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FOREWORD
This is the third quarterly progress report describing work per-
formed at the Oak Ridge National Laboratory for the Fuels and Materials
Development Branch, Division of Reactor Development, U. S. Atomic Energy

Commission. The specifilc programs covered are as follows:

Program Title Person in Charge Principal Investigator(s) -

Fuel Element Development G. M. Adamson, Jr. . F. Leitten, Jr.

C
J. P. Hammond

Mechanical Properties D. A. Douglas, Jr. J. R. Weir

Nondestructive Test D. A. Douglas, Jr. R. W. McClung
Development

Solid Reaction Studies C. J. McHargue T. S. TLundy

Zirconium Metallurgy C. J. McHargue M. L. Picklesimer
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SUMMARY
1. Fuel Element Development

Thermochemical deposition studies of solid deposits of U0, from UFg
have continued and we have shown it to be possible to consistently obtain
such deposits. By varylng the oxygen concentrations in the gas mixture,
it was possible to obtain variations in the oxide stoichiometry from
2.001 to 2.166.

The conditions required to produce large homogeneous tungsten-rhenium
deposits have not yet been determined. With rhenium being easier to
reduce than tungsten, its concentration is proportionately higher near
the inlet. The addition of argon to the reacting gases improved the
homogeneity but lowered the reductlion efficiency. Deposition tempera-
tures below 500°C also improved the homogeneity, but again, at the expense
of efficiency. Hardness measurements and x-ray diffraction studies of
the deposits show that alloying of the tungsten and rhenium occurs at
temperatures as low as 500°C. A beta tungsten phase has been identified
for the first time in this system.

Tt has been confirmed that uranium carbides prepared from commercial
U0, may be sintered at temperatures of 1550°C to high densitles and with
single-phase structures if uranium silicide is used as a sintering aid.
Preliminary results indicate silicon vapor can also act as a sintering
aid for uranium carbide.

We have developed a procedure which surmounts the large differences
in melting points and provides a method for adding yttrium and rare-earth
metals to tungsten. Adding the yttrium as fine powders of yttrium alumi-

nide also results in a much-sought-after fine dispersion of the yttrium,

2. Mechanical Properties

Substructures have been developed in thin-sheet specimens of
types 304, 302, and 316 stainless steel by cold working and annealing.
In preparation for electron microscope examination, the specimens have
been irradiated and some of them have been deformed. Some of the proper-

ties observed in these specimens are reported.
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The influence of preirradiation heat treatment on the postirradi-
ation elevated~temperature tensille properties of type 304 stainless
steel has been investigated. A grain size of ASTM & to 10 produced by
cold working and annealing at 923°C exhibits at leasgt a factor of 2
better postirradiation ductility than does material annealed at normal
heat-treating temperatures. An internally consistent effect of cooling
rate was observed for the higher temperature anneals.

The possibility of radiation-induced precipitation producing the low
ductility at elevated temperatures in irradiated materials was investi-
gated by irradiating and testing relatively pure copper, nickel, and iron.
It is shown that radiation-induced embrittlement occurs in these materials.
This is interpreted as evidence that precipitation effects are not neces-

sary 1in the mechanism for the damage to ductility.

3. Nondestructive Test Development

We are developing new techniques and equipment for the nondestructive
evaluation of materials and components. The major emphasis has been on
eddy-current, ultrasonic and penetrating-radiation methods.

The mathematical approach using a computer to analyze variations in
electromagnetic field parameters has been applied to the problem of a
coil encircling a ferromagnetic rod. Continued developments to the
phase-sensitive eddy-current instrument include development of a hand-
held vibrating probe intended to provide greater sensitivity.

The principal efforts in ultrasonic test development have been on
reference standards for tubing inspection. Quantitative procedures are
being developed for electric discharge machining of notches in molybdenum
alloy tubes, and microscopic and replication techniques are being studied
for accurate measurements of the product.

New equipment has been designed and fabricated which will aid the
application of gamma ray attenuation techniques to the study of inhomo-
geneity in fuel rods. We have designed and assembled a photomultiplier
calibration system which will enable optimum use of scintillation
detectors for specific problems. The system includes a single channel

analyzer. Our studies with the x-ray sensitive closed-circuit television
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equipment have been directed toward measurement of the detector response
to radiation and, by using a specially designed penetrameter, determi-
nation of ultimate sensitivity and resolution.

Our work on problem materials has included nickel-, tungsten-,

tantalum-, and niobium-base alloys.

4, So0lid Reaction Studies

We have measured the volume diffusion coefficients of 2°Nb and 182Ta
in niobium over the temperature range 878 to 2400°C. High-temperature
specimens (T = 1500°C) were sectioned by conventional lathe and grinding
techniques while low-temperature specimens were sectioned by an anodizing
and stripping technique previously described. Over a range of more than 10
orders of magnitude in diffusivity, the self-diffusion data is well repre-

sented by the equation:
D= (1.10 £ 0.04) exp [—(96,100 + l700)/RT} em? /sec

Upward deviatlons from this line are explained by short-circuit diffusion

in combination with the loss of resolution of the sectioning techniques.
In a limited number of measurements, the diffusivity of *82Ta in

niobium was found to be about one-half that of ?5Nb in niobium, and the

activation energies were about the same. Oxygen contamination within

the range 100 to 450 ppm was found to have little or no effect on the

self-diffusivity of niobium.

5. Zirconium Metallurgy

An analysis of the problem of controlling texture during mill manu-
facture of Zircaloy-2 tubing has raised the question as to whether the
orientation of the final material is independent of the strain path when
a given starting shape and texture is deformed into a given final shape.
A limited answer has been obtained in that there is at least one case
where the texture can differ by approximately 90° for two particular

paths, if a particular starting texture is used and a very specific

total shape change undergone. In most cases examined, the texture was
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almost independent of the path or the same shape could not be obtained
by a second path. The analysis is of particular importance in planning
fabrication sequences and reductions for control of texture in Zircaloy-2
tubing.

Assuming that the octahedral shear stress theory of yielding in
biaxial stress can be modified to allow a material to have a yield
strength in compression twice that in tension, a study has been made of
the possible yield stress ellipses for three specific textures in
Zircaloy-2 tubing. The results indicate that the texture most common
in present day Zircaloy-2 tubing (basal poles concentrated in the tangen-
tial direction) is inherently unstable for the condition of bulging in
tubing in internal pressure. The texture most resistant to bulging is
that having basal poles concentrated in the radial direction. One of
the first objectives of the tubing test study will be the experimental
determination of the biaxial yield curves.

A new technique (and associated equipment) has been developed for
determining the index of refraction (as a function of wavelength) of
oxide films formed on zirconium alloy specimens. Stripping of the oxide
f1lm is not required, all of the necessary data being determined in
reflection at two different angles of incidence of the light beam of
the spectrophotometer. Preliminary data have proven the feasibility of
the method. Zirconium foil specimens have been anodized at voltages
ranging from 50 to 400 v and are currently being irradiated in the ORR.
Comparison with an identical unirradiated set will be used to determine
the effects of the irradiation on the optical properties of the oxide
films in situ.

Six zirconium spheres, 3/8 to 5/8 in. in diameter, have been success-
fully spark cut from zone-refined, near single-crystal zirconium bar.

The spheres will be used to study the optical anisotropy of zirconium
and the effects of orientation on oxidation and corrosion.

Several zone refining runs of 10 passes each have been made on short
specimens of iodide zirconium to determine the effective distribution
coefficients of hafnium and oxygen, the principal contaminants remaining

in zone-refined zorconium. Analytical results are not yet complete.
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Annealing studies of cold-rolled, zone-refined zirconium are in
progress. FEvidence has been obtained by metallography for the occurrence
of some recrystallization in 24 hr at 150°C and confirmed by x-ray
diffraction. A hardness peak was observed in most of the zone-refined
materlals studied but the reason why is not yet known.

Strip specimens from several parts of a zone-refined bar have been
prepared for corrosion testing in 680°F water to examine the effects of

impurity and impurity levels on corrosion rates.




R A . LT *
g # : CERIE TR Y y
ot T g N T

P SR




1

1. FUEL EIEMENT DEVELOPMENT
G. M. Adamson, dJr.

The objective of the Fuel Element Development Program remains the
development of new or improved fabrication techniques for both complete
fuel elements and for fuel or cladding materials. We are studying a
varlety of materials for both uses, selected to lnclude the more promis-
ing ones for use at temperatures over a wide range.

