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SUMMARY

The microstructure and high temperature deformation behavior
of two high strength zirconium alloys were investigated and compared.
The alloys studied were Zr-3Sn-1Mo-1Nb (CX) and Zr-1.55Sn-1Mo-1,5Nb-
141 {(CY) {(in weight percent), .

Two widely different microstructures were obtained for each
alloy treatment, These were characterized using x-ray diffraction,
optical metallography and transmission electron microscopy. The
microstructural features were correlated with the strength and
deformation modes of each condition; Relative strengths were obtained
through diamond pyramid hardness testing and the deformation mode

and high temperature strength measurements were carried out on

specimens tested in uniaxial tension at 350°C,



Zr-l.55Sn-lMo-l.5Nb-

CHAPTER 1
INTRODUCTION

Zirconium and its various alloys have found extensive use in
the nuclear industry for reactor core internals, i.e., pressure
tubes and fuel cladding. The most widely used materials are
zircaloys and Zr-2.5 wt.% Nb and their compositions and neutron

(1)

capture cross sections are shown in Table 1, Zr-2 and Zr-4
differ only in the amounts of minor constituents present, and Ni

is removed from Zr-4 to reduce its susceptlbility to hydrogen
up-téke. The alloys of Table 1 exhibit a combination of properties
which are well suited for nuclear applications. All three materials
have low capture cross sections for thermal neutrons and good creep
and corrosion resistance in aqueous environment up to 350%¢.

A good combination of fabricability and high temperature strength
can be obtained through optimization of thermo-mechanical treatments.
These materials were not believed to be susceptible to radiation
damage until very recently(?). McDonald(l) has reviewed the alloys
currently in use, their limitations, and prospects for future

high sprength alloy development,

Since the middle of the 1950's there has been some interest

in zirconium alloy optimization and the various systems and thermo-

(3}

mechanical treatments studies have been summarized by Williams .
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Recently, the desire to develop a pressure tube which c;n operate
satisfactorily at superheat temperatures (45000-55000) has stimulated
interest in high strength zirconium alloy development. This
operating condition increased plant efficiency(d). In addition,
high strength alloys allow reduction in tube wall thickness and thus
improve fuel cycle efficiency by removing neutron absorbing material
from the core, However, the alloys must maintain fuel integrity

and satisfy current design codes(l). Other considerations involve
fuel cladding cracking, which is associated with the fuel pellet-
zircaloy cladding interaction(z). The exact mechanism of these
fafilures are not clearly understood; however, current theories under
consideration include stress corrosion cracking due to the hostile

(5,6,7,8)

environment produced by fission products, e.g., iodine and

flow concentrations due to dislocation channeling(z). Dislocation
channeling is a process whereby glide dislocations remove radiation
defects, forming cleared channels of defect~free crystal., Subsequent
dislocation motion within the cleared channels becomes easier and
concentrated deformation reSultscg).

Williams, et al.(A) have developed two high strength Zr-alloys
which appear very attractive for superheat applications. The composi=~
tion of these alloys, coded CX and CY, are given in Table é. At
present, no correlation has been made between microstructure,
deformation modes, and mechanical properties of these materials and

this study was undertaken. to accomplish this task. "Im this regard

the deformation modes prevalent in the CX and CY alloys for two

widely different microstructures were studied. Related titanium




600T0°0 L0'1 (6°1 20°T S0°T XD
0660070 01°1 SO'T - 81°¢ X0
Amﬁu\mﬁuu (21usoxad JyBTsM)

uoT)IS S50AD

21nided uoainay aN ol v ug KoTTV

uoT3I0eg S501) =aniden uoaansy TRUIDYT

pPeleINaTe) UYITA SAOTTV X0 PUB: YD Jo uoratsodue) *7 ayqel




studies were relied upon to select suitable treatments for the desired

microstructures and mechanical properties.




- CHAPTER 11
REVIEW OF THE LITERATURE

In reviewing the literature it was found that little basic
work has been done in correlating microstructure and deformation
modes in zirconium alloys, although much work has been done in the
area of texture and its effect on subsequent deformation, Consequently,
titanium alloy studies were also reviewed for insight into possible

microstructure property correlations,

Related Titanium Studies

The Increased use of titanium and its alloys in the aircraft
industry has precipitated a great deal of work on all aspects of
alloy development., A wilde range of alloys displaying varied -
microstructures and properties has been obtained through alloy
chemistry control and thermo-mechanical treatments., These alloys
exhibit high strength to temperatures exceeding 400°C. The properties
and metallurgy of titanium and zirconium are very similar, with the
major difference being lower solubility of common alloying elements
in the ﬁ rhagse of zirconium, Due to this difference much more of a
particular solute must be added to titanium to produce a given

strengthening effect, Otherwise the two materials are almost

completely analogous. Both. have a high temperature BR(bcc) phase




which undergoes an allotroppic transformation to the low temperature

a (hcp) phase, The strengthening mechanisms associated with a
particular additive are essentially the same., For instance, aluminum
and tin are solid solution hardeners and stabilize the o (hep)

phase, while Mo, Nb, Si, and V are B (bec) stabilizers and precipitation
hardeners, A martensitic phase can be obtained in both titanium

and zirconium systems by quenching suitable alloys from the a + B or B

(10’11), and significant strength increases can be obtained

phase region
by this method. In certain titanium alloys an hep transitjon phase, w,
can be obtained by appropriate quenching from the (at+B) or B phase

region, or by annealing below the &+B/a transus, This phenomenon is also

observed in zirconium alloys treated siﬁilarly(lﬂ,IB).

" Deformation Modes in Zirconium and Zircaloy

The crystal structures of zirconium at room temperature is hexagonal

close packed (hecp). The crystallography and deformation modes for hcp
(24)

and the deformation
(10,14,15,16)

materials have been reviewed by Partridge
modes for pure zirconium have been discussed in several papers
Slip occurs primarily on the prism {1010} planes in <1210> directions
from room temperature to 400°¢C. {0002} <1Z10> slip has been

ocbserved both at elevated temperatures and at room temperature for

(17) ' 2nd slip on {1011} and {1131} in (c + a)

polycrystalline zirconium
directions has also been observed(la). As jis typical in hep materials,
twinning is an important deformation mode due to the limited number

of available slip systems. In tension along the ¢ axis, {1012} <I011>

and {1121} <1126> twins are observed (Fig. 1). TFor c axis compression,
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Figure 1. Deformation Systems and Crystallographic Planes and
Directions in Zirconijum, ’




{1122} <1123> type twinning occurs, and at elevated temperatures

(>200°¢c) {1011} <1012> twins are observed 18, {1123} twins have

been reported with no shear direction given(lo).
The deformation modes in the zircaloys have not been subject

(19) carried

to the definitive studies evident in pure zirconium. Katz
out the most extensive studies on deformation modes in Zircaloy-4.
He found the primary slip system operating in cold rolled material
to be'{lﬂiO} <1210> and also observed‘{10i1}type slip in a few cases,
Cross slip was very prevalent, even in the initial stages of cold
work, and subgrains were formed., Dense tangled bands which tended
to form cell structures in some areas were noted in heavily deformed
materials(la); (¢ + a) slip in thin bands close to {1124} has been
observed in plane strain compression of Zircaloy-4 along the <0001>

direction(ls). Aqua and Owens(zo)

reported glide on at least two
systems producing a characteristic cell structure in Zircaloy-4

cold rolled 2.5% reduction in thickness; The cell wall dislocations
were primarily of the {1010} type, indicating prismatic slip. It is
known fhat twinning is an important deformation mode in Zirealoy,
however, the twin planes have not been studied extensively. Twins

of the (101l}type have been identified after compression of Zircaloy-4

at temperatures greater than 3000C(18).

Texture
Because of the limited number of slip systems available, and

the orientation relationship for slip and twinning in Zircaloy, a

strong texture is developed during any fabrication process., On
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subsequent heat treatment a strong annealing texture is formed
which results in a highly anisotropic material (Table 3)(10).

The texture produced depends on the thermo-mechanical treatment
given to the material, and since the greatest use of zircaloys has
been in the tubular form; a great deal of effort has been placed on
characterizing the texture developed during various tube forming
processes. Douglasclo) has extensively reviewed the texture
developed in various fabrication processes including tube forming.

Microstructure, Deformation Modes and Mechanical Property Correlation
of Various Alloys

Oxygen is an a (hep) phase stabilizer in zirconium and is
present in trace amounts in almost all alloys. It has a profound
effect on the mechanical properties, producing large strength

(21)

increases when present in relatively small amounts., Bailey has
showm that this strength increase can be related to a change in the
deformation mode, In relatively pure cyrstal bar zirconium he
observed dislocation tangles along with loops and dipoles indicating
that slip systems other than {1010} were operating. Evidence was
presented showing that basal slip was possible. In the commercial
purity zirconium (™0.1 wt.%02+N2) dislocétions were comparatively
straight and appeared to be more restricted to {1010} planes.

Mo is a B (bec) phase stabilizer in Zr. The strengthening
effect of molybdenum additions to zirconium has been studied

(3)

extensively, and covered in a review by Williams'™“. Domagola, et al.(zz)

studied zirconium base alloys containing 1.3, 3.3, 5.4 and 7.5 wt.% Mo,

and found that the 1.3 wt.%Z Mo alloy had the best properties when




Table 3. Room-Temperature Anisotropy of Zir;aloy—Z

Specimen Orientation Yield Strength
Tension mpression
(1bs/in”)
RD 54,900 66,700
TD 58,300 62,700

ND - 122,000




1z

isothermally aged at approximately 600°-700°C. This treatment
regulted in a coarse o + ZrMoz structure, The higher concentrations
of Mo yield extremely brittle materials possibly due to w phase

(23

formation, Robinson, et al. studied the hardening mechanigm

in a series of Zr-Mo alloys containing 5.5 wt.% Mo; 5 wt.% Mo,

2 wt,Z Sny 5 wt.%Z Nb, 2 wt.%Z Sn, and 2 wt.%Z Mo. The microstructural
constituents were correlated with observed strengths. The alloys

with high B stabilizer contents (Mo,Nb) were hardened by a

transformation of the form:

Br+LlJ+B+a+ﬂenriched (1
where Benriched is a becc phase rich in solute (i.,e,, Nb, Mo). The
alloys with lower B stabilizer content are hardened by a reaction of
the form:

'
B~a +G+Benriched (2)

where o' is martensitic «. 1In a program aimed at developing high

(4)

strength zirconium, Williams, et al. also studied effects of Mo
additions to Zr, It was noted that due to the low solubility of
Mo in Zr almost all of the alloying addition can be precipitated on
aging, hence Mo is a very potent precipitation hardener. Due to

neutron cross section considerations, the Mo addition was limited

to 1 wt.%., Alloys with 1 wt,%Z Mo and 3 wt.Z Sn were able to meet

their development criteria. Little information concerning the
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deformation mode change brought about by Mo additions was found in
the literature although the stacking fault probability has been
shown to 1ncrea§e with increasing Mo content(za) suggesting planar
glide for Mo containing alloys.

