided
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by the cross-sectional areas of the cylinder in question. The conduc-
tivities of the cylinders with the new correlated lengths are still the
same as the conductivities using the actual lengths. These correlated
lengths are:

Between (a) and (b), correlated length = 5.0 mm.

Between (b) and {c), correlated lenmgth = 334.0 mm,

Between (c) and (d), correlated length = 107.0 mm.

Betmeen (d) and (e), correlated length = 61.6 m.

Total correlated length between measured

temperature extrsmes, between (a) and

(d) = h]-t6co Jui¢:H
The above result is the length of a cylinder of 416 square mm. cross-
sectional area that would have the same heat conductivity between (a') and
(d) as the actual specimen used,

To get the relationship between the temperature change of the lo-
catlons and their correlated distances from the reference point which
is the cooling water temperature at 28°C,, the total temperature dif-
ference between (a) and (d) is divided by the total correlated distance
between (a) and (d) as follows:

767°C. = 28°C. = 1,633 centigrade degrees temperature
446 mm. (correlated) change per mm. (correlated)

The sbove temperature change (1.633°C.) is the actual temperature change,
that is, increase above 28°C., that takes plage for each actual mm, dis-
tance moved away from (a) on a oylinder of oross-sectional area of U416
square mm, 7To get the actual temperature or increase for each actual
mm, moved away from the cold end along the specimen on a cylinder of
cross-sectional area other than the 416 square mm., 416 is divided by

the cross-sectional area of the ¢ylinder in question and this result is
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multiplied by the 1.633. These over-all factors are shown as follows:

Between (a) and (b), hﬁlg x 1,633 = 1.633 centigrade degrees
temperature change per actual mm.

Between (b) and (c), % x 1.633 = 28,80 centigrade degrees
temperature change *¢  per actual mm.

Between {(c) and (d), %:—llg x 1.633 = 1.633 centigrade degrees
temperature change per actual mm.

Between (d) and (e), % X 1,633 = 2.205 centigrade degrees
temperature change 3 per actual mm,

Examples of how these last factors are used are as follows:

(1.) Position 1, Film 1222 is between (a) and (b) on the speci-
nen and by actual measurement is 2,0 mm. from the cooling
water, Multiplying the distance by the zppropriate fact-
or ard adding in the temperature of the cooling water
(28°C.) gets the following after reducing to two signifi-
cant figures:

(2.0 x 1.633) + 28=31°C., the temperature shown
in column 8 of Table 11 and wed to plot Figure 15.

(2.) Position 6, Film 1222 is between (b) and (c) on the speci-
men and by actual measurement is 22,5 mm. from the cooling
water, 5.0 mm. being along the whole distance bestween (a)
and (b) by actual measurement and 18.0 mm, being along the
small diameter section between (b) and (c) by actual meas-
urement. Bach of these distances is multiplied by the ap-
propriate factor and the products added to the temperature
of the low temperature end (28°C,) gets:

(5.0 x 1.633) + (18.0 x 21.80) + 28 = 428°C. the
temperature shown in column 8, Table 11 and used to
plot Figure 15.
The temperatures of all other positions on the specimen may be fournd in a
8imilar manner by calculating the total temperature change, in this case
rigse, between the position in question and the low temperature end and
adding this change to the temperature of the low temperature end, Column
7s; Table 11 shows the total effective or correlated distances from the

low temperature end of the specimen for all positions.
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CHAPTER T
INTRODUCTION

Proposal .~~The purpose of this second part is to determine theoretically
and experimentally the answer to the following question: If a portion
of an alloy of uniform composition is maintained at a pressure different
from that of the remainder of the alloy, will the composition graduwally

change as a result of this difference in pressure?