We are presently emphasizing vapor deposltion as a fabrication
technique. Our ultimate goal is the fabrication of a fuel element by
a one-step fuel-conversion process followed by formation of an integral
cladding, both using thermochemical deposition methods. To achieve this
goal, separate fabrication efforts have been directed toward the prepa-
ration of UOs as the fuel material and refractory metals such as molyb-
denum, tungsten alloys, or vanadium alloys as the cladding material.

Improvements in the fabrication of uranium carbide fuels are being
sought through the use of sintering aids. These aids must lower the
sintering temperature without having deleterious effects on other proper-
ties and must be useful with commercially avallable carbide powders.

A hindrance to the development of highly loaded refractory metal
dispersion elements is the poor low-temperature ductility of the potential
matrix materials. Scouting tests are being conducted on possible methods

for improving these properties.

Deposition of Refractory Uranium Compounds
R. L. Heestand C. F. Leitten, Jr.

We have continued deposition studies to determine the effects of gas
composition on the stoichiometry of solid UO, deposited from UFg, oxygen,
and hydrogen mixtures. Within the following conditions, it has been
shown to be possible to consistently obtain solid deposits of UOp similar
to that shown in Fig. 1.1: pressure below 3 torr; temperature 1250 to
1300°C; and gas compositions ranging from 9 to 12% Oy, 81 to 86% Ha,










In order to obtain better control of the system variables, mass flow-
meters for UFg have been ordered and experiments to determine effects

of feed gas composition on the oxygen-to-uranium ratio will continue.

Deposition of Tungsten Alloys
J. I. Federer C. F. leitten, Jr.

Deposition of tungsten-rhenium alloys by hydrogen reduction of tungsten
and rhenium hexafluorides and evaluation of the deposits has continued. The
objective of this investigation is to determine the conditions which yield
homogeneous alloys as tubing and sheet material. Presently, the effects
of deposition conditions on homogeneity and uniformity of thickness are
being studied in tubular deposits. The alloys are deposited on the inner
wall of heated copper tubes using equipment similar to that used for

tungsten deposition described elsevhere.

Good quality alloy deposits
having smooth surface finish have been consistently produced. Problems
have been encountered, however, which are unique to the experimental
arrangement ; that is, a stationary hot zone and the equivalent of a
stationary injector at the entrance to the hot zone. The main problem
encountered has been nonhomogenelty in the deposits due to the relative
ease of reduction of ReFg compared to WFg as was reported previously.2
Consequently, the deposits are richer in rhenium near the inlet to the
reaction zone than farther downstream. Several composition profiles
and corresponding deposition conditions are shown in Fig. 1.3. The
recovery values shown were determined by comparing the metal content

of both metered fluorides with the weight of deposit obtained in the
main deposition furnace. Essentially all fluorides which pass through
the maln reaction zone are reduced 1n a scavenger furnace and can be

recovered.

1R. L. Heestand, J. I. Federer, and C. F. Leitten, Jr., Preparation
and Evaluation of Vapor-Deposited Tungsten, ORNL-3662 (Aug. l964§.

2J. I. Federer and C. F. Ieitten, Jr., Fuels and Materials Develop-
ment Program Quart. Progr. Rept. June 30, 1964, ORNL-TM-920, p. 10.
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Fig. 1.3. Rhenium Content vs Distance from the Inlet to the
Reaction Furnace,

The curve labeled WRe-16 is typical of deposits prepared at tempera-
tures from 500 to 600°C — a high rhenium content near the inlet followed
by a rapid decrease in rhenium content with distance from the inlet. The
curve labeled WRe-19 represents a deposit prepared at 600°C in which argon
was included with the reacting gases. By a mechanism that is not yet
completely understood, argon causes the rhenium to be distributed differ-
ently throughout the deposit. Comparison with WRe-16 shows that the
rhenium content was substantially increased in the "downstream half" of
the deposit. In fact, the rhenium content in WRe-19 was essentially
constant over the distance 5 to 12 in. from the inlet. The presence of
argon, however, did lower the recovery in the main deposition furnace
from 89 to 54%. Lowering the deposition temperature to 450°C also
caused a significant change in rhenium distribution as shown by the
curve labeled WRe-20. The very high rhenium content near the inlet
reflects the greater ease of reduction of ReFg compared to WFg at 450°C.
A detailed analysis of the data from several experiments reveals that
approximately 80% of the rhenium, but only 55% of the tungsten, was

recovered in the main deposition furnace.




Deposition rates for tungsten-rhenium deposits are different from
those of unalloyed tungsten as shown in Fig. 1.4. The curve labeled
W-600 shows deposition rates as a function of distance from the inlet
for unalloyed tungsten deposited at 600°C. In general, the deposition
rates for tungsten-rhenium deposits, as typified by curves WRe-1l6 and
-19, are greater near the inlet than for unalloyed tungsten. 1In addition,
comparison of WRe-19 and -16 also shows an apparent suppression of the

deposition rates due to the presence of argon.

ORNL-DWG 64-10144

T T T T T T
o [ 1 || W-600 WRe-16 WRe-19
8|t i |~ - TEMPERATURE ("C) 600 600 600 —
PRESSURE (mmHg) 10 10 10
| H, (cm3/min) 1500 1500 1500
b T T W (emYmin) 60 60 60
E ‘ ‘ ReFg (cm3/min) — 10 10
Vel — — 1 1~ L ar(cm¥mn) - — 500 —
£ | \ | RECOVERY (%) 98 89 54
w S S S R 1 ; -
— i : i
< ; .
o _L i g : !
S g4 - - - - - - o - '\ - : -
= |
o
O
o8
L
()]
2 -
0
0

DISTANCE FROM INLET (in)

Fig. 1.4. Deposition Rate vs Distance from the Inlet to the Reaction
Furnace.

The grain structure of these deposits is generally columnar and appears
to be single phase. A W—32% Re alloy is shown in Fig. 1.5. The long
columnar grains, having a darker etching constituent at the grain bounda-
ries, are typical of higher rhenium deposits. A W—12% Re alloy is shown
in Fig. 1.6. This microstructure, similar to the structure of unalloyed
tungsten shown elsewhere,l

ing less than about 25% Re.

is the usual appearance of deposits contain-






The interstitial content of two deposits 1s shown in Table 1.1.

In general, the impurity content of these deposits appears to decrease
with decreasing rhenium content. Deposits containing greater than 25% Re
often degrade during dissolution of the copper deposition tube in nitric
acid, reducing the deposit to small pieces having considerable surface
discoloration. Thus, the higher oxygen values associated with the higher
rhenium content alloys may result from contamination. The data, however,
do show the feasibility of producing high-purity tungsten-rhenium deposits

by the vapor-deposition process.

Table 1.1. Analysis of Impurities in Tungsten-Rhenium Deposits

Distance  Rhenium Impurities,a ppm
Alloy Temperature from Inlet Content
Designation (°c) (in.) (%) C H 0 N
WRe-12 500 1 46 120 11 79 9
3 29 50 8 34 <5
5 17 <0 2 <5
7 10 <20 2 <5
9 6 <20 2 6 <5
11 4 <0 2 15 <5
WRe-22 600 1.5 37 <0 3 230 5
3.5 15 <0 30 <5
5.5 20 2 <5 <5
7.5 30 <1 <5 <5
9.5 1 <20 <1 <5 <5
WRe-23 500 2.5 32 <0 6 34 18
4.5 19 <20 3 55 6
6.5 10 <0 1 14 <5
8.5 <20 1 8 <5
10.5 3 <0 4 41 <5

®Limit of detection: 20 ppm.