Nb has proven to pe an excellent strengthener for Zr as is
evidenced by the extensive use of Zf—2.5 wt.%Z Nb in the nuclear
industry., This is the strongest of the commonly used materials. Nb
is a g phase stabilizer and a potent precipitation hardener forming
the Nb rich B Nb phase (~ 85% Nb), however, little work has been
done in actually characterizing microstructural changes with Nb
additions and further correlating these with deformation mode-chgggéé.

(25)

Aldridge and Cheadle studied the effects of slow cooling from

the (&+5),phase region and subsequent aging at 3000-50000 on the
microstructure and strength of a Zr-2.5 wt.Z Nb alléy. The micro-
structure formed consisted:of d grains surrounded by a network

of B+w and gave excellent hardness and strength. Sabal(zs)

correlaéed the hardness increased in Z¥-2.,5 wt.Z Nb to the formation

of two distinct precipitates on aging at 500°¢. Initially, a fine
spherical precipitate is formed, which is later replaced by a needle-like

(4)

precipitate. Williams, et al. reported on the effects of Nb
additions to Zr. Hb has a lesser strengthening effect than a
comparable amount of Mo; however, it is used to reduce the neutron
capture cross gection of the resultant alloy while maintaining

similar strengths. Cheadle and Ells(27) discussed the effects

of Nb additions to Zr with respect to the onset of plastic instability

in neutron irradiated materials. They found that NHb additions
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increased the resdstance of Zr to plastic instability and tended to
decrease the size of defects formed during irradiation.

Of the two d stabilizers Al and Sn, Al has the greater
strengthening effect. However, since it was noted that Al has a
detrimental effect on corrosion resistance of Zr alloys in steam
it has not been u§ed ags a strengthener to a great extent, The
strengthening effects of Al additions to Zr have been reviewed by

(3)

Recently there has been some interest in the Zr-7.6 wt.Z Al
(28 -31)

Williams
to 9 wt.%Z Al alloys which are based on the erAl ordered phase
This ordered phase is extremely stable, exhibits excellent strength
at high temperatures, and possesses reasonable corrosion resistance.
The effect of Al additions to Zr were also studied by Williams,
et al.(é). In addition to the excellent strengthening characteristics
they noted that the Al additions tended to raise the density of basal
faulting of the twinned martemnsitic g' in alloys guenched from near
the B+d+3 line. Al additions to Zr-Mo alloys also have a marked
influence on the stability of the g (bec) phase with respect to
the formation of the y phase(32’33). For example, in Zr-3.0 wt.Z Mo
alloys the additions of 1 wt.% Al inhibits the formation of the isothermal
w during aging.

The & stabilizer and solution hardemer Sn is the principal
additive used in the two most common Zircaloys, Zircaloy 2 and 4.
It has been studied exteﬁsively as a strengthener because it improves

(3) (34)

the resistance of Zr to corrosion in steam . Sastry

has
calculated the stacking fault energy for a series of Zr-5n alloys

containing 0, 0.7, 3 and 5 wt.% Sn. He noted a decrease in stacking




15

fault energy with increasing Sn content and proposed that the increased

stability of . attractive junctions is a strengthening factor  for

(35) studied

high temperature deformation in Zr-Sn alloys. Abson
the effects of 5n additions on substructure strengthening of the

same alloys (0, 0.7, 3.5 wt.Z) and noted minor changes in the dislocation
structure, i,e,, the cell walls became less distinct at higher 8n
concentration. He also observed a decrease in subgrain size with
increasing Sn content., Williams, et al.(a) has discussed the effects

of Sn additions to various ternary and more complex alloys. Cheadle

(27) noted that the addition of Sn to Zr decreased the amount

and Ells
of twinning observed in a neutron irradiated alloy.

It has been noted that the Zr-Cr-Fe alloys have a corrosion
resistance in aqueocus environment which is superior to the Zircaloys.
For this reason there has been some inferest in the strengthening

(3) (36)

mechanisms in this system . Northwood has correlated
nicrostructures and properties in a Zr-1.15 wt.%Z Cr-0.1 wt%Z Fe alloy.
He found that a B quenched and aged structure of martensitic ' with
fine ZrCr2 precipitates gave the best corrosion resistance, but showed
some loss of ductility after irradiation, Substructural criteria for
good corrosion resistance are given, The martensitic transformation

(37 and the

in Zr-1.25 wt.% Cr-0.1 wt.%Z Fe was studied by Rumball
structures obtained from quenching from the g region at various rates

were considered. A Zr-2 wt¥% Cr-0,16 wt%Z Fe quenched (”4500°C/sec) and
aged at 300°C-500°C showed two distinct precipitates: a fine globular

precipitate, and later in the aging process a fine needlelike omne. This

precipitation, which occured below the recrystallization temperature,
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effectively pinned the grain boundaries and prevented grain growth
during subsequent annealing(38'3g).

The characteristies of Zircaloy-2 and 4, the most extensively
used zirconium alloys in the nuclear industry, have been reviewed
by HcDonaldcl). The microstructures of the materials in the pre-
irradiated condition have been studied to some degree, and because
of the fabrication schedules for Zircaloys, much of the work has
been concerned with the cold rolled state.

(40) noted that deformation due to cold

Kurtar and Krishnan
rolling was very heterogeneous in Zircaloy-2 comslsting of large
dislocation chains or segmented braids., The deformation appeared
to proceed on three glide systems. In highly deformed o material,
a cell structure was developed; however, it was not well defined,
The microstructure of cold rolled Zircaloy-2 was also examined in
conjunction with recrystallization studies(ao). The dislecation
structure varied from areas of higﬁ dislocation density in the form
of tangles to parallel bands of dense tangles. Little tendency
to form cells was observed. The microstructure of Zircaloy-4 has

(20), also in the cold rolled condition

been examined by Aqua and Owen
and was found to be very similar to that of cold rolled Zircaloy-2

discussed above. The dislocation structure was very inhomogeneous
and cell structures were observed after small reductions (2.5%7). A
similar structure was not observed in Zircaloy-2 until after

approximately 40%Z reduction. The cell walls in Zircaloy-4 were of a

{1010} <1120> type. The maximum changes in microstructure and

mechanical properties occured in the first 10% reduction, with much
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slower changes on subseguent reduction.

The CX and CY were briefly mentioned in the Introduction. The
mechanical properties of these alloys are superior to those of the
Zircaloys and Zr-2.5 wt.% Nb while maintaining reasonable:neutron
capture cross-section and corrosion resistance(4’41’42’43). The CY
alloy has the same qualities with the exception of the corrosion
resistance, which, due to presence of the Al, is lower than the
Zircaloys or Zr-2,5 wt,%Z Nb, Table 4 gives the properties of CX,

C¥, Zircaloy 2 and Zr-2.5 wt,%Z Nb for comparison purposes. Microstructure
and mechanical property correlations have been presented in some

detail for alloy CX and to a lesser degree for the CY alloy. The best
short term tensile properties were observed in samples water gquenched

and aged at approximately 500°C. This microstructure consisted of

a' martensite with fine preéipitates of 8 Nb or ZrMo,, and tended

a°
to be brittle. Howewver it was noted that the fine acicular o with a
continuous network of transformed B obtained by air cooling from
high in the (otp) phase region gave properties which were as good,
i1f not better, than the water quenched and aged material. Although
the microstructure of these alloys has been characterized in some
detail and correlated with the observed mechanical properties,. na
examination of deformation modes and comparisions of these to the
Zircaloys has been published.

As can be seen from this literature review, the microstructures
obtainable in zirconium alloys vary greatly with alloy additions and

thermomechanical treatment, A limited amount of work has been done in

correlating the microstructures with mechanical properties. However, an
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examination-of the effects of a particular alloy additive or thermal

treatments on the microstructure, and subsequently on the deformation

modes, has not been attempted.
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CHAPTER III

EXPERIMENTAL PROCEDURES

Material Preparation

The materials used in this project were prepared by General
Electric Company using the consumable electrode method., Fifteen to
twenty pound ingots of the CX and CY alloy were made using reactor
grade zirconium. Bach ingot was single melted in a vacuum arc
furnace, The ends of each ingot were sawed off, approximately 100
mils was removed from the diameter by machining, and each ingot was
sectioned axially. One half of each was processed to plate as per the
following schedule: (a) heat in argon to 104000, forge to 0.5 in.
thick plate, (b) anneal in argon at 1040°C for 30 minutes and water
quench, and (c) heat to 73000 in argon hot roll to 0.180 in. in
thickness. Each step was followed by a sand blast to remove the oxide
layer formed during heating. Table 5 shows the spectrographic analysis
of the alloy ingots.

The CX and CY alloy systems are very complex and not well
understood. Figures 2 and 3 show the Zr rich corners of the Zr-Sn-Nb
and Zr-Sn-Mo phase diagrams. The positions of the CX and CY alloys
are noted on these diagrams. However, the effects of the ﬁther alley
additions on the B/a+8 and the a+3/a transus are not known. In order

to choose a solutionizing temperature suitable for our studies it was

necessary to more clearly define thege transi. This was accomplished
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. 12
Figure 2. Zr-Sn-Mo Isothems( ), CX Alloy Position Noted by A ,

CT by @ : (a) 900°, (b) 800°C, (c) 700°C, and
(dy 525%.
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by dilatometry using a Orton Automatic Recording Dilatometer. The
specimens were heated in argon to 1000°C and then furnace cooled. The
cool-down curves were used since the possibility of the hot worked
structure affecting the a/o+f transus existed.
Two types of heat treatments were chosen to produce considerably

‘different microstructures-—-furnace cooling and water quenching plus

a one hour age at 450°C., Based on the dilatometry results three
heat-treatment temperatures were chosen. Specimens were vacuum
encapsulated in vycor tubing and solutionized one hour at 1000°C,

910°C or 800°C and either quenched in iced brine or furnace cooled at
approximately 160°C/hr, through the ﬁ+ﬁ phase region. The oxide formed
during quenching was removed by grinding and the specimens re-encapsulated
in pyrex for aging at 450°c. 1In addition, a seriés of specimens were
water quenched from temperatures ranging from 945°C to 800°C in order

to study the effect of quench temperature on the strength and amount of
f+w or retained g formed. The.ﬁicrostructures were characterized by
optical_micrﬁScopy, x-ray diffraction and transmission electron
microscopy. Speéimens for optical microscopy were prepared using an
etch attack-anodization technique described in Appendix 1. The volume

(44)

fraction of the phases present was determined by the point count method
and the grain size by the Héyn method(&s).