Theoretical foundations.-~Lonsider a piece of a homogeneous alloy at

some temperature and pressure as divided into two portions. A condition

th

of equilibrium is that the fugacity of the 1™ component is the same in

the two portionsy; i.ee,

£, = £y (1)

where one portion is referred to as the prime portion. From Equation 1,
f
In f; = In f; \ (2)
Now, if conditions are changed; but the equilibrium maintained,

1
dln f; = dln f; {(3)

i

Suppose the change in conditions consists of increasing the pressure on
the primed portion, while maintaining constant temperature. A4s the
pressure changes, the concentrations of the components of the alloy will

change and Equation 3 beccmes
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1
din £, dln £ ' din
- | — + | ————
N U an, T3 ar (L)
P,T i /p,r TN,

where N is the mole fraction,
Equé.i’;ion ; applies, of course, to each component of the alloy. For

a binary alloy, for example,

. ]
dinsf, dln £, ' d In £ )
_ i | ——— aN., *t | ——— dpP
b Ni le - o N 1 o P .
P,T P,T T’Nl
] 1
dln f . d1n f, w4 41n £, » ”
2 N2 2= é Né 2 a P .
P,T PyT T,N2
d1n £, v .
In general, (—-S—I;-——-) - R—;;g where Vi is the partial molzl volume of
. E i
th . . oln ¢
the 1™ component in the solution, However, the derivative R
P,T

cannot be further reduced without additional knowledge about the particular
golid solution under consideration, If it is assumed, a3z a first approxi-

mation; that f is proportional to N, then

d0ln £
(5%)
P,T



Equations 5 and 6 now reduce to

v

1 1
dln ¥y = dln Ny + == dP (7
or N
d1n -+
N —
1 _h
= RT
3P T (7}
and
N_ - dln N, V—zdP
din N, = 2t 7T
or
N
2
1n == _
’ N, P
—_—cf o= (8)
3 P RT

Subtracting Equation 8 from Equation 7, we get

Blnﬁl-qé
N' N 7. - ¥
2.2/ .1 2 (9)
QP T"’ RT

Little is known about the partial molal volumes of metals in solid
solutions. However, again as a first approximation, it might be assumed
that the difference in the partial molal volumes is equal to the difference
in the molal volumes of the pure components. For example, tin with an
atomic weight of 118.7 has a density of 7.3 and an atomic volume of approxi-~
mately 16 cc. The corresponding figures for copper are 63.6, 8.9, and 7 co.
Thus, at say 1,000°K., the right-hand side of Equation 9 is approximately
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7=16 . =L -1
B2 05 % 1000 1x 10" atm. ,

and Equation 9 becomes

= =1 X 10“L‘ atm, '1. (10)

3P /o

If it is assumed that this derivative is constant, it can be in-

veatigated to obtain

Cu Ns' Nc NS'n N
n u =
n G Sn C

Suppose that in the original alloy N, = Ng = 0.5, then

]
You %n

=z 1ln 1l = 0,
NSn N&u.l

If, for example, & P is taken as 10,000 atm., Equation 11 reduces to

¥
NCu Id-Sn

e (12)
NSn N&u

Suppose now that the portion of the alloy which was not compressed
is so large relative to the compressed portion that its composition does

not change, i.e.,

N N¢
% 21, then In 22 - 1

n Cu
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and
N?
Sn
log E""._ = "’Ooh29 = 10572,
Cu
therefore,
NI
22 = 0.37.
Cu

Thus the tin, since it occupies the larger volume, will escape

N
from the campressed portion and the N_%_E will decrease from its original
Cu

value of unity to an equilibrium value of only 0.37.

The Effect of Pressure on Rate of Diffusion.--High pressures might be ex-

pected to decrease diffusion rates, since, when a material is compressed,
the atoms are forced closer together, and their freedam of motion de-
creased. Little experimental wark has been done in this field (1).
According to Cohen and Bruins (2), an inerease of 1,500 atmospheres de-
creases the diffusion rate of cadmium in mercury by & per cent at 20°C.
Radavich and Smoluchowski (3) reported that for the aluminum-copper system
at 500°C.; a pressure of 7,000 -]552- decreases the diffusion by 30 per cent.
However, Johnson and Adams ())) ?:::und some evidence that pressure increases

the rate of diffusion.



89

CHAPFTER TI
EXPERIMENTAL

Screw=Type Pressure Apparatus.--The following equipment was constructed

to exert the necessary high pressure on the sample under study. A steel
eylinder 2 inches long and 1 inch in diameter was made. Both sides were
flattened at the bottom in order to hold it in a vice. A4 slot 1/2-inch
wide and 1/l~inch high was cut through the cylinder halfway up its side.
In the center of the upper half of the cylinder, a 9/16-inch diameter
screw was fitted. The sample was placed in the slot under the screw.