In addition to chemical analyses and metallographic examination, the
deposits are being characterized by x-ray diffraction and hardness measure-
ments. X-ray diffraction patterns were obtained on powder samples of
various rhenium contents, and the results are shown in Table 1.2. Two
phases were found in as-deposited samples: alpha tungsten (body-centered
cubic) which was the principal phase in low rhenium deposits and beta
tungsten (cubic) which was favored by high rhenium contents. With
decreasing rhenium content, the lattice parameters of the alpha-tungsten
phase approach the value for pure tungsten, a = 3.1648 A. The beta-
tungsten phase is a commonly occurring structure found among intermediate

phases involving transition metals. To our knowledge, this is the first

Table 1.2. Results of X-Ray Diffraction Studies
on Tungsten-Rhenium Deposits

- t -
Powder Sample Rhenium o-Tungsten P-Tungsten Sigma

Content  Intensity aO(A) Intensity aO(A) Intensity

(%)

As-deposited 37 NF NF S 4,997 NF
at 600°C 26 W 3.144 S 5.010 NF
15 M 3.152 s 5.018 NF
s 3.162 NF NF NF
st 3.165 NF NF NF
1 st 3.165 NF NF NF
< st 3.165 NF NF NF
Annealed at 37 M 3.146 s 4.996 M+{a=9.633 A
1500°C for c=4.985 A
4 br 26 M 3.146 S 5.011 NF
15 W 3.154 s 5.014 NF
4 s 3.162 NF NF NF
s 3.165 NF NF NF
1 5 3.164 NF NF NF
<1 S 3.165 NF NF NF
Iegend: S, strong W, weak

M, medium NF, not found
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reported occurrence of the phase in the tungsten-rhenium system. The
beta-tungsten phase has not been previously reported in phase diagrams,
although these diagrams have not been established below a temperature
of about 1200°C. Sigma phase, which is reported to occur in alloys
containing from 25 to 63% Re, was not found in any of the as-deposited
alloys included in this x-ray study. Following a vacuum anneal at 1500°C,
the sigma phase was ldentified in the deposit containing 37% Re. Other-
wise, the heat treatment resulted only in small changes of lattice para-
meters of the deposits. No evidence of elemental rhenium was found in
as-deposited or heat-treated samples. Annealing studies are continuing
to determine the stability of the microconstituents.

Hardness values of two deposits are shown in Table 1.3, The sharp
drop in hardness with decreasing rhenium content coupled with the gener-
ally high purity of these deposits supports the x-ray evidence of solid
solution or compound formation at the deposition temperatures of 500 and
600°C.

Table 1.3. Hardness of Tungsten-Rhenium Deposits

Alloy Rhenium

Designation Content Hardness

(%) (DPH)

WRe-12 45 1775

38 1960

22 1730

570

350

4 325

WRe-16 37 1680

26 2000

8 425

2 350

1 380

Unalloyed tungsten 0 450
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Thermochemical Deposition of Fine-Grained Tungsten
J. I. Federer C. F. leitten, Jr.

The purpose of preparing vapor-deposited tungsten containing small
additions of other elements is to obtain a finer grain deposit than the
columnar structure usually observed. Improvements in mechanical proper-
ties should result from such a change in microstructure. Fine-grained
deposits had been noted in the tungsten development program3 when a
batch of WF¢ containing a higher than normal vanadium impurity was used
in conjunction with a glass flowmeter, resulting alsoc in a high boron
content; and in other cases when the tungsten was deposited on a molyb-
denum substrate. Potential doping elements will therefore include
solutes such as boron, niobium, and vanadium which form stable compounds
with interstitial impurities and molybdenum and tantalum. Several methods
of adding the elements will be pursued.

The reaction between WFg and borosilicate glass flowmeter tubes had
resulted in contamination of tungsten deposits with up to 1000 ppm of

4 The initial doping attempts, therefore, consisted of passing

boron.
the WFg over a glass surface maintained at 25, 100, and 200°C in succes-
sive depositions at 500°C. Boron additions achieved did not exceed

100 ppm, Metallographic examination revealed that the grain structures
of all samples were columnar, and no evidence of grain refinement was

found.

Fabrication of Uranium Monocarbide with Fugitive Sintering Aids
J. P. Hammond

In the last report,5 it was pointed out that three different uranium
intermetallics, UAlp, UBe;3, and UsSip, have proven to be very effective
"eliminatable"” sintering aids when using high-purity, arc-melted uranium

monocarbide and intermetallics as charge materials and exercising close

3R. L. Heestand, J. I. Federer, and C. F. Leitten, Jr., Preparation
and Evaluation of Vapor-Deposited Tungsten, ORNL-3662 (Aug. 1964;.

“J. I. Federer and C. F. leitten, Jr., Fuels and Materials Develop-
ment Program Quart. Progr. Rept. June 30, 1964, ORNL-TM-920, pp. 7-10.

°J. P. Hammond, Fuels and Materials Development Program Quart. Progr.
Rept. Sept. 30, 1964, ORNL-TM-960, pp. 10-14,
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control over carbon in the uranium carbide. When using impure uranium
monocarbide such as high-oxygen-containing carbide derived from UQ, by
graphitic reduction, however, only the silicide addition gave good
results, that is, pellets of high density and vold of secondary constit-
uents. Densities as high as 97.0% of theoretical were reported for
sintering in vacuum at 1600°C with 1.5 wt % U3Si, as the addition.
Beryllium vapor was provided by incorporating 0.25 wt % UBeis powder
within the firing crucible (external to the silicide-containing pellets)
for the purpose of scavenging or cleansing the carbide powder of sinter-
inhibiting contamination films. 1In the interim, studies have continued
on the silicide addition, and some work has been done on nickel for
comparison because of the acclaim it enjoys in some circles.

Table 1.4 gives the fabrication results obtained with the nickel
additive using UOs-derived uranium monocarbide. Two types of nickel
were used: an ultrafine, high-purity powder prepared by the National
Research Corporation by a vacuum precipltation technique and a chemical-
purity-grade of nickel of —325 mesh size. The sintering temperature
and amounts of nickel added compare with those reported in the litera-
ture for best results.®

Except for firings made with beryllium plus silicon vapors, as
complementing scavenging agents, the densities obtained were disappoint-
ing. Taylor reports densities of 95% of theoretical and higher for
0.1 to 0.5 wt % Ni as the additive. © Figure 1.7 shows a representative
microstructure for our best results, a pellet of 97.6% of theoretical
achieved by sintering at 1600°C with 0.25 wt % of the ultrafine NRC
nickel along wilth beryllium plus silicon vapors for scavenging. Pellets
sintered with this additive along with the vapors at 1525°C gave compar-
able results (see UCNi-1, Nos. 11 and 12, Table 1.4). As is not uncommon
with the nickel additive, the microstructure shows copious UsC3 secondary
constituent (white phase). While not readily apparent in this photo-
micrograph, a third phase, probably UsNi, was also in evidence. Although

®k. M. Taylor et al., "Sintering Characteristics of UC and (U,Pu)C
With and Without Small Additions of Nickel," paper presented at Symposium
on Carbides in Nuclear Energy, Harwell, England, November 57, 1963.




Table 1.4. Fabrication Results on UOz-Derived UC
Using Nickel as Aid at 1525°C in Vacuum®

Density (% TD)C

UCNi-1 Nickel Nickel
Pelletb Content Type Vapors Green Fired
Number (wt %)
1 0.02 NRC None 62.6 86.7
2 0.02 NRC None 62.9 86.5
3 0.1 NRC None 62.5 89.4
4 0 NRC None 62.5 89.4
5 0.25 NRC None 62.1 90.3
6 0.25 NRC None 62.1 90.3
7 0.25 Ordinary None 62.5 88.5
8 0.25 Ordinary None 62.5 88.5
9 None None 63.4 82.5
10 None None 63.4 82.5
11 0.25 NRC Be,si% 6. 4 96.6
12 0.25 NRC Be,si 64,5 96.5

a ..
107% torr.

b
Pellets of 0.50-in. diam, 2 wt % camphor, 25 tsi pressing pressure;

UC charge analyzed: 94.84% U, 4.74% C, 0.70% O; particle size:

“Based on theoretically dense UC.

5.7 u mean.

dProvided from UBe;s; and U3Si, as loose powders within the tungsten-

lined tantalum firing crucible.

the reactive metal vapors enabled high densification, such structures

have the disadvantage of possible high-temperature weakening stemming

from the secondary constituents and carbide-to-sodium carburizing effects

from the sesquicarbide.
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Table 1.5. Fabrication Experiments on UOp-Derived UC With

Varying Aids and Crucibles at 1550°C in Vacuum®

ggiit Additives, wt % Density (% TD)d
Number? UsSis UBeq3 Vaporsc Crucible Green Fired
1 Be, Si Graphite 64.5 87.4

2 Be, Si Graphite 64.9 87.7

3 1.25 Be Graphite 64.6 87.8

4 1.25 Be Graphite 64.4 87.8

5 1.25 0.25 Graphite 67.0 89.9

6 1.25 0.25 Graphite 67.2 90.6

9 Be, Si W-lined Ta 64.7 94.4
10 Be, Si W-lined Ta 64.7 94 .4
11 1.25 Be W~lined Ta 64.1 96.0
12 1.25 Be W-lined Ta 64 .4 96.3
13 1.25 0.25 W-lined Ta 64.7 97.0
14 1.25 0.25 W-lined Ta 64.5 97.0

#1076 torr.

bPellets of 0.50-in. diam, 2 wt % camphor, 25 tsi pressing pressure;
UC charge analyzed: 94.84% U, 4.74% C, 0.70% 0; particle size, 5.7 p mean.