X-ray diffraction was used to identify the phases present in
the alloy and to quantify the amount of retained g phase, The x-ray
measurements were made using a modified G,E. XRD-6 diffractometer

utilizing a doubly bent LiF primary beam monochromator and Ni-filtered

Cu Ku radiation. The diffracted intensities were measured by continuous
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gscanning at 0.4°/min using a Xenon proportional counter'with pulse
height analy;is. Integrated intensities for the quantitative deter-
minations were obtained from the strip charts using a K+E compensating
polar planimeter. The quantitative analysis method used was a modified
direct comparison technique developed by Giamei and Freise(46). This
techniqug optimizes the normal direct comparison resu1£s by using all
data available in the pattern including the diffraction peaks from each
phase which were superimposed. A digital computer was gmployed to
complete calculations involved in this method (Appendix 2);

A Siemens Texture Gonimeter was used to determine the (110) B
and the (0002) d pole figures, The data were corrected for background
and defocusing conditions and plotted with a CAL-COMP plotter.

The pole figures were not normalized to random intensities but were
plotted in arbitrary units.

Transmission electron microscopy (TEM) was used to finally
characterize the alloy microstructures, TEM specimens were prepared
by jet dimpling in a 20% perchloric acid in ethanol at -10% to -15%
and 280V followed by polishing to perforation in 5% perchloric in
ehtanol at temperatures ranging from -22° to ~40°C.and 12V depending
on the alloy and heat-treatment. The thinned foils were observed
using a Siemens Elmscop IA operating at 125kV and a JEQOL 100G at
100KkY, '

Mechanical properties were characterized using DPH hardness
tests and’ tensile- tests at 350°C, " Pin loaded type tensile specimens

were used (Figure 4)., The gauge sections of the specimens were polished

to 0.5p diamond prior to testing. The tensile tests were conducted
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Figure 4, Tensile Specimens Used in 350°C Tests.
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in dry argon at 350°¢ using the apparatus shown in Figu?e 5. An
Instron tensile machine and a cross head speed of 0.1 in/min was used in
all tests except those conducted on the 800°C solutionized materials.
These materials were tested using an MTS machine at a cross head speed
of 0.158 in/min, Gauge marks were used to evaluate strain at fracture
on all specimens.

Deformation mode characterization was carried out using
optical microscopy and TEM, Optical microscopy was performed on
gauge sections of the tensile specimens to note any coarse.deformation
structures present. No mechanical or chemiéal polishing was done
prior to these studies., TEM specimens were taken from the gauge section
near the fracture surface and thin foils p;epared as before, The

foil surface was approximately parallel to the fracture surface, i,e.,

in most cases approximately 45° from tensile axis.
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Picture of Apparatus.

Figure 5.
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CHAPTER 1V

EXPERIMENTAL RESULTS

Heat Treatment

The regults of dilatometry experiments for the CX and CY
alloys indicate the B+&+B reaction occurs between 850°C and 980°C
and the ﬂ+d+a reaction between 680°C and 700°C for both alloys
{Figure 6). These results are consistent with the phase diagrams

(8)

of Figures 2 and 3 and with results for similar alloys and suggest
that minor additions of Mo, Nb, and Al have little or no effect
on the transifion temperatures,

Based on the dilatometry.results, 100000, 910°C, and 800°C were
chosen as solutionizing temperatures (shown in Figure 6). These
temperatures provided the wide range of structures and strengths
desired for this study. The structures obtained by water quenching
from this series of temperatures ranged from 1007 martensitic &' to
202 martensite.in a matrix of primary g, allowing the relative
strengthening effects of the martensite and primary o to be aésessed.
The materials that were water quenched from 800°C offered a less
complicated structure with reasonable strength; however, contained
significant amounts of B+uw wﬁich was considered undesirable due to the

w embrittlement and inherent complication of structure interpretation.

Little or no gty was found in the materials water quenched fronm 1000°¢

and 910, Consequently, these solutionizing temperatures were chosen
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for emphasis in the microstructural studies. In order go stabilize
the water quenched st;ucturea<against'furfher changes duriﬂgyxelevatéd
temperature testing, all materialé weré aged 1 hour at 450°C. An
added benefit of aging was the disappearance of the small amount of
B+w present in the 910°C water quenched material,

The materials which were furnace cooled from 910°C and 800°C
exhibited an equilibrium structure and showed little difference due
to the solutionizing temperatures. The small amount.f or Bf+w- present
was not considered a pfoblem due to the overall simplicity of the

structure.

Mierostructure

Figure 7a shows a typical area in the CX alloy water quenched
from 1000°C and aged 1 hr. at 450°C. Evidence of the large prior B
grains can be seen. The width of these grains varied from 0.5 to
2,0 mm., The B grains tended to show the distincet contrast differences
evidenced in Figure 7a, The structure within the prior B grains
consisted of colonies of coarse martensitic o' plates in-'a matrix of
finer plates (Figure 7b). In many cases the coarse plates extended
the entire width of a prior B grain and-had -widths of 1-3u (Table 6).
The wide range of platelet sizeg present iﬂ this heat treatment are
evident in Figure 7b. The fine structure in these materials ranges
from O.Sﬁ tolless.than 10008 in width and as much as lﬂﬁ in length
{(Table 6). The martensite plates are seen to be heavily twinned, with

twin size and spacing varying with a' platelet size. In the fine a'

plates the twin size and spacing varied from 500 £ to 3000 & (Table 6).
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Figure 7. CX Alloy Water Quenched From 1000°C, Aged 1 Hr. at 450°C:
(a) optical micrograph, unpolarized, 170X, showing a prior
B grain boundary (arrowed), and (b) TEM of typical area
showing large a' plates in matrix of very fine needles.
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In the coarse ﬁ' plates twins were much larger ranging from 10003

to 5000 & in width; however, the range of twin spacings was similar
to those in the fine plates (Tablel/6). 1In general, the smaller the a’
platelets the finer and more closely spaced the twins. Figure 8

shows large numbers of homogeneously distributed precipitates. These
are assumed to be Zrasn or ZrMb2 observed in similar systems and

heat treatmentscA’Al)

. The'precipitapes were too small and their
volume fraction too low for detection by x-ray techmiques, X-ray
diffraction results for the 1000°C quenched and aged materials show
these to be 100% d ox d' martensite with no indication of B or w.

No s&stemic shift in d-spacing due to martensitic transformation

-product was noted,

Thé materials water Quencﬁed from 910°C and aged.l hour at
450°C also showed prior B grains as did the 1000°¢C quenched and aged
materials. The prior B grains were approximately the same size.
Figure %9a shows this material to comnsist of sﬁall equiaxed grains
in a continuous featureless matrix: Figure 9b shows the matrix to
consist of very fine o' martensite plates, The equiaxed grains
were identified by selected area diffraction as hcp a phase, and
quantitative metallography showed the volume fraction to be 0.17
(Table 6). The grain size was Sﬁ {(Table 6). The martensitic structure
does not exhibit the large ﬁbarse martensite plates observed in the
1000%¢ quenched and aged materials. The martensite in the 910°%
guenched and aged materials is, however, similar to the fine structure

of the 1000°C quenched and aged materials, The smallest platelets

resolvable had widths less than 1000 % and lengths on the order of
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Figure 8. CX Alloy Water Quenched from 1000°C, Aged 1 Hr. at 450°C.
Fine Precipitates in Coarse o' Martensite Plates.
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at 450°C:

(a) optical micrographs, unpolarized typical area,

(b)

Aged 1 Hr.

e
TEM, typical area, prior B grain boundary (arrowed).

CX Alloy Water Quenched from 910

Figure 9.
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several microns. It is felt that even finer unresolved‘plates are
present, However, due to the complicated structure it was not

pqssible to resolve these at higher magnifications. The largest

plates in the 910°¢c quenched and aged materials were approximately

lﬁ in width and 5-20ﬁ in length. These larger grains comprised a
significant percentage of the structure, As in the 1000°¢C quenched

and aged materials the twin size and spacing was related to the o'
martensite plate size. Twin size and spacing are given in-Table:6-with
gize varying from 500 % o0 2000 & and spacing from 500 % to severalx
thousand angstroms. The primary a grains exhibited a large number

of homogeneously distributed precipitates (Figure 10), These particles
were somewhat larger than those noted in the a' plates of the 1000°¢

k(4’43),‘these

quenched and aged materials. Based on previous wor
precipitates are assumed to be ZrASn or ZrMoé.

Table 7 shows the observed d-spacings for the 910°% as-quenched
and quenchred and aged conditions, The calculated o Zr, B Zr, and w
d-spacings are also provided; Table 7 shows the 910°C water quenched
materials to be primarily hcp o plus trace amounts of B Zr. After
aging for one hour at 45000, the trace amounts of B present had
disappeared and a weak line appeared at 4=1.30 %. This line corresponds
to the w (1122)/8 Zr (211) line and the B Nb (211) line.

The CX type alloy.water quenched from BOOOC and aged 1 hr. at
45000, differed greatly from 1000°c and 910°¢C quenched and aged
materials. Figure 1la shows this material to consist of primary o
plates lying in mutually perpendicular directions. The primary a

grains appear to be "pan-cake" shaped with a grain size of 7p (Table 6).
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0.125u

Figure 10, CX Alloy Water Quenched from 9100C, Aged 1 Hr, at 45000,
Showing Homogeneously Distributed Precipitates.
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CX Alloy Water Quenched from 800
(a) optical
precipitate {arrowed).

Figure 11.
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The plate thickness: is approximately 1-3u., Quantitative metallography
shows the primary & phase volume fraction to be approximately 0.67.
Figure 1lb is a TEM of a typical area in the 800°¢ quenched and aged
material, The plates can be geen to be featureless with some indication
of homogenecus precipitation. The continuous network surrounding the

o phase shows a tendency towards preferential etching which has

been attributed to the presence of w phase, Due to this preferential
attack, these alloys did not thin uniformly and were not conducive to
good transmission electron microscopy.

The results of x-ray diffraction studies on materials solutionized
at 800°C are presented in Table 7 for both as-quenched and the quenched
and aged conditions. These show the presence of hcep o phase and
significant amounts of retained B or B + w. The presence of w in the
as—quenched condition was indicated By a line at d=1.33 3 corresponding
to the (1122) w line, After aging for 1 hour at 45000, the d=1.33 % line
had increased in intensity slightly and a line corresponding to the
w (1171) line at d=1.96 & was noted {Table 7).