By tightening the screw, pressure was exerted on that part of the sample
wxler it. It was estimated that the force on the sample under the screw
was 15T, where T is the torque in inch-pounds., Thus, if a pull of 100
pounds were used with a 10-inch wrench, the force would be 15,000 pounds,
The bottom of the screw was only 7/32-inch in diameter. Its area, from
which the threads had been cut, was, therefore, apprdximate]y 0.0L sq, in.

0 000
and the pressure on the sample was 15.00 = 375,000 psi. = L75_],3_ =
25,000 atm, (Since the interest at first is in merely detecting the

pressure effect, there 1s no attempt at an accurate calculation of the
pressure).

In order to maintain the sample under pressure at the chogen high
constant temperature, a 550-watt electric tube furnace was used. The
temperature of the furnace was controlled by means of a variac comected

to a constant-voltage transformer. The cylinder holding the sample was
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placed in a 1 1/L-inch Pyrex tube which fitted snugly into the furnace.
One end of the Pyrex tube, which protruded about a foot out of the furnace,
was closed with a ground-glass Joint and fitted with a three-way stopcock.
Through this stopcock the furnace could be evacuated and argon introduced.

Before introducing the sample into the furnace, tests were made to
determine both the constant temperature zone of the furnace ard the Variac
settings which produced certain chosen temperatwres. In order to do this,
there was used a probe consisting of a steel cylinder, approximately the
same size as the pressure cylinder, in which was placed the junction of
a chromel-alumel thermocouple.

The main criticism of this method for subjecting the allays to
pressures (i.e., by means of a bolt) is that the pressure is relieved by
some of the a2lloy creeping from wxler the bolt. In view of this, the

bolt was always tightened several times during a given run.

Weight Type Pressure Apparatus.-~In order to aveid the above difficulty

another spparatus was constructed which would exert a continuous, constant
force on the alloy even if the alloy does creep. The force is exerted by
a large steel ingot weighing 1,255 pounds. By using a small rod between
the ingot and the alloy, a high pressure can be exerted on a portion of
the alloy. Figure 1, page 91 depicts the pressure-exerting apparatus

which utilizes a weight,
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Figure 1. Pressure~Exerting Apparatus
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CHAPTER III

PROCEDURES , RESULTS AND CONCLUSIONS

Alloys Treated in Screw-Type Pressure Apparatus .--Using the apparatus

in which the pressure is exerted on the sample by means of a screw, the
following alloys, which at the temperatures of the experiments are all
homogensous, solid solutions, were studied: Cu-10% Sn, Cu-5% Sn, Cu-2%
Sn, Cu-15% In, Pb-15% Sn, Al-10% Mg, and Al-2L% Zn.

The source of these alloys was as follows: the Cu~Sn alloys were
made by the Southern Research Institute; the Cu-In alloy was made in this
laboratory; the Al-Mg alloy was contributed by the Dow Chemical Company;
the Al-Zn alloy was contributed by the Aluminum Company of America; and,
the Pb—Sn alloy was obtained commercially. (These alloys were chosen be-
cause of the considerable difference in the atemic diameters of their
components. The atomic diameters are Cu-2.56 4, In-3.2l £, sn-2.8 £,
Pb-3.50 A, A1-2.86 %, Mg-3.20 £, and Zn-2.66 4).

Approximately every ten days during the runs the furnace was turned
off, and, as soon as the samples had cooled, the screms were retightened
in arder to continue to maintain the pressure on the sample., Each time
this -vas done, it was found that the same force that was used on the
screw at the beginning of the run moved the screw from approximately 1/8
to 1/4 of the turn. It was realized, of course, that this continuous de-
crease 1n pressure was dwe mainly to the plastic flow of the alloy from
the high pressure region. This plastic flow no doubt tended to obscure

the effect which was souht.
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In general, these experiments failed. The most encouraging results
were obtained with the Cu-5% Sn alloy which had been subjected to pressure
for two months at 590°C. and are found in the upper half of Table 1,
Appendix A, (The copper was determined by electrolysis and the percentage
of tin was obtained by difference).