“provided from UBe13 and UsSis, or UBejz alone as loose powders
within the firing crucible,

dBased on theoretically dense UC,

a surprisingly high 94.4% (UCS-1, Nos. 9 and 10) and attests to the
beneficial effects which stem from reactive metal vapors, even when
applied to an impure grade of uranium carbide. The representative micro-
structure for the firings conducted with 1.25 wt % U3Si, plus supplemental
beryllium vapor (a highly dense, essentially single-phase structure) is

shown in Fig. 1.8.
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Table 1.6. Fabrication Results on UQOp-Derived UC Using
Different Silicide Additives at 1600°C in Vacuum®

UCc-22 Density (% TD)d
Pellet Additive®
Number® (wt %) Green Fired ’
18 1 1/2 UsSiy 67.4 97.5
19 1 1/2 UsSis 67.4 97.5
20 11/2 USi 67.0 95.0
21 1 1/2 Usi 67.4 95.0
22 3/4 Y,Sis3 66.4 89.5
23 3/4 Y,5i3 66.4 89.5
810-6 torr.

bPellets of 0.50-in. diam, 2 wt % camphor, 25 tsi pressing
pressure; UC charge analyzed: 94.84% U, 4.74% C, 0.70% 0; particle
size 5.7 p mean.

CNo vapor present.

dBased on theoretically dense UC.

Refractory~Metal Dispersion Fuels
M. C. McIlwain J. P. Hammond

While tungsten is a potential matrix material for highly loaded
refractory-metal fuel elements, especially for space applications, its
use is hindered by its low-temperature brittleness. With molybdenum
and chromium, this difficulty was partially overcome by the use of small
additions of yttrium and the rare-earth metals’ to scavenge harmful inter-

stitials and possibly act as a dislocation source.8 However, it has not

"E. M. Savitskii et al., Rare Earth Alloys, AEC-TR-6151, p. 257.

8. Conrad, Guiding Principles for Lowering the Ductile-to-Brittle
Transition Temperature in the BCC Metals, ATN-64(9236)-4 (Dec. 10, 1963).
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been possible to use this approach with tungsten9 since during melting
these metals have a strong tendency to separate and sublime out. It
was thought to be possible to surmount these difficulties by using some

10 Scout -

of the techniques developed in the carbide sintering studies.
ing tests to demonstrate the feasibility therefore were conducted.

To simplify handling and powder preparation, yttrium and the rare
earths were added to the powder compacts as aluminides or hydrides, the
aluminide powders having sufficient stability to permit handling in
normal atmospheres. The hydrogen or the aluminum is removed from
the compact during vacuum sintering, leaving the metals finely and
uniformly dispersed through the tungsten.

The results presented in Table 1.7 demonstrate the plausibility
of removing aluminum from W-YAl, compacts by a vacuum sintering operation
while leaving the yttrium or cerium behind. In the case of sample WY-47,
98% of the aluminum was removed during sintering.

In an effort to produce highly dense samples in a form suitable for
property evaluation, several rolling experiments were carried out. It
was found possible to reduce small samples (5 g) of high density, such
as WY-16, by picture-frame encasing with Inconel and rolling at 1000°C.
However, efforts to reduce larger samples (30 g), such as WY-47 and WC-1,
were unsuccessful using this technique. Tt is believed that insufficient
side restraint was provided the larger samples by the Inconel encasement,
thus causing failure during rolling. Future rolling will be carried out
at 1200°C using molybdenum frames in an effort to overcome the present

difficulty.

°J. F. Nachman and C. E. Iumdin, "Effect of Selected Rare Earth
Additions on the Removal of Interstitials from Tungsten and Molybdenum, "

p. 65 in Proceedings of Conference on Research in Progress on Tungsten,
ND-7777.

107, P. Hammond and G. M. Adamson, Jr., "Fabrication of Uranium
Monocarbide With a Volatile Sintering Teuwperature Depressant,"” paper
presented at Symposium on Carbides in Nuclear Energy, Harwell, England,
November 3-5, 1963.



Table 1.7.

Fabrication Results of W—1 Wt % YAl, and

W—1l Wt % CeAl,

Sample

Chemical Composition, wt %

(Intended) (By Analysis)

Ce Al Y Ce Al

Sintered
Density

(% )

Fabrication Schedule and Results

WY-16

0.586

0.586

0.586

0.586

0.396 0.32 0.250

0.396 0.38 0.053

0.396 0.39 0.040

0.396 0.35 0.008

92

81

80

Cold pressed at 34,000 psi. Pre-
sintered 3 hr at 1200°C in Hs.
Sintered 1 hr at 1400°C and 3 hr at
1800°C in vacuum. Rolled at 1000°C
using Inconel can. Sample tended to
delaminate on removal of can.

6T

Cold pressed at 34,000 psi using
petroleum ether-camphor binder and
petroleum ether-stearic acid as die
lubricant. Sintered 2 hr at 1400°C
and 4 hr at 1800°C in vacuum,

Pressed at 34,000 psi using petroleum
ether-gtearic acid as die lubricant.
Sintered 2 hr at 1430°C and 4 hr at
1800°C in vacuum.

Pressed at 34,000 psi using petroleum
ether-stearic acid as die lubricant.
Sintered 2 hr at 1430°C and 4 hr at
1800°C in vacuum.
using Inconel can.
during rolling.

Rolled at 1000°C
Sample failed




Table 1.7. (continued)

Chemical Composition, wt %

Sintered
(Intended) (By Analysis) Density Fabrication Schedule and Results
Sample Y Ce Al Y Ce Al (% D)
wc_]_b 0, 689 0.28 0.46 0.070 93 Pressed at 34,000 psi using petroleum

ether-stearic acid as die lubricant.
Sintered 2 hr at 1430°C and 4 hr at
1800°C in vacuum. Sample showed signs
of melting. Rolled at 1000°C using
Inconel can. Sample failed during
rolling.

qUsed Sylvania M-10 tungsten powder. Particle size, 1 y. Oxygen content, 0.43%.
2

bUsed Sylvania M-10 tungsten powder. Particle size, 1 u. Oxygen content, 0.12%.

0c
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2. MECHANICAL PROPERTIES
J. R. Weir, Jr.

One obJjective of this program is to determine the effect of
irradiation on the mechanical properties of alloys of interest as fuel
cladding and to find a metallurgical condlition for the alloys that
produces the least effect of subsequent irradiation on the mechanical
properties. To accomplish this, our study concerns the interaction
of radiation-induced defects and the substructure of the alloys, the
effect of irradiation temperature, postirradiation test variables,
and neutron dosimetry in the facilities used in the irradiations. The
material selected for initial study is type 304 stalnless steel. The
stabilized grades are also being investigated because of the effects
of niobium and molybdenum on the stability of substructures formed by

cold working and annealing.

Ductility of Irradiated Stainless Steel at Elevated Temperatures
W. R. Martin J. R. Weir, Jr.

The embrittlement associated with irradiated stainless steels has
been shown to be an irradiation effect on the grain-boundary fracture
process.l’2 Grain size can greatly influence intergranular fracture.
The effect of grain size on the nucleation and propagation of grain
boundary cracks should be as given in Fig. 2.1. Decreasing the grain
size increases the stress necessary to nucleate the wedge-type fracture
observed for short-time tensile tests and should also lower the rate
of crack propagation.

There are two methods of obtaining the different grain sizes in a
material. One can cold work the material and recrystallize it at

successively higher temperatures for a given length of time. This

W. R. Martin and J. R. Weir, "Effect of Irradiation Temperature
on the Postirradiation Stress-Strain Behavior of Stainless Steel,"
paper presented at the 67th Annual Meeting of the American Society for
Testing and Materials, Chicago, Illinois, June 2126, 1964. To be
published in the proceedings.