The results of x-ray quantitative analysis on a series of
the CX alloy water quenched from temperatures ranging from 945°C to
800°C are listed in Table 8, The amount of retained B or B + w increases
with decreasing quenching temperature, At quenching temperatures less
than 910°C significant amouﬁts of B or B + w are present vwhile at higher
temperatures only small amounts were detected. The presence of v is
supported by the d=1,33 &, d=1.96 &, diffraction lines and by the

fact that several B peaks were observed to have distorted shapes

indicating the possibility of superimposed B and w peaks.
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The microstructure exhibited by the furnace cooléd materials
had large .equiaxed primary grains surrounded by a smaller amodnt of
secondary grain boundary phagse or transformed B. Some evidence of the
prior B grains existed and were similar to the water quenched materials
in size and shape,

The CX alloy furnace cooled from 910°C consisted of approxi-
nately 0.78 volume fraction primary a grains surrounded by a grain
boundary phase of transformed 8 (Table 6) (Figure 12a). The trans-
formed B phase consisted of very narrow regions generally less than
lﬁ in width and were difficult to resolve optically. The primary « grain
gize is dﬁ as ghown in Table 6. The TEM of Figure 12b shows a typical
area in the furnace cocled material and illustrates that both phases
are featureless, However, selected area diffraction taken in the B
regions showed pfonounced reciprocal lattice streaking which was thought
to be due to very fine precipitates (Figure 13), Evidence of both
homogeneous and preferred precipitation at grain boundaries was
noted in these materials. Figure l4a shows a typical area in the
primary o phase in which large homogeneous precipitates can be seen.
Apparent preferred precipitation at the primary a and transformed B
interface is also evident jin Figure 14b.

The structure of thé CX alloy furnace cooled from 800°C was
similar to the 91000 furna%e cooled material (Figure 15). However, the
10y grain size was signifiéantly larger than the 910°C furnace cooled
sample and contained 0.80 volume fraction primary o phase. The
obgerved d-spacing for CX alloy furnace cooled from 910°C and 800°C

are listed in Table 9, along with calculated d-spacing for a Zr,
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(b)
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Figure 12, CX Alloy Furnace Cooled from 9}.000: (a) optical
micrograph, unpolarized, (b) TEM, typical area.
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Figure 13, Selected Area Diffraction Pattern Taken in the Tgansformed
B Region of the CX Alloy Furnace Cooled from 910 C.
Shows Pronounced Reciprocal Lattice Streaking.
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Figure 14. CX Alloy Furnace Cooled from 910°C: (a) homogeneous
precipitates in primary a grain, (b) apparent preferred
precipitation at primary o grain boundary.




47

o

'CX Alloy Furnace Cooled from 800 C, Optical Micrograph

"o

Figure 15.

Unpolarized.
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B Zr and w, This shows B Zr to be present in both heat'treatments;
however, no indication of w was found., Approximately 0.04 volume
fraction retained B was indicated by quantitative x-ray analysis
for both 910°C and 800°C solutionizing temperatures.

Figures 16 through 20 show the (0002) pole figures for the
CX alloy in both water guenched and furnace cooled condition, The
textures of 800°C quenched and aged and 800°C furnace cooled
materials appear to be somewhat random, The 1000°C water quenched
alloy shows a texture which is not similar to the expected rolled
zirconium plate texture where {0002) poles are approximately 35° away
from the normal direction toward the transverse direction,

The CY alloy water quenched from 1000°C and aged 1 hour at
450°C was very similar to the CX alloy in the same condition
.(Figures 21z and 21b). Its structure consisted of cocarse martensite
plates surrounded by much finer plates, The CY alloy did not differ
noticeably from CX in'platélet size or distribution (Table 1G). The
prior B grain size was evident in that the a’ martemsite plates
consisted of“colonies.limited.to one, prior B grain. "Figure 22 shows
evidence of the homogeneous precipitation prevalent in the large o'
martensite plates, These ?recipitates are assumed to be the same ones
present in the CX alloy wi£h the possibiliby of a Zr-Al phase existing.
The presence of a large nu;ber of apparent stacking faults was noted
in the CY alloy (Figure 23). None were noted in the CX alloy treated
similarly, The only phase?detected by x-~ray diffraction was the
hep a phase,

The microstructure of the CY alloy water quenched from 910°¢C
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11

'ngggg%g,

Figure 16. CX Alloy Water Quenched from 1000°C, Aged 1 Hr. at 450°C,
(0002) Pole Figure.
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Figure 17. CX Alloy Water Quenched from QlUOC, Aged 1 Hr. at 4500C,
(0002) Pole Figure.
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(a) RD

(b)
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Figure 18. CX Alloy Vater Quenched from 800°C, Aged 1 Hr. at 450°C:
{(a) (0002) pole figure, and (b) (110) pole figure.
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(a)

)

@
- | '
e : !
%\ AR LS B ]!
Figure 19. CX Alloy Furnate Cooled from 910°C: (a) (0002)
pole figure, and (b) (110) pole figure.
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(a)

(bj

W=y

L 1\\i C¥Y I ;U —
Figure 20. CX Alloy Furmacde Cooled from 800 C: (a) (0002) alpha
polé figure, and (b) (110) beta pele figure.




unpolarized 170X, and (b) TEM,

CY Alloy Water Quenched from lOOOOC, Aged 1 Hr. at 450°¢:
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‘Figure 22, CY Alloy Water Quenched From 1000°C, Aged 1 Hr. at 450°C.
" Homogeneous Precipitation in Large Martensite Plates.
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Figure 23. Stacking Faults in the CY Alloy Quenched from 1000°C.
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and aged 1 hour at 450°C is similar to that of the similarly
treated CX alloy (Figures§24a and 24b) and consists of equiaxed
primary o grains in a matrix of o' martensite plates. The platelet
size and size distributioé were approximately the same as the CX
alloy. Table 10 shows the volume fraction of primary a to be slightly
greater than in the CX alﬂoy. Also the primary a grain size of 10y
was significantly larger. The homogeneo;s precipitation noted in all
other heat treatments was also found in the 910°¢ quenched and aged
materials (Figure 25). X—#ay diffraction showed only hep a phase
present in the CY alloy as}quenched from 910°C (Table 11). After
aging for one hour at ASOOF a weak line appeared at d=1.34 R,
corresponding to the w (11?2)/(211) B Nb line. This behavior is
similar to the CX alloy exLept for the trace amounts of retained
g or B+w noted in the as—%uenched CX ailoy.

The structure of thé ﬁY alloy water quenched from 800°C and aged
1 hour at 450°C was distinttly different from any of the other heat
treatments. Optical microgcopy showed the structure to consist of
approximately 0.50 voluée %quiaxed light and dark phases (Figure 26a)
(Table 10). The dark phasé is assumed to be primary a based on its
chemical etching characteristics. TEM shows the lighter phase to
consist of discreet equiaxéd grains approximately 4ﬁ size (Figure 26b).
The lighter phase is assum%d to be primary o based on its electro-
polishing characteristics 45 compared with previous work. The second

|

phase in this heat treatme&t was gimilar in character to the continuous

network surrounding the primary o plates of the CX alloy in the same

|
condition: however, this phase was not continuous, The apparent
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CY Alloy Water Quenched from 910°C, Aged 1 Hr.

(a) optical micrograph

Figure 24,
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0.25u

Figure 25. Honogenegus Precipitation in the CY Alloy Water Quenched
from 910°C and Aged 1 Hr. at 450°cC.
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preferential etching attriﬂuted to the presence of w was also noted
in this phase (Figure 26b) ]
The observed d-spacﬁng for the CY alloy solutionized at 800°C both
in the as—quenched and the huenched and éged conditions are presented
in Table 11. Both hecp o apd retained 8 or B + w lines are present.
The line at d=1,33 & corresbonds to the w(1122) line. After aging for
1 hour at 450°C an additiou%l line was obgerved at d=1,96 s corresponding
to the w(1121) line. During this aging process-the-d=1,33 £ 11ine
disappeared. | |
Table 8 shows the r%sults of x-ray quantitative analysis of the
CY alloy quenched from temp%ratures ranging from 943°C to 800°C. TFor
i
quenching temperatures greater than 875°C no retained B was found.
However, as in the CX alloy at lower quenching temperatures, increasing
amounts of retained B or B + w were noted. The temperature at wbicﬁ B
is first retained is somewhét lower in the CY alloy than in the CX.
Figures 27a and Z?béare typical areas in the CY alloy furnace
cooled from 910°C, This sh%ws a structure consisting of large
equiaxed primary o grains s#rrounded by a grain boundary phase of
transformed 8, The primary ﬁ consisted of approximately .80 volunme
fraction of the total structpre (Table 10). The grain size in the
800°C furnace cooled materiahs was 2,.8u (Table 10), This is smaller
than the CX alloy in the saml condition., Figure 27b shows evidence
of preferred precipitation.a[ the primary o/transformed B interface.

The CY alloy furnace cooled rom 800°C was similar to the 910°C furnace

¢ool and is shown in Figure 28. The amount' of primary @ is apprbximatély

the same as in the 91000'furﬁace eool-(Table 10). The grain size in this




65

'p

f;?'- 77 2 S By AT

TD

10y

Figure 27. CY Alloy Furnace Cooled from 910°¢C: (a) optical micrograph,
unpolarized, and (b) TEM, typical area.
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10u

Figure 28. CY Alloy Furnace Cooled from SOOOC, Optical Micrograph,
Unpolarized.
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heat treatment was the 1a%gest of all at 10u, Table 11 lists the "d"
spacings for the CY alloy%furnace cooled from 916°C and 800°C.: Both hep

o and retained £ lines aré present, Quantitative x-ray analysis shows the
amount of retained B to bé 2.5% volume which 1is approximately half of that
noted in the CX alloy similarly treated, The texture exhibited by the
water guenched CY alloys ﬁas similar to the CX alloys as shown by Figures
29-32, (1011) pole figuré of Figure 32 can be derived from (0002) pole

figure of Figure 20.

Mechanical Properties

The results of agﬁng kinetic studies for the 910°C and 800°C water
quenched samples are presénted in Figures 33 through 35 along with aging
curves for 1000°C water quanh of Williams, at al(a). These curves show
similar variation for the blﬁoc and 800°C with maximum hardness occurring
at approximately 1 hour oféaging. The as-quenched hardness is similar in
the CX and CY alloys in bo?h quenching temperatures (Table 12); however,
the maximﬁm hardness is si?gnifica.ntly higher in the 910°% quenched
material, The CX alley qu;nched from 1000°C showed similar behavior to
the CX and CY alloy water guenched ffom 910°C and 800°C with maximum
hardness cccurring during aging at 450°C after about 1 hour. The CY ailoy
quenched from lOOOOC, howevyer, showed a-much slower aging behavior with

maximum hardness occurring|at about 10 hours. Table 12 shows that the

910°C and 1000°C water quexched maximum hardness is approximately the

same for the CX alloy and for the CY quenched from 910°C. The CY alloy

water quenched from lDOOOC!had a significantly higher maximum hardness,

The 1000°C as—quenched har#ness of the CX and CY alloys was the same but

was significantly harder tﬂan for the lower temperature quench.
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Figure 29, CY Alloy Water Quenched from 1000°C, Aged 1 Hr. at 450°C,
(0002) Pole Figure.