These results appear quite convincing; they seem to indicate that
the tin, the element with the larger atomic volume, migrated as theory
predicted, from the region of high pressure., However, it is possible
that these results were merely fortuitous since those cbtained with the
other systems, even the Cu-Sn ones, gave no such convincing picture.

The results on the other two Cu-Sn alloys, which had had essentially
the same treatment as the above one, and found in the lower half of
Table 1, Appendix A, are an example.

| Using the dead-weight method of exerting pressure, the following
systems were studied: phosphor-copper alloy containing 0,014% P, Cu-1%
Pb {an eutectic mixture rather than a solid solution), and Cu-2% Sn, a

solid solutian,

Phosphor-Copper Alloy.—The details of the method will be illustrated by

degcribing the run on the Cu-P system. The specimen consisted of the

two halves of a disc 5/8-inch in diameter and approximately 1/8-inch

thick, The pressure was exerted on 1/8-~inch portions along the straight
edge of the two halves by the 1,255 pound weight., The area of the speci-
men supporting the weight was appraximately 5/8 x 1/8 x 2 = 10.6L sq. inches.
The pressure was, therefore, 1255 x 64/10 ~ 8000 pounds per sq. inch ~

550 atmospheres, When this pressure, instead of 10,000 atmospheres is
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Nt
substituted into Bquation 11 (p.87), one finds that the ﬁ%E should de-
u
crease from its original value of 1 to an equilibrium value of 0.945.
The temperature uwsed was 300°C., and the time was 59 days. The sample
was analyzed spectrographically using the 2553.25 x phosphorus line and
]
the 2614.3 A copper line. No significant difference in the relative
intensities of these lines was observed when that portion of the alloy
that had been subjected to pressure was compared with a portion of the

original alloy.

Copper-Lead Alloy.—Copper and lead form an eutectic mixture (melting

point, 326°C,) and there is a large difference in their atomic volumes,
that of lead being 18 ce. per gram-atom and that of copper being only
7 cc. per gram—-atom, The large difference in atomic volume is important
since the magnitude of the effect should be proportional to this difference
end the eutectic type important since it would be expected that migration
would take place more rapidly in this type than in solid solution, since
it could take place along grain boundaries.

A run was made on this system for 6l days at 210°C. The sample
was then analyzed spectrographically using the 2663,2 % lead line and
the 2997.4 £ copper line with spark excitation. A portion of the original
alloy was analyzed similarly at the same time. The results are given in
Table 2, Appendix A. The first two columns are the transmission readings
on the lead amd copper lines, respectively, and the third column is the
ratio of lead line intensity to that of the copper line,

It will be noted that although the results on the blank show con-—

sldereble variation they indicate that the percentage of lead in the blank
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is much higher than in that portion of the sample which had been subjected
to pressure. These results were encouraging.

Proof that lead had actually moved from the high-pressure zone to
the low-pressure zone of the sample would require a similar analysis on
the portion of the samples that was not subjected to the high pressure to
show that lead had increased in concentration in this region. The small
size of the specimen and its semi-circular shape prevented such an analysis,
A new run, therefore, was made on a rectangular, rather than a semi-cir-
cular, specimen. This run was continued for 38 days. The results are
given in Table 3, Appendix 4.

The results on the blank and on that portion of the specimen which
had been subjected to pressure agreed fairly well with these on the first
specimen; however, those on the uncompressed portion of the specimen were
lower, rather than higher, than those of the blank., In fact, they were
as low as those on the compressed portion. Thus, we conclude that, al-
though lead left the region of compression, it did not enter the region
not under compression. On the contrary, lead also left this uncompressed
region. This means that lead either evaporated or was removed by the
molybdenun sheets that were in contact with the specimens while they were
being subjected to pressure., That this latter was the case was proven by
qualitative spectrographic analysis of one of these sheets which showed
appreciable quantities of lead in the sheet. As mentioned previously, the
Pb-Cu alloy is of the eutectic type, i.e., the lead is present as a separate
phase, If it had been in solid soclution, it likely would not have been re-

moved by the molybdenum.
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Copper-Tin Alloy.--A run was made on this alloy for 197 days at 300°C,