*W. R. Martin, Fuels and Materials Development Program Quart.
Progr. Rept. June 30, 1964, ORNL-TM-920, pp. 28-32.
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INTERGRANULAR WEDGE TYPE FRACTURE

(a) Stress necessary for nucleation (Uw) at the end of a
sliding boundary is given by Stroh as:

p = shear modulus
oy = (12u yd/ﬂL)l/2 v, = free energy where y =y -y
L = length of sliding interface

(b) The maximum stress (o__ ) at the tip of a grain boundary
crack has been shown by Zener to be approximately:

O o = (Vt2/L + \/L/2t) (applied shear stress)
t = radius of curvature at the tip
of the sliding region where
t mys/ }/b
L = length of sliding interface

if L >>t
o .. = (L/2t) (applied shear stress)

Fig. 2.1. Equations for Predicting the Effect of Grain Size on
the Fracture of Metals. Refs: A. N. Stroh, Proc. Roy. Soc. (London)
Ser. A 223, 404 (1954); C. Zener, Elasticity and Anelasticity of
Metals, D. 158, University of Chlcago Press, 1948.

method can produce large relative differences in grain size but has
the disadvantage of changing the impurity distribution and the char-
acter of the grain boundaries. A second method of producing different
grain sizes 1is to cold work and recrystallize the material and allow
grain growth to occur at one given temperature. One then varies the
annealing time to produce the variation in grain size. This latter
method normally does not produce large relative differences in grain
size and was discarded in favor of the former method. Therefore,
variation of the postworking annealing temperature was utilized. The

microstructures from these treatments are given in Fig. 2.2. Martin
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and Parker>

have shown earlier that the cooling rate from the annealing
temperature can significantly alter the ductility of materials at
elevated temperature. The more rapid cooling rate produced no observ-
able change in microstructure but increased the tendency toward grain
boundary fracture. Therefore, the variable of cooling rate was selected
with the rate either being that of a water quench or that of a furnace
cool.
The effects of annealing temperature (grain size) and cooling rate -
have been investigated and these data are given in Tables 2.1 and 2.2,
The ductility of the unirradiated stainless steel decreases with increas- -
ing grain size. The effect of cooling rate increases with increasing
annealing temperature; the ductillty decreasing with increasing cooling

3 The effect of irradiation

rate as noted earlier by Martin and Parker.
on the ductility of these heat-treated alloys is also given in Tables 2.1
and 2.2. The ductllity of irradiated material can be significantly
enhanced by decreasing the grain size.
The true ductility (Ef) of materials deformed at elevated tempera-
ture i1s the sum of:
a. slip within a grain matrix (Eg) 5
b. grain boundary shearing (Eﬁ) , and
c. widening of grain boundary cracks (EC) .
It is important to analyze the ductility of unirradiated and irradiated
materials with respect to these modes of deformation, The true fracture .
ductility of a round rod can be determined by pre- and posttest diameter
measurements. The widening of grain-boundary cracks can be estimated
from photomicrographs. The slip within the matrix can be determined by
the degree of grain distortion from photomicrographs using the technique

4

of Rachinger. The amount of grain boundary shearing is therefore

eb = ef - ec —'Eg . Values of these terms for unirradiated and irradi-

ated materials are given in Table 2.3. Let us first consider the

3D. L. Martin and E. R. Parker, Trans. AIME 156, 126 (1944).
“W. Rachinger, J. Inst. Metals 81, 33 (1952-53).




Table 2.1 Effect of Preirradiation Heat Treatment on the Ductility of
Irradiated Type 304 Stainless Steel Tested at 704°C

Ductility (%)

Preirra- Cooling . .
Yield Stress Uni form Total diation iizzafiom Grain Size
: (psi) Strain Elongation Anneal - e
Strain ing Temper- Tempera-
Rate Unirra~ Irrad- Unirra- Irrad- Unirra- Irrad- ature ture Diameter ASTM
(%/min) diated iated diated iated diated iated (°c) (mm) Number
20 20.7 20.3 23.5 24, 46.4 44,3 926 Rapid 0.012 to 0.024 8 to 10 o
20.7 18.7 24.0 23.4  48.0 40.3 926 Slow 0.012 to 0.024 8 to 10 Sl
13.6 14.2 25.6 22.4  41.2 31.2 1036 Rapid 0.064 5
12.2 12.6 25.0 25.4  43.0 40,0 1036 Slow 0.064 5
12.2 11.7 18.4 19.9 22.2 24.5 1215 Rapid 0.123 3
10.0 10.2 24.9 24.5 37.0 32.4 1215 Slow 0.123 3
0.2 18.9 19.7 15.1 14.2 52.9 4) .4 926 Repid 0.012 to 0.024 8 to 10
18.7 18.9 15,7 17.3 58.2 41,7 926 Slow 0.012 to 0.024 8 to 10
15.3 14.8 14.3 13.7 35.2 19.1 1036 Rapid 0.064 5
13.4 12.8 17.6 16.1 39.2 22.8 1036 Slow 0.064% 5
11.5 11.8 9.1 8.9 11.0 10.0 1215 Rapid 0.123 3
10.4 18.6 14.9 30.3 18.8 1215 Slow 0.123 3




Table 2.2  Effect of Pre%rradiation Heat Treatment on the Ductility of
Trradiated” Type 304 Stainless Steel Tested at 842°C

9¢

Ductility (%) Preirra- Cooling
diation Rate from Grain Size
Yield Stress Uniform Total Annealing Annealing
. (psi Strain Elongation Tempera~ Tempera~-
Strain .
. . . ture ture Diameter ASTM
Rate Unirra- Irrad- Unirra- Irrad- Unirra- Irrad- (mm) Number
(%/min) diated iated diated iated diated iated (°C)
20 16.0 16.6 13.4 13.0 56.4 29.3 926 Rapid 0.012 to 0.024 8 to 10
15.9 15.5 13.0 13.4 56.8 28.1 926 Slow 0.012 to 0.024 8 to 10
13.8 12.6 15.8 11,7 38.8 17.7 1036 Rapid 0. 064 5
10.3 12.2 18.0 13.8 50,4 21.8 1036 Slow 0. 064 5
12.9 11.4 11.5 7.9 16.4 9.8 1215 Rapid 0.123 3
8.7 10.9 18.1 10.9 37.0 13.5 1215 Slow 0.123 3
0.2 9.2 10.2 6.4 4.7 45,4 15.8 926 Rapid 0.012 to 0,024 8 to 10
9.5 10.9 10.3 bob 47,1 16.2 926 Slow 0.012 to 0.024 8 to 10
9.5 10.7 14.8 5.7 28.0 9.7 1036 Rapid 0. 064 5
9.6 10.7 16.3 6.5 36.0 10.9 1036 Slow 0.064 5
10.3 10.8 3.6 2.2 6.8 4,2 1215 Rapid 0.123 3
9.2 9.4 11.2 5.0 22.5 7.8 1215 Slow 0.123 3
&Thermal neutron dose of 2 X 1020 neutrons/cm?

Fast (> 1 Mev) neutron dose of 2 X 101 neutrons/cm?



Table 2.3. Influence of Preirradiation Heat Treatment on the
Ductility of Type 304 Stainless Steel?

Preirradiation Heat

Treatment True Strain for Unirradiated Alloy (%) True Strain for Irradiated Alloy (%)
Annealing Grain Grain
Temperature Cooling Total Grain Attributable Boundary  Total Grain  Attributable Boundary
(°c) Rate Fracture Matrix  to Cracks Shearing Fracture Matrix  to Cracks Shearing
926 Rapid 119 92 13 14 39 33
Slow 129 87 8 34 41 38
1036 Rapid 47 35 8 4 26 20 2 4
Slow 79 55 6 18 31 27
1215 Rapid 17 12 2 3 21 18 3 0
Slow 45 18 4 23 25 18 2 5

a ey e
Test conditions:

Deformation temperature, 842°C.
Deformation rate, 20%/min.

L
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unirradiated material. Grain size greatly influences the magnitude of slip

within the grain matrix prior to fracture. To a lesser degree, EC and Et

are also a function of grain size. The magnitude of grain boundary shear-
ing appears to be more dependent upon the rate of cooling from the anneal-
ing temperature. Also note that the magnitude of grain-boundary shearing
relative to the total ductility increases with increasing grain size.

Similar effects are noted for the irradiated materials except that
the irradiated materials fracture at a strain for which no grain boundary
shearing is observed, suggesting that grain-boundary shearing 1s restricted
in irradiated alloys.

The effect of irradiation on the ductility of stainless steel as a
function of annealing temperature i1s shown in Fig. 2.3. Note that the
ratio of irradiated to unirradiated ductility (as given by total elonga-
tilon) decreases with increasing annealing temperature except for pre-
irradiation annealing temperatures in the range of 1215°C. The irradiation
effects appear to saturate for samples slowly cooled but decrease for

specimens rapidly cooled from 1215°C. There are two possible explanations.