Figure 30,

CY Alloy Water Quenched from 80000, Aged 1 Hr. at QSOOC,
(0002) Pole Figire.
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Figure 31, (Y Alloy'Furnac$ Cooled from 91000, (10il) Pole Figure.
|
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(a)

O
P

Figure 32, CY Alloy Furnace Cooled from 800°C: (a) (0002) pole
figure, and (b) |{(110) pole figure.

T
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Figure 33, CX and CY Alloys, Water Quenched from 800°C, Aged at 450°C.
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@ - UATER QUENCHED FROM 9100C,
|

B - WATER QUENCIED FROM 1000°C.
]

A - FURNACE COOLED FROM 1000°C.

@ - FURNACE COOLED FROM 9109C.
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Figure 34, CY Alloy Aged at 450°¢.
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i
® - H.iT.BR QUENCHED PioM 910°C.
® - WATER QUENCHED FROM 1000°C.
A- CE COULED FROM 10000C,
® - FURNACE COOLED FROM 910°C.

|-
|

1h _ 10h
TIME {hours)

Figure 35, CX Alloy Aged at 450°¢.
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The materials furqace cooled from 910°C and 800°C showed a lower
hardness than the water quenched and aged materials and had little
or no aging response (Figures 34 and 35, Table 12), The CY alloy
exhibited higher hardness in all furnace cooled conditions than the

CX alloy in similar conditfions, Table 13 lists the results of

hardness versus quenching Femperature studies. These show only
slight variation in hardne;s with changes in quenching temperature,
Considering the error 1nvo#ved in the measurements the DPH hardness
is approximately constant $ith quenching temperature.

The results of tens%le tests performed in argon at 350°C
are presented in Table 14.; There were significant differences in the
strength for the two alloy4 and heat treatments, The furnace cooled
materials exhibited much léwer strengths and higher ductility than
the water guenched materiaﬂs. The CY alloy showed highqr strengths
in the furnace cooled cﬁnd;tion than did the CX alloy. The strength
and ductility of the furnade cooled materials did not change
significantly with solutioqizing temperature. The water guenched
alloy showed excellent streEgths but very low ductility, generally
less than 5% elongation at fracture (Table 14). The 910°C water
quenched material exhibited| a higher strength than both the 1000°¢
and the 800°C quenched material. The alloy quenched/aged from 800°¢c
exhibited the lowest strengths of the guenched/aged materials.

Even so, these were significantly higher than the furnace cooled

strengths,

Deformation

Figures 36a and 36b are macrographs of tensile samples
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Table 14. Results of Temsile Tests Conducted at 350°C in Argon
for CX and CY |Alloys

Alloy/Heat UTs@350°C 0.27@350°¢ Elongation
¥y

Treatment lb/in2 lb/inz at Fr;cture

Water quenched from
1000°c ageé 1 hour ;

at 450°C |
CcX 1h1 769 134,223 4
cY pz 300 143,443 2

waﬁgr quencied from
810°C aged 1 hour

at 450°C-
CX 152,364 139,358 2,2
cY 171,111 154,575 2.9
Water quenchad from .
800°¢ gged.l hour
at 450°C
CX 81,300 36,471 <10
CY 114,800 64,800 <10
Furnace coeled from
910°¢
CcX 57,674 43,924 19
cY 71,410 55,180 18
Fur%ace coales from
800°C
cX 51,500 43,000 18
CY 74,600 68,000 16
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D
15X

15X

Figure 36. CY Alloy Furnace Cooled from 91000, Tensile Specimen
Tested at 350°C: (a) macrograph showing "orange peel
effect, and (b)| "orange peel" effect and severe flow near
fracture surface.
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exhibiting deformation typical of both the CX and CY ailoys in the
furnace cooled and water quenched and aged conditions, The extensive
necking which occurred near the fracture surface was observed only
for the furnace coolee materials., An "orange.peel" type effect

cen be seen in the prior B grains giving the surface relief evident
in Figure 36a, This effect was found to some degree in all heat
treitments, It tended to !'wash out" more quickly with increasing
distance from the fracture| surface in the water quenched/aged
materials. Figure 37 shows a typical area 2-3 mm away from the
fracture surface. The "oange peel” effect noted above can still be
observed, however to a much lesser degree. Some indication of coarse
planar type slip bands is seen in this micrograph. This was observed

in 211 alloys in regions where deformation was less severe.

TEM specimens were prepared from the gauge section of furnace-
|

cooled materials approxima!ely 5-10 mm from the fracture surface
since the highly deformed Iaterial near the fracture was not conducive
to deformation structure observation. Figure 38 gives an example
of the deformation structure in.this area of the CX alloy fufnace
cooled from 910°C. Here it can be seen that the primary o grains are
elongated and show very high dislocation densities and some tendency
towafd cell formation (Figure 38a). Figure 38b shows an area where
small incoherent precipitates have pinned dislocations producing.
deformation free areas simjlar to small cells, This was observed

in both the CX and CY type |alloys. The deformation structure at a

distance of 5-10 mm from the fracture surface consisted of homogeneous

dislocation tangles of medium density. This structure was typical of




Figure 37.

CY Alloy Water
Shows a Typical Area 2-3mm from the Fracture Surface. The
"Orange Peel" Effect plus Possible Slip Bands (Arrowed)

are Evident,

81

45X

Quenched from 910°% Aged 1 Hr. at 450°c.
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(b)

—_—
0.25u

Figure 38, CX Alloy Furnace Cooled from 910°c: (a) severe deformation
near the tensile specimen fracture surface and elongated
cells, and (b) dislocation free '"cell like" areas (arrowed).
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the deformed CX and CY type materials in the furnace cooled condition

(Figure 39). Both materials exhibited dislocation arrays consisting

of long straight dislocatjons as shown in Figure 40, Figure 39,

on the other hand, shows the precipitates to be effective barriers

to dislocation motion and |appear to-be looped rather than sheared.
The deformation structure of the water quenched materials

were more difficult to intlerpret and they differed somewhat for the

CX and CY alloys. Figure 41 shows the typical deformed area in the

CX type alloy, This shows z high density of dislocations with some

tendency towards banding. | This micrograph alsc shows the disruption

of the twin interface by the dielocation structure, at point A,

Figure 42 shows a twin which appears to have sheared slightly by the

deformation structure at point A, In Figure 43 fine micro-twins can

be seen in a larger twin at point A. The tendency towards banding

noted in the CX alloy wateyr quenched from 1000°C was not evident

in the CY alloy. Figure 44 shows a typical deformed area in the

CY alloy. Heavy dislocatipn stl.'ucture is evident along with

shearing of twins at A whirh was observed in the CX alloy. Figure

45 shows apparent antiphase domain boundaries which were very prominent

for this material and heat|treatment. These were not observed in the

undeformed structure to any great extent, It appeared tha£ in both

the CX and CY alloy quenched/aged from IOOOOC, the long straight

plates had been broken up either by large twins or slip. Figure 46
shows two long grains which exhibit discontinuities at A -- this type
of structure was typical in both alloys, In general, deformation in

the 1000°C quenched/aged materials appeared to consist of homogeneously
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Figure 39. CX Alloy Furnace Cooled from 910°C, Deformed at 350°C.
Typical Area 5-10mm from Fracture Surface,




Figure 40. CX Alloy Furnace Cooled from 9100(2, Deformed at 350°cC.
Long Straight Dislocation Arrays.
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Figure 42, CX Alloy Water guenched from 1000°C Aged 1 Hr. at 45000,
Deformed at 350 C. Twin Boundary Disruption at Point A.
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0.125u

Figure 43. CX Alloy Water guenched from 1000°C Aged 1 Hr. at 45000,
Deformed at 350 C. Shows Fine Twins Within Larger Twinned
Area.
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Figure 44, CY Alloy Water guenched from 100000, Aged 1 Hr. at &5000,
Deformed at 350 °C. Typical Deformed Area with Twin Boundary
Disruption at A.




Figure 45,

CY Alloy Water
Deformed at 350 .
Boundaries,

Quenched from 1000°C, Aged 1 Hr. at 450°c,
Shows Apparent Antiphase-Domain

30



Figure 46,

CY Alloy Water
Deformed at 35(
at A.

Quenched from 1000°C, Aged 1 Hr. at 450°c,
)°C. Discontinuities in Large a' Plates

91



distributed dislocation tangles (Figuxe 41).
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Some evidence of

microtwinning existed but fras difficult to detect due to the large

number of twins present in

The materials watex
deformation structures. T
showed dense homogeneous t
formation being noted (Fig
structures similar to Figuy
networks can be seen. As
pitates appeared to be eff
A typical area in deformed
This shows both the disloc
platelets at A and the dis

the twin interface will ac

the as-heat-treated structure,
quenched/aged from 910°C exhibited similar
he relatively large equiaxed o grains
Lngles with some indication of cell

ure 47). Many primary o grains exhibited

re 48, where relatively less dense dislocation
in the furnace cooled alloys the preci-

Fctive obstacles to dislocation motion.

martensite plates is shown in Figure 49.

ation structure within- the twinned

ruption of the twins. It can be seen that

comodate deformation in the form of slip

to a certain level after wpich the twin interface coherency is

disrupted. No tendency fo

grains., Figure 50 ghows a

r cell formation was noted in the martensitic

pparent stacking faults prevalent in the

CX material in the deformq

d condition.
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Figure 47, CX Alloy Water guenched from 91006, Aged 1 Hr. at QSOOC,
Deformed at 350 C. Typical Deformation Structure in a
Large Equiaxed Grain Showing Possible Cell Formation.
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uenched from 910°C, Aged I Hr. at 450°C,
Typical Dislocation Network in a

C.

g

Large Primary a [Grain.

CY Alloy Water
Deformed at 350

Figure 48.
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Figure 49. CY Alloy Water Quenched from 910°C, Aged 1 Hr. at 450°c,
Deformed at 350 C. Typical Deformation Structure Showing
Twin Interface Disruption at "A",




Figure 50. CX Alloy Water guenched from 9100(], Aged 1 Hr. at QSODC,
Deformed at 350 C. Possible Stacking Faults.
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CHAPTER V

SCUSSION OF RESULTS

Microstructure

The materials and heat treatments studied show the general

characteristics of (o + 8) .
to give predominately a tra
of primary o or by slower ¢

small amounts of B or B + w

r and Ti alloys.