The sample was then analyzed spectrographically using the 3009,15 £ tin
line and the 3010.8 & copper line with spark excitation, A portion of
the original alloy was analyzed similarly at the same time. The results
are given in Table L, Appendix A. The first two colwms are the trans-
n_:ission readings on the tin and copper lines respectively amd the third
column is the ratio of the tin line intensity to that of the copper line.
These results would indicate that, opposite to expectation, the
element with the larger atomic volume (tin) had concentrated in the high
pressure zons, 1his is not believed to be the case. It is quite possible
that the high ratio of the tin to the copper line intensity in this region
is due, not to the higher concentration of tin, but to the different
physical conditions of that portlon of the specimen that has been sub-

Jected to compression.

Conclusions .~~Although the pressure effect was not demonstrated, the
theory is believed to be sound.

The difficulties facing a successful demonstration are:

1. The selective migration of one of the components of the alloy
Irom the high pressure region is obscured by the relatively larger plastic
flow of the alloys as a whole from this region.

2. The problem of attaining amd maintaining & high pressure on a
portion of the alloy is difficult to solwe., A high pressure can bs attain-
ed, but not maintained, by the screw-type apparatus. The dead-weight type,

on the other hand, maintained the pressure but, at least in this case, it
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was not very high. Theoretically, of course, there is almost no limit to
the pressure that could be attained in this way by using a large enough
weight. The upper pressure limit is the lowest pressure at which either

the piston or the specimen would collapse.



APPENDIX A

TABIES

Table 1, Results from Alloys Tested
in Screw-Type Pressure Apparatus

98

Location of the Sample Analyzed Per Cent Cu Per Cent Sn
Completely inside pressure zone 95.33 L.67
Just inside pressure zone 95.61 4.39
Just outside pressure zone 9,62 5.38
Completely outside pressure zone 94,60 5.h0
Far outside pressure zone oL.l1 5.59
2% 10%

1_33 Alloy% = - Allg;_TA_
Completely inside pressure zone 97 .46 2.54 87.71 14,29
Just inside pressure zone 98.09 1,91 90,16 9.84
Just outside pressure zone —— — 85.58 1h.y2
Completely outside pressure zone 97 .43 2.57 85.58 k2
Far outside pressure zons 97.7h 2.26 86.49 13.51




99

Table 2, Results from Copper-Lead Alloy, First Run
Transmissions ”
Pb-2663 .2
Pb-2663.2 & Cu-2997.L & Rablo o297
On Sample (Subjected to Pressure)
66.0 17.9 0.38
47.0 12,7 0.L5
39.k 10,4 0.L6
57 +2 20.7 0.L8
On Blank (Unpressed Specimen)
35.7 ,-15.2 1.2
50.5 L6.5 10.93
50.5 37.7 0.79
52.4 38.0 0.76




Table 3.

Results from Copper-lead Alloy, Second Run

100

Transmissions
Fb-2663.2 & Cu-2997.4 R Ratio %
On Sample (Subjected to Pressure)
51.0 23,9 0.58
51.0 19.5 0.52
67.8 29.1 0.L8
61.7 28,0 0.53
On_Blank
L8.5 3h.2 0.76
ho.é 30,0 0.80
50.5 374 0.78
38.0 31l.L 0.88
On Sample (Not Subjected to Pressurs)
62.5 23.5 0.L7
60.0 25.4 0.51
70.0 32,1 0.50
770 36.6 0.L8
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Table L, Results from Copper-Tin Alloy

Transmissions
S$n-3009.15 & Cu-3010.8 £ Ratio g%%g—:?
On Portion of Sample Subjected to Pressure

19.7 15.9 0.89
17.8 11.9 0.82
23.2 1.5 0.78
32.9 25,1 0.8k
21.8 15.7 0.84
22,7 20.5 0.94
28.8 23.1 0.97
21.5 18.L 0.92

Average 0.845

On Untreated Sample-Standard

16.0 8.7 0075

20.6 11.2 0,73
234 12,7 0.72
22,0 12,2 Ou7h
17.0 945 0.76

Averags 0,74
On Uncompressad Portion of Sample

2h.L 21.5 0,92
32,0 21,0 0.77
19.7 15.9 0.89

Average 0,86
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