ORNL-DWG €64-3789
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Fig. 2.3. Influence of Preirradiation Heat Treatment on the Elevated
Temperature Irradiation Embrittlement of Stainless Steel.
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Unirradiated samples rapidly cooled from 1215°C do not exhibit marked grain-
boundary shearing,as shown in Table 2.3. Since one of the irradiation
effects is to restrict grain-boundary sliding, these heat treated alloys
are least affected. A second explanation is that impurities tend to
desegregate5 at the higher annealing temperatures and a rapid quench pre-
vents the segregation of these elements, such as boron to the grain
boundaries. Thus, upon irradiation the concentration of boron available
at the grain boundary for transmutation to helium is greatly reduced.
Therefore, the concentration of helium at the boundary is reduced and
consequently the magnitude of the irradiation embrittlement is reduced.
Both of these explanations appear to be plausible. Speculation of the

6,7,8

latter concerns the degree of desegregation of interstituals from

the boundary at elevated temperature.

Ductility of Irradiated Metals (Copper, Nickel, and Iron) at

Elevated Temperatures
W. R. Martin

Radiation-induced embrittlement of complex structural materials has
been noted at conditions for which intergranular fracture is observed.
Presently, it is belleved that the embrittlement is associated with

helium atoms and/or bubbles that affect the nucleation and propagation

of grain boundary cracks. But the mechanism of embrittlement in complex

°D. Mclean, Grain Boundaries in Metals, p. 336, Clarendon Press,
Oxford, England, 1957.

6c. Crussard, J. Plateau, and G. Henry, "Influence of Boron in
Austenitic Alloys," pp. 1-91 in Joint International Conference on Creep,
Institute of Mechanical Engineers, London, England, 1963.

™, Hoch, The Problem of Grain Boundary Segregation of Boron in
Iron- and Nickel-Base Alloys, NMPO-TM-64-7-11 (1964).

81., Colombier, J. Hochmann, and J. Bourrat, Compt. Rend. 245, 1135
(1957).
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alloys is complicated by precipitation phenomena which may or may not
be important to the mechanism of irradiation embrittlement. To inves-
tigate the lmportance of preclpitation, relatively pure metals were
irradiated to determine if an irradiation-induced elevated-temperature
ductility effect exists. The metals — copper (99.993%), Nickel-270, and
electrolytic iron (99.97%) — were irradiated to a thermal neutron dose
level of 7 X 1020 neutrons/cmz. For these data, total elongation and
uniform strain were used as a measure of ductility. The irradiation
effect is represented as the ratio of irradiated to unirradiated
ductility as a function of deformation temperature. These curves for
copper, nickel, and iron are given in Flg. 2.4. It is noted that the
general aspects of the ductility effect are the same as noted for stain-
less steel and reported earlier.® Tt is believed!© that the low-
temperature effect (Region 1) is associated with fast neutron damage.
The irradiation-induced defects result in a structure that has a high
flow stress and low work hardening coefficient. The low hardening
coefficient results in a low uniform elongation and, as a conseguence,
a reduction in total elongation.

The effect at elevated temperature (Region 2) 1s not reversible
by annealing at the usual solution annealing temperature as earlier
demonstrated for Hastelloy N (ref. 11) and stainless steel.1? The
cause of the embrittlement at elevated temperature is believed to be
due to helium. The helium is present as a result of the transmutation

of boron (ref. 10), the (n,&) reaction. The boron content as determined!?

W. R. Martin and J. R. Welr, Effect of Irradiation Temperature on
the Postirradiation Stress-Strain Behavior of Stainless Steel, ORNL-TM-
906 (Oct. 1964).

10y, R. Martin and J. R. Welr, "Effect of Preirradiation Heat Treat-
ment on the Postirradiation Ductility of Irradiated Stainless Steel,”
paper presented at the 1964 Annual Meeting of the American Nuclear Soci-
ety, San Francisco, Calif., Nov. 30-Dec. 3, 1964. To be published in
Nuclear Applications.

1ly. R. Martin and J. R. Weir, "Effect of Elevated Temperature
Irradiation on Hastelloy N," to be published in Nuclear Applications.

12y, R. Martin and J. R. Weir, Nature 202(4936), 997 (1964).

137, C. Franklin and W. D. Harmon, Spark Source Mass Spectrograph,
Y-KG-24 (Oct. 1, 1964).
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Fig. 2.4. Effect of Irradiation on the Ductility of Pure Metals.

by the spark source mass spectrograph for copper, nlckel, and iron are
45, 390, and 500 ppb, respectively. The atom fraction of helium if dis-
tributed homogeneously would be in the range of 10°8 to 1077. Since
radiation-induced embrittlement occurs in these relatively pure metals
at elevated temperature, 1t appears that radiation effects of precipi-
tation of compounds in complex alloys is not the primary mechanism for
the damage to ductility. The elevated-temperature embrittlement of
copper, however, appears to be limited to a narrow temperature range,
450 to 550°C. Above 550°C (Region 3) the copper is not affected.
Typical fractures of copper, nickel, and iron in this temperature range

(~ 0.67 Tm) are shown in Fig. 2.5. The fractures of the iron and nickel

for which the embrittlement at elevated temperature is observed are
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(i.e., jogs, subgrain boundaries and triple points). If these stresses
are not relieved by relaxation within the grain or by grain-boundary
migration, the result is the initiation of a grain-boundary crack. There-
fore, in a high-purity material with a low helium concentration, it is
possible that the stresses accompanying the grain-boundary shearing are
relieved by both grain-boundary migration and fold formation at the

triple points. These processes would be dependent 14,15 upon the impurity
content of the metal and the temperature of testing. It might be expected
that a similar effect would be observed for nickel and iron at higher
deformation temperatures for tests performed in a noncontaminating environ-
ment (i.e., vacuum). Rhines and Wray16 have observed an improvement in
the ductility of brass and Monel metal at an elevated temperature that
corresponds to rapid grain growth. Chen and Machlin'? found a similar
effect for copper when testing in vacuum and air at 700°C. Also it is
known that aluminum and its alloys fracture intergranularly over a narrow

temperature range18119120

which perhaps is a reflection of high mobility
of grain boundaries in this metal at elevated temperatures. It has also
been demonstrated that helium, introduced by the cyclotron, can affect
the recrystallization and grain growth of aluminum. Thus, the low
ductility observed for alloys fracturing intergranularly (i.e., low
strain rates at elevated temperatures) is a grain-boundary effect. This
effect is related to fracture at strains for which no grain-boundary

shearing is observed and the effect can be negated by grain-boundary

migration.

148, J. Neild and A. G. Quarrel, J. Inst. Metals 85, 490 (1957).

1pP. N. Davies and B. Wilshire, Trans. Met. Soc. AIME 221, 1265
(1961).

6. N. Rhines and P. J. Wray, Am. Soc. Metals Trans. Quart. 54,
117 (1961). =

17C. W. Chen and E. S. Macklin, Trans. Met. Soc. AIME 218, 177
(1960) .

185, Mullendore and N. J. Grant, Trans. AIME J. Metals 6, 973 (1954).
19G. Gemmell and N. J. Grant, Trans. AIME J. Metals 9, 417 (1957).

203. McKeown, R. Eborall, and R. D. S. Bushey, Metallurgica 50,
13 (1954). =
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Substructure Studies
H. E. McCoy

The initiation of a program to correlate radiation effects with

21 gheet specimens 0,010 in.

substructure has been discussed previously.
thick of types 304, 302 and 316 stainless steel have been irradiated and
tested at room temperature. The irradiation temperature was 45°C and the
neutron dose was 8 X 10%° neutrons/cm® thermal and 4 X 108 neutrons/cm?
fast (> 2.9 Mev). The type 304 stainless steel was evaluated in three
conditions:
1. annealed 1 hr at 1040°C,
2. annealed 1 hr at 1040°C, cold worked 10%, annealed 24 hr at 480°C,

and annealed 100 hr at 705°C, and .
3. same as treatment 2 except cold worked 20%.
The type 302 stainless steel was evaluated in the as-annealed condition
(1 hr at 1200°C) and after having received treatment 3. The type 316
stainless steel was evaluated in the as-annealed condition (1 hr at 1090°C)
and after having received treatment 3. Specimens were given postirra-
diation anneals of 1 hr at 400, 800, and 1200°C to determine the influence
of structure on the kinetics of the annealing of irradiation damage. All
tests were carried out at room temperature at a strain rate of 0.025 min. 1.
Although the results have not been fully analyzed, the data given in
Table 2.5 illustrate several important features of these tests. The
data show consistently that the ratio of the yield stress of the irradi-
ated material to that of the unirradiated material is greater for the
solution-annealed material and decreases as the amount of cold working
increases. This is according to expectation. The data also show con-
sistently that this ratio approaches unity or less when the material is
given a postirradiation anneal of 1 hr at 1200°C. The data also show

that for treatment 1 the ratio in the as-irradiated condition is highest

for types 302 and 316 stainless steel and considerably less for type 304

2, E. McCoy, Quarterly Progress Report: Irradiation Effects on
Reactor Structural Materials, February, March, April 1964, HW-82379,

p. 10.1.