They can be heat treated
nsformed B structure with a minor amount

poling an equilibrium a structure with

The water quenched Tartensitic structures are in general the

same for both the 1000°C ani
and growth of the primary o
the large difference in mar
treatment and the 1000°C qu

small particles during solu

1 the 910°C water quench., The precipitation
phase in the 910°C water quench accounts for
tensite plate size between this heat-

ench/age, The formation of these relatively

tionizing in the a + B region restricted

the growth of the martensite plates during the quench, Since the

1000°¢ solutionizing temperature is in the single phase £ region no

reétrictions to martensite i
plates in many cases span aj
however, the two quenching
Tie finer martensite p;ates
after the large plates, and
to the 910°C quench, hence

similar in size.

blate growth occurred and the martensite
n entire prior B grain., On a finer scale,
femperatures yielded similar structures,

in the 1000°%C quench were evidently formed

were subject to growth restrictions similar

rhe finer martensite plates are very

Both quenching temperatures exhibit the heavily




twinned martensite plates
been noted that the addition
martensite formation obsexrve
larger martensite plates wek
smal ler plates were not, Th
Nb system and is attributed
requirement for twin nucleat
amount of primary o present
is thought to be due to the|
discussed later.

The materials water

large amount of primary o fog
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(47,4)

evident in other studies It has

of >0.6% Nb to Zr promotes the twinned
(47)

d here In these materials the

e always heavily twinned whereas some

is has been observed in the Zr-2.5 wt3
to the operation of a critical stress

(47)

ion The slight difference in the
in CX and CY alloys water quenched from 910°C

effect of the Al addition and will: be

quenched from 800°¢c showed, as expected, a

rmed during solutionizing. The B

transformation product, however, did not appear to be the expected

martensitic phase.
the sclutionizing temperatury

may effect the martensite tr

ansformation.

It is gvident that the B phase which existed at

e is greatly enriched in solute and this

This aspect was not studied

in any detail and is still umclear.

The absolute volume

fractions of £ + w obtained from quantitative

x~ray diffractometry were not accurate due to the large amount of

overlap between the B and w
be accurate only at low w/B

appears to be valid. The sh

at 875-850°C for the CX allo

consistent with the fact tha

solute for which B is stable

concentration 4s 3 wt% Mo anT‘lS‘th Nb

peaks., The actual calculated value would

rations, However, the trend indicated
arp increase in the amount B + w observed
; and 850°C-825°C for the CY alloy is

+ there is a minimum concentration of

at room temperature, This minimum

(10)

A similar behavior has




been observed in the case of

Nb(48’49) Ag the solutionj

concentration of the B rema;j
concentration, The x-ray 4]

the presence of retained B ]

quench and the CY alley water quenched from 910°¢.

proximity of B and w peaks {

difficult,
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w. formation at 3.2 wt% Mo and 7.5 wt%

izing temperature is lowered the solute
ining 1s moved towards this minimum stabilizing
iffraction data of Table 6 clearly shows

in all samples except the 1000°C water

Because of the

he detection of w by x-ray diffraction is

However, as shown above, the occurence of retained B8

should be accompanied by the formation of w at suitable quenching rates.

Two distinct types ¢
a so called "metastable" w f
containing retained g phase|

(10). The metasi:al

quenching
an axial ration of 6.22:+ 0,
lattice parameters of a, = 5
reported to be hexagonal wit
paraneters which vary with g
and Ibrahim, et al.(41)
air cooled from the (« + B)
data of Tables 7 and 11 plﬁs
indicates the presence of
In the materials quenched f7
line can be attributed to th

formation would not .be expeqd

800%¢ produced a shift in th

rejection by the supersaturdted w phase.

»f w have been observed in Zr alloys,

orped on aging a quenched material

and a diffuse w formed athermally during

3le w has been showm to be hexagonal with

002 with no compositional variation, and
028 and e = 3.0008*>). Diffuse v is
h an axial ration of 0.616 having lattice

(10)

(4)

olute concentration Williams, et al,

observed w formation In the CX and CY alloy

region., Careful examination of the x-ray
the X-ray scans themselves, clearly
in the materials quenched/aged from 800°c.
o} o
om 910 C and aged at 450 C the d = 1,338
e formation of B Nb since isothermal w
ted, Aging the materials water quenched from

e »(1122) line possibly due to solute

The relationship between the



quenching temperature, o' martensite, retained f, and w formation

depends on the electron to

atom ration.

As the quenching temperature is lowered in the a + B region o

starts precipitating out of

solubility of Nb and Mo in

enrich the B phase, Theref

the R matrix, Because of the limited
the o phase most of these solutes go to

ore as the temperature is reduced in the

(¢ + B) region we see an iTcrease in the B Mo and Nb concentraion.

It has been shown in Zr-X $ystems, X being any P stabilizing element,

that the stabilization corresponds to a well defined electron to

atom ratio(49). At an e/a

ratio of 4.06 or less, 100% a' is cbserved

on quenching, At an e/a ration of 4,144, 100% B can be retained at

room temperature on quenching.
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At a ratic between these two a mixture

of &' + B + w can be obtajned on quenching depending on the MS tempera—

, (49)

ture, Luke, et al. . postulate the possible transformation products

obtained on quenching in oxder of increasing B solute content as

follows:

B>a'+ i+ 8

The apparent sharp increase in the amount of 8 + w in the CX and CY

alloys at 875°C and 850°C respectively would support this hypothesis,

The quenching temperature at which § + w is first observed

is the only major difference in the microstructure of the two alloys.

(1)
(2)
(3)
(4)



This cannot be explained in
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terms of amounts of B stabilizers present,

From Table 5 it can be seen that although the CY alloy contains

an additional amount of d stabilizer in the form of 1% Al, the total

amount of @ stabilizers present is less than the 3.5% Sn present

in the CX alloy. However,

effect on the B stability i

F

The addition of Al to the }
against athermal w formatit

noted that the addition of

the formation of w and retained B.

the increasing of the HS temperature due to the Al addition,

possible that the addition
transformation in the CY al
account for the offset in t

is observed.

in both the Ti and Zr systems

7
L

P

it has been noted that Al has a pronounced

(32,33)

r-Mo system tended to stabilize the g
(32) (50)

-

Similarly, Crossley, et al,
Al to B stabilized Ti alloys suppressed
This is possibly attributed to
It is
Al has suppressed the B> B + wor B > o
1oy relative to the CX, This could

the quench temperatures at which g + w

The lack of a twinned martensitic type structure in the 800°¢c

water quenched/aged materigls is not clearly understood.

been noted that the tendend

is related to alloy content

plate volume Williams(47) 1

It has

ty to form twinned or untwinned martensite
(47)

and plate volume With respect to

1oted that the tendency for inhomogeneous

shear to be satisfied by t
In the 800°C water guench

of primary o greatly restr:

I

ed materials the presence of large amounts

inning is proportional to plate volume.

icted plate growth and could have a large

effect on the type of martensite formed,

The furnace cooled materjials represent an equilibrium structuare

ag indicated by the similaxy

ity in the materials cooled from 800°C and




910°c. The presence of re

diffraction; however, no w

formation has been found.

102

rained B has been confirmed by x-ray

The amount of

retained 8 as measured by quantitative x-ray diffractometry can

account for only a small portion of the second or transformed phase.

~ The location of the retained B in these alloys has not been studied

in depth, Ibrahim, et al,

(41)

reported the presence of narrow

stringers of retained B between the primary o grains in alloys

furnace cooled from similar

similarly, the B phase was

edge of the transformed B region

temperatures, In a Ti-6, Al-4, V treated

found te consist of narrow rim of the

(51)

It is reasonable to expect

a similar structure in thege materlals considering the mechanism

of formation.

Ag these alloys are slowly cooled from the two phase

region the B' phase transforms to.a by diffusion controlled growth.

The remaining B phase is progressively enriched in solute.

At some

temperature the B scolute enrichment will reach the point where the B

can be-retained-at -room-temperature;— Since- the -entire-process-is-

diffusion controlled the region nearest the phase boundary should be

most enriched in solute and willl have the greatest probability of

being retained at room temperature.

Calculation of the lattice

parameter of the B phase present in these alloys indicates significant

solute enrichment has occux

to 3.60% for pure zirconium,

red. The calculated a_ was 3,568 compared

The distinct reciprdcal lattice streaking observed in the

transformed B region was thought to be due to the presence of many

very fine precipitates. ¥g

attempt was made to identify these

precipitates; however, ZrASn, Zrsz and B Nb precipitation has been
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observed in these materia1§(41).

The alloys furnace ¢ooled and water quenched from 800°C have
majnly primary d precipitates at that temperature, This primary a
has random orientation giving rise to the random textures of
Figures 18, 20, 30, 32. The alloy quenched from 1000°C has «'
platelets formed by the regction a(R.T.) > 8(1000°c) - a'{athermal).
Since, perhaps, same crystallographic relationships exist between B
phase and d and d' phases, |the as—-quenched alloy should have the-
same texture as the unheattreated rolling texture. However, the
a' platelets are heavily tiinned, perhaps.on (1012) planes. A (1012)
twin transformation of Zr rolling (1001} texture is schematically
shown in Figure 51. This agrees to some extent with the texture

of the 1000°C as-quenched alloys (Figures 16 and 19).

Mechanical Properties

All alloys and heat |treatments showed similar aging response
with the exception of the CY alloy water gquenched from 100000.
Apparently the Al addition|effects the kinetics in these materials,
Why this effect was not observed in the lower temperature guenches
is unclear. It is possible that the increased number of precipitation
sites in the form of grain boundaries in the finer grained materials
accelerated the aging process in the 910°C water quench. The amount
of solute in the o’ d;creases as the guenching temperature is lowered.
This in turn inhibits the aging response due to less precipitation

hardening, This effect can be observed in the lower response of the

materials quenched from 990° and 800°c. The cx alloy quenched




104

O

untwinned position of (0002) poles

[:] twinned position of (0002) poles

Figure 51. Position of (0002) Pole of as Rolled Zirconium Before and
After (1012) Twinning Transformation.




from 1000°C and aged 1 hour
hardness as the 910°C water
maximum hardness (Figures 4!