36

Table 2.5, Tensile Properties of Several Stainless Steels
at Room Temperature

Ratio of Yield Ratio of Uniform

Type a Postirra- Stress Elongation
Stainless  Treatment diatio
Steel Anneal Irradiated to Irradiated to
(°c) Unirradiated Unirradiated

304 1 None 1.75 0.84

304 2 None 1.38 0.37

304 3 None 1.25 0.74

304 1 1200 0.86 1.9

304 2 1200 0.80 2.0

304 3 1200 0.83 2.1

302 1 None 2.10 0.635
302 3 None 1.63 0.780
302 1 1200 0.855 1.37

302 3 1200 1.02 1.35

316 1 None 2.03 0.665
316 3 None 1.08 0.520
316 1 1200 0.975 1.46

316 3 1200 0.855 1.77

aTreatment 1l: solution anneal.

Treatment 2: solution anneal, 10% cold work, 24-hr anneal at
482°C, and 100-hr anneal at 704°C.

Treatment 3: solution anneal, 20% cold work, 24-hr anneal at
482°C, and 100-hr anneal at 704°C.

bOne—hour duration.

stainless steel. For the material given treatment 3, type 302 stainless
steel shows the largest increase in yield strength ratio, type 304 stain-
less steel is considerably smaller and type 316 stalnless steel is
practically unchanged.

The elongation figures do not seem as consistent. The ratio of the
uniform elongation of the irradiated material to that of the unirradiated

material is about 0.6 for types 302 and 316 stainless steel and about 0.8
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for type 304 stainless steel having treatment 1. Treatment 2 produces
a very low ratio for type 304 stainless steel. Treatment 3 produces
lower ratios than treatment 1 for types 304 and 316 stainless steel and
a higher ratio for type 302 stainless steel. A postirradiation anneal
of 1 hr at 1200°C increases the ductility ratio to greater than unity.
Although these tests indicate that forming a substructure does not
significantly improve the uniform elongation at room temperature, it
should be pointed out that the dose these specimens were subjected to
was not very high and the minimum uniform elongation cbserved was 13%.
Higher doses may produce a different picture. It is also possible that
the ductility minimum®® in stainless steel might be lessened by the
presence of a substructure. These possibilities will be considered as

this work continues.

2%y, R. Martin, Fuels and Materials Development Program Quart. Progr.

Rept. June 30, 1964, ORNL-TM-920, p. 30,
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3. NONDESTRUCTIVE TEST DEVELOPMENT
R. W. MeClung

Our program is intended to develop new and improved methods of
evaluating reactor materials and components, To achieve this we are
studying various physical phenomena, developing instrumentation and
other equilpment, devising application techniques, and designing and
fabricating reference standards. Among the methods being actively
pursued are electromagnetics (with major emphasis on eddy currents),
ultrasonics, and penetrating radiation. In addition to our programs
oriented toward the development of methods, we are studying these and
other methods for evaluation of problem materials and developing tech-

niques for remote inspection.

Electromagnetic Test Methods
C. V. Dodd

We have continued research and development on electromagnetic
phenomena on both an analytical and an empirical basis. As part of the
program, we are studying the mathematical determination of impedance of
an eddy-current coill and other electromagnetic field parameters as a
function of coil dimensions, frequency, specimen conductivity and
permeability, and coil-to-specimen spacing or "liftoff." The relax-
ation techniques allow the solution of the electromagnetic boundary
value problem on a digital computer. The differential equations for
the field are approximated by finite difference terms. By making a
number of correcting calculations, the values of the field can be made
to converge to agreement with the differential equation at every point.
The program has been applied to the problem of a coil encircling a
ferromagnetic rod with a relative permeability of 200, Figure 3.1 shows
a cross section of the rod and coil with equipotential contours of the
field. Note the lack of penetration of the field into the rod and the
sharp decrease of the field intensity. The contours inside the rod are
proportional to the actual eddy-current flow inside the rod. The shap-

ing of this current flow with ferrite will also be studied.
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magnetic Rod Inside an Encircling Coil.

- We are continuing development on the phase-sensitive eddy-current
instrument. A vibrating probe has been assembled and tested with the
phase-sensitive instrument. There was considerable increase in the
sensitivity to defects, but it was not as good as the present mechanical
inspection systems. Refinements will be made in the pro?e to increase

this sensitivity.
Ultrasonic Test Methods

K. V. Cock

We are continuing to work on the problems encountered in tubing

inspection. A major problem is the establishment of realistic ultra-

sonic notch standards for calibration. Since electrical discharge
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machining appears to be a reliable method for meking both inner- and
outer-surface notches, we have purchased a laboratory-model electrical-
discharge machine. Preliminary work has been done with this machine on
Inconel "X" and Mo—0.5% Ti alloys. Figure 3.2 shows a typical curve of
tool feed vs notch depth generated on Mo—0.5% Ti. To date we have been
very successful in cutting reproducible notches on tubing outer surfaces;
however, we are encountering difficulties with inner notches in small-
diameter tubing (inner diameters less than 0.350 in.). Thus far, we
have demonstrated that we can fabricate notches 1/8 in. long, 0.001 in.
deep, and approximately 0.002 in. wide in Inconel "X" material. Further
work is planned on different materials so that ratios of tool feed vs
notch depth can be established. Also we hope to decrease the width of
our notches and make them more realistic.

We are also concerned with the accurate measurement of the reference
notch depth. One way in which we have been determining depths 1s to use
differential focusing techniques with a microscope. On outer-surface
notches we simply focus on the bottom of the notch and on top of the
tube and then the difference in the lens position is the notch depth.
However, with inner-surface notches thils technique is impossible unless
the tube is split. Hence, for inner-surface notches we have developed
techniques for casting rubber replicas of the defects and then measuring
their depths by the differential focusing technlique. We have been suc-
cessful in replicating inner-surface notches as far as 3 in. from the
end of tubes with an inner diameter as small as 0.230 in. A silicon
rubber (RTV-60) is used for these castings on both inner- and outer-
surface notches. We have found that thinning the rubber mix with
toluene improves its pouring characteristics and practicality of use in
areas of poor accessibility. No loss in accuracy has been noted with
this addition. Metallographic sections of both notches and their
replicas have been taken and correlation between the two are excellent.
Figure 3.3 shows, in cross section, an approximate center position of
a 1/8-in.-long, 0.001-in.-deep, 0.0025-in,-wide outer-surface notch in
Inconel "X" tubing. The differential focusing technique was used to

measure the depth of this notch before sectioning. The apparent depth
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as measured by this technique was (0.00100 * 0.00008) in. as evident
from the photomicrograph, the depth was confirmed. TFigure 3.4 is a

cross section of a replica of a machined notch.

Penetrating Radiation

Gamma Scintillation Gaging — B. E. Foster, S. D. Snyder

Fuel-Rod Scanner. We are continuing the application of x- and

gamma-ray attenuation to the evaluation of fuel elements. Variation in
transmitted intensity can be monitored readily by scintillation gaging
and can be related through proper calibration to the fuel loading homo-
geneity within the area of the radiation beam. We have recently designed
and fabricated a scanner for the investigation of fuel homogenelity in

fuel rods. The scanner is shown in Fig. 3.5. Rods with outside diameter
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lead collimators with rectangular openings, as follows: (1) 1/16 X 3/16 in.,
(2) 1/16 X 1/4 in., (3) 1/16 X 1/2 in., (4) 1/8 X 1/8 in., (5) 1/8 X 1/4 in.,
and (6) 1/8 X 1/2 in. The rod centering and guide rollers are an integral
part of each collimator assembly to assure good alignment of rod dlameter
with collimator center line. Collimator support plates that slide out
of the irradiation beam allow for easy and safe interchange of collimators.
The detectors, each a NaI (Tl) crystal optically coupled to a photo-
multiplier are housed above each collimator and are accessible from the
back of the housing.