The CY alloy exhibi

furnace cooled and water quenched conditions.

to the solution strengtheni
cooled condition little cha
ture is observed indicating

Since the 910°C wat

approximately 0.20 volume f:
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at 450°C shows approximately.the same
quench, however 1 hour aging is not the

» and 43),

s the highest strengths in both the

This has been attributed
heg effect of the Al(A). In the furnace

nge in strength with solutionizing tempera-
that this is an equilibrium sfructure.

er quenched and aged materials contained

raction of the relatively weaker primary o

it was expected that these would exhibit lower strengths than the 100%

martensitic 100°C water quel

materials were significantl:

1000°C water quench is appaj

this material, Also it has
and aged materials exhibite:
quenched/aged material. Thj

detrimental effect on the s

tch, However, the 910°C quenched and aged

y stronger, The lower strength of the
rently duelto the larger graimn size in
been noted that the 1000°C water quenched
 a stronger texture than the 910%

is could possibly have an additional

crength of 1000°¢ quenched/aged material.

The hardness values do not exhibit this higher strength in the 910°C

quench/aged materials.
the strength and work hardes
reflect to some degree the
in strengths between the 10f
offset by changes in the wo;
to indicate differences in

two materials,

Hardness measurements are indicative of both

1iné tendency of a material and hence
feformation systems operating. The difference
D0°C and 910°C quenched/aged is apparently

rk hardening tendency. This would tend

the deformation system prevalent in the

The hardness numbers for the CX and CY alloys in the




as~quenched condition for
in Table 13, These indicy

size do not have a gignifi
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various quenching temperatures are shown
te the martensite volume fraction and plate

cant -effect on the overall strength,

Comparing the hardness changes observed with changes in gquenching

temperatures with those ob

tained on aging show the precipitation

hardening to be the most potent strengthening effect,

Macrographs of all

where prior B grains deformed as a unit,

of o particles within the

was indicated in the textu

re atudies,

beformation
materials showed the "orange peel” effect
This indicates that colonies
prior P grains are similarly oriemted, as

Although the furnace cooled

materials exhibited much lepss texture than did the water quenched

materials, a corresponding
noted. The low ductility
this effect to '"wash out"
effect it appears that the
within a prior B grain due

in the furnace cooled mate:

tangles with the beginnings of cell formation.

coarse slip 1s possible in
Deformation in the
to analyze but was in genel

these materials the twin bq

difference in the relief effect was not

pof the water quenched materials caused

very quickly. From this "orange peel"
deformation is relatively homogeneous

to similar grain orientation, Deformation

rials consisted of dense homogeneous

This indicated that

these treatments.

water quenched materials was difficult

(47). I

ral similar to Zr-2.5 Nb studies i}

punidaries appeared to be somewhat effective

as barriers to dislocations but were less go than high angle boundaries.

(16)

E. Tenchoff has shown t

that in rolled Zircaloy 2 exhibiting the




type texture observed in t

accommodated by (1010) <11

he CX and CY alloys tensile loading is

20> slip and (1122) twinning.
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If the

twins present are (101l) type then a dislocation can only move without

obstruction the full width

This would account for the

faces at higher deformations.

of an a" platelet on one set of prism planes,
gignificant disruption of the twin inter-

This was true of both the 91000 and

the 1000°C water guenched materialg. No evidence of cell formation

was noted in the a' martensite in either the 910°¢C or 1000°C quenched

materials, In the 1000°C

as twinned. Why this was
is not understood. The te
can be related to the inte

precipitates. If the prec

the larger grains were in many cases sheared
not observed in the 910°C quenched materials
ndency towards banding in these materials
raction between dislocations and the

ipitates present are coherent and can be

sheared dislocation banding is possible. However, if the precipitates

present are incoherent and

looping is the method of interaction, then

dislocation tangles will br prevalent. The existence of dislocation

bands in the CX alloy and

the existence of ordered p

hases in this alloy.

not in the CY could possibly be related to

A large number of

antiphase domain boundarief were observed in the CY material, 1Inm the

presence of an ordered structure dislocation motion tends to be more

restricted since cross siip is not prevalent,

However, no dislocation

banding was noted in the CY naterial.

The large o grains
exhibited a deformation st

materials.

is possible.

in the 910°C water gquenched generally

ructure similar to the furnace cooled
The cell feormation seen here again indicates that cross slip

The fact that no cell formation is seen in the o'
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martensite can be attributed to the effect of solute content ot the

stacking fault energy. Mo and Sn have been shown to have a measurable

(34)

effect on the stacking fault probability in zirceonium




Two complex zircon
determine those microstruc
and deformation modes. Tw

studied in detail. Severa
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CHAPTER VI

CONCLUSIONS

ium base~alloys were studied in order to
tural features which affect the strength
b widely different heat treatments were

Ll conclusions can be drawnm,

1., These materials are re

structures and strengths obtainable.

appear to have little

Materials exhibiting h

ily heat treatable with widely varying
Minor alloy additions -
ffect on the B/a + B transus.

igh strength and low ductility consisting

primarily of a' martensite can be obtained by water quenching,

These materials show a
cooled materials exhib

ductility, and show no

general, the (Y materi

to be due to solution |

The addition of Al appears to have affected several areas.

I

the corresponding CX alloy in all heat treatments.,

significant aging response. The furnace

it relatively low strength and high

aging response.

In

1s which contained Al were stronger than
This is thought

hardening. The Al containing materials

showed a greater response to aging and in some cases the aging

kinetics appeared to be altered by the Al addition,

the Al appears to inhil
The texture exhibited 1

Zirealoys. A (110)8/((

In addition,
bit the w formation during quenching.

by these materials was typical of rolled

)002) o Burgers relationship was indicated for




the isothermally formed primary w. However, the d' martensite
appeared to form on a particular habit plane giving a charac-

teristically sharp rolling type texture. When the structure

110

consisted of both primary ¢ and o' martensite the texture was not

as sharp and appeared to be a superposition of the o' texture

and the B texture.

The strengths of these materials appear to be related to several

factors, As was mentioned Al is a potent strengthemer. The o'
martensite plate size has a significant effeect on the elevated

temperature tensile strength, The presence of small amounts of’

primary o in the martensitic matrix actually strengthened these-

materials since it inhjbited a' plate growth. Precipitation

hardening is the most potent strengthener present.
The hardness of these alloys varies little with -quenching

temperatures in the 1000°c to 800°C range, This has been

attributed to differences in the work hardening rate for the

different treatments.

In all materials the "grange peel" deformation stryucture showed
the high angle prior B |grain boundaries to be more effective
barriers to dislocatiod motion than the low angle boundaries,

The deformation modes prevalent for the CX and CY alloys in the

furnace cooled condition were similar consisting of dense

homogeneous tangles. The precipitates present also appear to

be affective barriers fio dislocation motion. The deformation

structures in water quenched materials were difficult to interpret,

but showed some differences. Both dislocation tangles and bands




were noted in the CX al
This has -been associate
two materials, The def

in the o' martensite ma

materials,

trix was similar to the furnace coocled

111

loy while the CY alloy showed only tangles,
d with the type precipitates present in the

prmation structure in the primary o« grains
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6)
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APPENDIX I

Specimen Preparation for Optical Microscopy

Grind to 600 grit SiC.
Touch up on 6p diamond
Touch up on ly diamond

Polish on 1 Al 03 slur:
solution of 250 Bl H.O

ry using a small amount of a fresh
, 22 ml HNO.,, and 3 ml HF. Pelish

for approximately 15 sec on a nylon cloth.

Repeat step 4 for G.3u

A1203.

Repeat step 4 for 0.05y A1203 on a micro-cloth,

Anodize in Pickelsimer

60 ml absolute ethanol
35 ml distilled watex
20 ml glycerin

10 ml Lactic Acid

5 ml Phosphoric Acid
2 gm Citric Acid

's Solution at 115 volts with stirring:




APPENDIX I
Program for Volume Fraction Determination

00100 PROGRAM MAIHCINTACOH, OUTPUT » TAFEA=TINT » TAPES=CONr TAFEA=OUTFUT )
00105 REAL MULT(2,30) '
00110 DIMENSION THEC2) VOL(2)»RAC30) sRE(30),EAC30) ER(30) »ED(30)
00120 DIMENSION SPOT(2/30),EAC(3:30)ERD(3,30),0(30}
00125 DIMENSION DIVR(30}
00130 NIMENSION FSO(2,30)rAANG (33 +BANG(3) s ATWT (23 COE(2) +DIVA(30)
00135 REWINDA :
00140 REWINDS
00150 THE(2)=212
00160 VOL (1)=1,84x1.0E32
00170 VOL{2)=2,2x1,0E23 i
00180 THE(1)=260 ;
00190 READ(4s1000) NA!NErNO
00200 bO 1 I=1,NA '
00210 1 READ(SyBOO0) HULT(1,1)sFSG{1,1)
00220 00 2 I=1.NP
00230 2 READ(558000) HULT(2+1}+FSG(2:1)
00240 COE(1)=5.5%].0E-4
00245 COE(2)=5.5%1.0E-§
00250 RT=298
00260 TWOTH=,393
00270 WAVEL=1,540%5
00280 ATUWT(]1)=%1.22
00285 ATUT(2)w®],22
00290 N=NA
00300 DO 20 J=l,2
Q0310 PE={1+{ (COS(2XTWOTH) Y%X2) )
00320 PART1=14( ({3/2)kC0E( J) %2 ) XRT)
00330 FPARTZ2=140,026% (THE (,J) /RT ) 2¥2 . i
00340 PﬂRTSﬂ(22973#RTJ/FATUT(J}tTHE(J)tt2) i
00350 DO 10 I=1.N :
00360 READ(4+2000) ANGLE
00270 SPOT(Jr1)=ANGLE
00380 PT=( T#{ (COS{ZRTHOTH? }¥X2 )R { (TOS (PRANGLEY YRR2)) —
00390 P=PT/FB
00400 TFAC=1/{COS(ANGLED¥(SIN{ANGLE) }k%x2) '
00410 .  PARTA=(SIN(ANGLE)/WAVEL YXX2 i
00420 TWODEE=FART 1 PART2EPARTIXPARTS |
00430 ROEIY=MULTCDs IDRIVOLCJYERZISFSOL I I ) HEXF (-~ TWODEE )X TFACKF !
00440 IF(J.EQ.1) RACII=R(I) :
00450 IFCJJER.2) RBCII=R(I) !
00440 10 CONTINUE ;
00470 N=NE ,
00480 20 CONTINUE
00490 WRITE(4.3000) (RAKI)+I=1,NA)
00500 WRITE(6,4000) (RB(I)+I=1sNB)
00510 READC(4:5000) (EA(I)rIw]lrHAY :
00520 READ(455000) (ER(]}>I=1sNE) i
00530 WRITE{&s6000) (EA[I)sI=1+NA)
00540 WRITE(6s7000) (ER{I)sIxlsNB) |
00550 READ(4:5000) (ED{I)}rI=1-HD) !
00550 DO 40 J=1,NO '
00545 DD 40 K=193 i
00570 REAR{ 45 8000) AANGIK) y BANG(K) !
00580 DO 30 I=1,MA i
005%0 IF (AANG(K) .EQ.SPOT(1,13) EAD(KsJY=RALD) i
00600 30 CONTINUE
00810 DO 35 I1=1iNE
00820 IFCBANG(K).ER.SFOT¢2¢1)) EBG(KrJ)=RE(I} :
00430 35 CONTINUE
00540 40 CONTINUE _

ADL=0.0 !




0G40 T NON0 T=1sHA

00670
00480
00690
00700
00710
00720
00730
00740
00750
00750
00770
00780
00790
00795
00800
_ 00810
00813
00B14

00820

00830
00850
00870
00880
00890
00900
00?10
00920
00930
00940
00950
Q0760
00770
00980
009590
01000
01010
01020
01030
010490
01050
10560
01070
01080

50

&0

70
Bo

90

110

120

1000
2000
3000
4000
5000
6000
7000
8000
?000

9500

AD1=ADL+EACT Y /RA(T)Y
AD=ADL/NA~NO
BO1=0.0

DO 60 I=1+NRE
BDI=301+EB(I)/43(I)
BD=E01/HBE-NO
IF(NO.NE.O) GO
AxAD

B=B0

80 TO 120
Bl=RD
Al=A0
AD=41 !
EO=F1

SUn=0.0

DO 90 I=1»ND

TO 70

BIVACII=EAOCLsE
PIVELI)=EERO(1r]
SUM=SUM+ (AOKEDT

}HEAQ(2y IV+EAD(I» 1) *
FHEBO(2 s TX+ERO(Ir I}
B>/ (ADRDIVACIYHHORDBIVE(I))

F1=BO

SUN=0, 0

PO 110 I=1+NO

SUN=SUN+ (ROXED( I3/ (AOXDIVACI)+BOADIVBII))
P1=(BO1+SUN)/ (NBHND)

IF (ARS(A1-AD} .GY.ERS.OR.ABG(RO-R1).GT.ERS) 6O TO B0
A=Al

E=B1

VARA/ (A+E) |

VB=E/ (A+R) |

WRITE(5:9000) ¥

WRITE (6+9500) ¥

FORMAT (46X »312)

FORMAT(6X7F6+3)

FORMAT (XINTENSITY FOR PURE ALPHAX/rB(4XsE11.4)7)
FORHAT (X INTENSITY FOR FURE BETAX/r8(4XsE11.43/)
FORMAT (6XsF7.3)
FORMAT (XINTENSITY FOR OBRSERVED ALPHAR/»B(&X:FP.3)/)
FORMAT (XINTENSITY FOR DRSERVED BETAR/ r8(&6XsF9.3)/)
FORRAT(&Xs 2FB, 3)
FORMBAT (XTHE VOLUME FRACTION OF ALFHA ISXiF&,.3/)
FURMAT{XTHE VOLUME FRACTION DF BETA ISX:F4.3)
END

ﬁl-(ADI+SUH)/(NT+NU) f




115

BIBLIOGRAPHY

1. N. R. McDomald: Journlal of the Australian Institute of Metals,
1971, vol. 16, No. 4, p. 179,

2, E, Smith: "Plastic Flpw Concentration and Its Effect on Failure
of Zircaloy Fuel Rod Cladding," Research Project .217-1,
Failure Analysis Assocfiates, Pale Alto, Calif,, Sept. 1975.

3. C. D, Williams: Reactpr Technoiogy, 1970, vol. 13, p. 147,

4, €. D. Williams, C. E, Ells, and P, R, Dixon: Canadian
Metallurgical Quarterly, 1972, vol, 11, No. 1, p. 257.

S. A. Garlick: Journal of Nuclear Materials, 173-74, vol. 49,
p. 209,

6., C. C, Busby, R. P, Tucker, and J. E. McCauley: Journal of
Nuclear Materials, 197p, vol. 55, p. 64.

7. J. C. Wood: Journal of Nuclear Materials, 1972-73, vol. 45,
p. 105.

8. A, Garlick and P. D, Wolfenden: Journal of Nuclear Materials,
1971, vol, 41, p. 274.

9. M, S, Wechsler: Zircopium, 2nd ed., ed. G. L, Miller, Buttersworth,
London, 1957. '

10. D. L. Douglass: The Metallurgy of Zirconium, International
Atomic Energy Agency, Iienna, Austria, 1971.

11. T. Anderson: Scandinavian Journal of Metallurgy, 1973, vol. 2,
p. 251.

13; B. §. Hichman: Journal of Materials Science, 1969, wvol. 4,
P. 554.

14, P. G. Partidge: Metallurgical Reviews, 1967, vol, 12, p. 169,
15; R. E. Reed-Hill: Defoymation Twinning, Proceedings, ed. R. E.

Reed=-Hill, J. P. Girth, and H. C. Rogers, Gordon and Breuch,
New York, 1965,

16; E. Tenchoff: Zirconium in Nuclear Applications, ASTM Special
Technical Publication, No. 551, 1974, p. 179.




17..

18,

19.

20.

21.0

22,

23,

2%,

25,

26,

27.

28.
29.

30.

31.

32,

33.

'J., L., Martin and R, E,

Metallurgical Society

J. A, Jensen and W, A,
1972, vol. 11, No. 1,

0. M. Katz:
Transmission Electron
Electrom Microscopy Sg
August 1965,

P.

116

Reed-Hill: Transactions of the

of AIME, 1964, wvol. 230, p. 780.

Backofen: Canadian Metallurgical Quarterly,

39.

"Some Obgervations on Zirconium and Its Alloys by
Microscopy,” Paper Presented to The
ciety Annual Meeting, New York City,

E. N. Aqua and C. M, Owens: Transactions of the Meballurgical

Society of AIME, 1967,
J. E, Bailey: Journal
P. 300,

R. F. Domagalo, D. W.
of Metals, 1957, Oct.,

H. A. Robinson, J. R.
Transactions of AIME,

D. H, Sastry, M. J. L
Magazine, 1974, vol, 3

S. A, Aldridge and B,
1972, vol, 42, p. 32,

G. P. Sabal: Journal

B, A, Cheadle, C. E. E

Levingon, and D. J. McPherson:

AI

vol, 239, p. 155.

of Nuclear Materials, 1962, vol. 7, No.3,

Journal
p. 1191,

Doig, M, W. Mote, and P, D, Frost:
1859, vel, 215, p. 237,

ton, and J. J. Jonas:

Philosophical
» P 1187, :

Cheadle: Journal of Nuclear Materials,

of Nuclear Materials, 1970, vol. 34, p. 142,

tlg, and J. Van der Kuur: Zirconium in

Nuclear Appiications, ASTM Special Technical Publication, No. 551,

1974, p. 370.

E. M, Schulsom: Journ

E. M, Schulsom: Joum

Materials, 1974, vol,;

J. F, R. Ambler,-E, M,
Nuclear. Materials, 197

D. 0. Northwood and J,
1972, vol. 42, p. 227,

G. A. Delvecchio, D. O

:

L, M. Howe, M., Rainville, and E. M. Schulsom:

of Nuclear Materials, 1975, vol. 56, p. 38.
of Nuclear Materials, 1974, vol. 50, p. 127.

Joummal of Nuclear
5O, p. 139,

Schulsom, and G. P, Kiely: . Journal-of.
4, vol. 50, p. 107.

Rezek: Journal of Nuclear Materials,

. Northwood, and J., Rezek: Journal of

Nuclear Matexials, 19780, vol. 35, p. 67.




117

34, D. H, Sastry, M. J. Luton, and J. J. Jonas: Philosophical
Magazine, 1974, vol. 30, p. 1l5.

3>, D, J. Aﬁson_and J. J. Jonas: Journal of Nuclear Materials, 1972,
vol, 42, p. 73.

36. D. O. Northwood: "Correlation of Alloy Microstructures and
Properties,” Atomic Energy of Canada Limited Report AECL-4159, 1970.

37. W. M, Rumball: Journal of the Less Common Metals, 1974, vol. 38,
p. 237.

38. M. R, Warren and J. A. |Itterhus: Canadian Metallurgical Quarterly,
1974, vol, 11, No. 1, p. 249,

39, W. M, Rumball and C, E| Coleman: Journal of Nuclear Materials,
1970, vol. 36, p. 147,

40. L. Kumar and R. Krishnan: Transactions of the Japanese Institute
of Metals, 1972, vol, 13, p. 18. '

41, E, F. Ibrzhiwn, E, G, Price, and A. G, Wysiekierski: Canadian
' Metallurgical Quarterly, 1972, wvol. 11, No. 1, p. 273.

42, C, E. Ells, I. Aitshincon, ¥. Fidleris, and W. J. Langford: "The
Irradiation Response of a Group of Complex Zirconium Alloys,".
Proceedings of the Conflerence on the Irradiation Embrittlement
in Fuel Cladding and Cgre Components, British Nuclear Energy
Society, 1972, p. 43. :

43, C. E. Ells and B. A, Cheadle:_ "New Zirconium Alloys for Pressure. .
Tubes," Paper Presented at Japan-Italy-Canada Exchange Meeting,
June, 1973,

44, E. E. Underwood: Quantitative Stereology, Addison-Wesley Publ. Co.,
Reading, Mass., 1970, p. 5, 25.

45, ASTM Standards, Part 31, E8-66.

46, A, F. Giamei and E. J. [Freise: Transactions of the Metallurgical
Society of AIME, 1967, [vol. 239, p. 1676.

47, C. D. Williams and R. g. Gilbert: Transactions of the Japanese
Institute of Metals, 1968, vol, 9, supplement, p. 625,

48, J. Winton and R. A. Murgatroyd: Electric Chemical Society, 1966,
vol., 4, No, 7-8, p. 338.

49, C. A. Luke, R. Taggart, and D. H, Polonis: Transactions of the
American Society of Metjals, 1964, vol. 57, p. 142,




50,

51,

R. L. Blorn, R. W. Li
Conference on Titani

J. €. Chesputt, J. D.

118

dberg, and R. A. Lewis: 2nd International
, Cambridge, Mass., 1972,

Frandsen, A. W. Thompson, and J. C. Williams:

"Influence of Metallurgical Factors on Fatigue. Crack Growth

in Alpha-BetaTPitaniu

Alloys," Interim Report for Oct. 1, 1974

to Dec. 1, 1974, Contract Number F33615-74-C-5067 Project Number
7351, United States
Wright Patterson AFB,

Porce Systems Command 4950th Test Wing/PMRA
Ohio.