With this system we shall be able to optimize the source, collimator
size, and scanning speed as related to rod diameter for fuel homogeneity
inspection.

Photomultiplier Calibration System. Specifications on fuel distri-

bution within an element are becoming more stringent. The area of

interest for fuel homogeneity in a fuel plate has been less than 0.005 in.?
in some instances. This small spot size interrogation requires rapid
scanning speeds to minimize the inspection time per fuel element. These
requirements thus place a severe burden on the radiation detector and
associated circuitry. It is necessary that the detector be designed for
optimum operation with little deviation.

To assure ourselves that the detectors are operating properly, we
designed and fabricated a photomultiplier calibration chamber and
assembled it with a single channel analyzer as shown in Fig. 3.6. With
thls system we can "tune" the detectors for optimum operation and,
through routine observations, note any deterioration of the detector
systen.

The system consists of a standard single channel analyzer and
cadmium—copper-lined lead-shielded chamber. The radiation detector is
a NaI (T1) crystal optically coupled to a photomultiplier tube. A
voltage output of the photomultiplier tube is defined as the pulse height.
The height of each pulse from the crystal-photomultiplier and amplifier
combination is proportional to the amount of incident gamma-ray energy
dissipated by the detector. These small voltage pulses from the detector
are fed through a preamplifier to a linear amplifier and pulse-height

analyzer for shaping and selection between two definite voltage levels.
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X-Ray Imaging with Closed-Circuit Television — W. H. Bridges

The use of an x-ray sensitive closed-circuit television has been

described previously.li2 The images obtained in that work were essen-

tially black and white. The use of such a system for radiographic

inspection, however, places a demand for "grey."

We are currently
engaged in determining the minimum contrast that we can ascertain
with our present system.

Closed-circuit television for radiographic inspection has the
primary advantage of the immediacy of the information. To be useful,
however, the sensitivity to radiation must be good enough to detect
the small changes resulting from a defect in the material under study.

The operating voltages applied to the x-ray sensitive vidicon may be
adjusted to give extremely good sensitivity, but an extremely poor

image. Figure 3.7 illustrates the response of a beryllium window vidicon
to 100-kvep x rays without regard to image quality. The change in slope
to negative values for the —50 beam volt curve is the result of a rapidly
increasing background current and a saturation value 1s reached. When
this occurs, the image is no longer useful.

In order to establish the "defect sensitivity," a rather unusual
penetrameter has been made. It is about 7 1/2 in. in diameter and 30 mils
thick. There are indentations in it ranging from 1-mil diam and 1 mil
deep to 20-mil diam and 20 mil deep. The holes with varying diameters
are arranged concentrically and those with varying depths go from near
the center to close to the periphery. The circular hole pattern was
chosen so that the specimen can be easily rotated while watching the tele-
monitor. The motion makes the "defect" easier to see, and also the small-
est indentation that can be seen is relatively easy to locate. In this
way, we shall be able to establish proper operating conditions for many

varieties of radiographic inspection.

lw. H. Bridges, Fuels and Materials Development Program Quart. Progr.
Rept., June 30, 1964, ORNL-TM-920, pp. 44—46.

°w. H. Bridges, Fuels and Materials Development Program Quart. Progr.
Rept. Sept. 30, 1964, ORNL-TM-960, p. 21
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Inspection Development of Problem Materials
K. V. Cook R. W. McClung

We have continued to work on nondestructive tests for unusual
materlals that are difficult to inspect and on new materials that have
no evaluation history. This has included such items as graphite and
refractory metals including nickel-, tungsten-, tantalum-, and niobium-
base alloys. We found that conventional penetrant, radiographlc, and

ultrasonic techniques could be applied to T-111 and B-66 alloy tubing.?3

3K. V. Cook and R. W. McClung, Nondestructive Evaluation of T-111
and B-66 Alloy Tubing, ORNL-TM-990 (Dec. 1964).
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4. SOLID REACTION STUDIES
T. S. Iundy

Our purpose is to provide information concerning solid-state reactions
of importance in the development of materials for high-temperature appli-
cation. We are emphasizing the study of mechanisms of these reactions by
measuring diffusion rates in the solid state by various methods. In
particular, we are studying the diffusion rates in various body-centered
cubic refractory metals over wide ranges of temperatures.

During this quarter, we have concentrated on measuring the volume
diffusion coefficients of °5Nb and '82Ta in niobium over the temperature
range 878 to 2400°C. This work is covered in a paper to be published in

the open literature and included here as our contribution to this report.

Diffusion of °°Nb and 82Ta in Niobium?!
T. S. Lundy F, R. Winslow R. E. Pawel
C. J. McHargue

Introduction

Previously reported studies of self-diffusion in niobium were by

Resnick and Castleman?® and Peart, Graham, and Tomlin.? The data of

Resnick and Castleman over a temperature range 1585 to 2120°C show con-

siderable scatter but can be represented by

D = (12.4 % 0.8) exp [—(105,000 * 3000)/RT] cm?/sec . (1)
The limited data of Peart, Graham, and Tomlin follow the equation

D = 1.3 exp (—95,000/RT) cm?/sec . (2)

In view of recent diffusion data for B-zirconium (ref. 4) and B-

titanium (ref. 5) in which Arrhenius-type plots do not yield straight

submitted to Transactions of the Metallurgical Society of AIME.

°R. Resnick and L. S. Castleman, Trans. Met. Soc. AIME 218, 307 (1960).
R. F. Peart, D. Graham, and D. H. Tomlin, Acta Met. ;g:—§l9 (1962).
4J. I. Federer and T. S. ILundy, Trans. Met. Soc. AIME?%EZ, 592 (1963).

5J. F. Murdock, T. S. Iundy, and E. E. Stansbury, Acta Met. 12,
1033 (1964). -
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lines and of the potential high-temperature uses of niobium and its
alloys, we thought it important to investigate the diffusion behavior of
this body-centered cubic refractory metal over a large temperature range.

& chromium, ’ 859

This has recently been done for molybdenum, vanadium,
and tantalum.'® Niobium was a particularly suitable material for this
study largely because of the development of an anodizing and stripping
sectioning technique which enables diffusivities as small as 10-19 cmz/sec
to be determined accurately.11 In addition to self-diffusion data, data
were obtained for the diffusion of 182Ta in niobium and for the effect

of varying oxygen content on self-diffusion.

Experimental Procedure

Materials. — The nlobium was obtained from three sources: (1) melt-
ing stock from Shieldalloy Corporation, (2) electron-beam welted single
crystals, 1/2 in. in diameter, from Semi-Elements, Inc., and (3) oxygen-
doped, electron-beam melted single crystals from Materials Research
Corporation. The melting stock was electron-beam melted and specimens
5/8 in. in diameter and 1/2 in. long were machined from the center of
the bar. The analysis supplied by the vendor and an interstitial

analysis of one of the specimens are given in Table 4.1. The single

6J. Askill and D. H. Tomlin, Phil. Mag. 8, 997 (1963).

7J, Askill, "Tracer Diffusion Studies in Molybdenum," paper presented
at the International Conference on Diffusion in Body Centered Cubic
Materials held at Gatlinburg, Tennessee, September 16~18, 1964. Proceed-
ings to be published.

8R. F. Peart, "Vanadium Self-Diffusion," paper presented at the
International Conference on Diffusion in Body Centered Cublc Materials
held at Gatlinburg, Tennessee, September 16—18, 1964. Proceedings to be
published.

9P, S. Lundy and C. J. McHargue, "Diffusion of V48 in Vanadium," to
be published in Transactions of the Metallurgical Society of AIME.

10R, E. Pawel and T. S. Lundy, "The Diffusion of Nb®’ and Tal®? in
Tantalum," submitted to Acta Metallurgica for publication.

11R. E. Pawel and T. S. Lundy, J. Appl. Phys. 35, 435 (1964).
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Table 4.1, Major Impurity Content of Niobium Polycrystals.

Element Vendor Analysis ORNL Analysis®
(ppm) (ppm)
Tantalum 1200 ND
Titanium 100 ND
Iron 300 ND
Tungsten 200 D
Carbon 100 50
Nitrogen 100 79
Oxygen 200 63
Hydrogen 15 13

aND — not determined.

crystals (type 2 above) were cut with a jeweler's saw to specimens about

3/8 in. long. The Interstitial analysis of these crystals is given

below:
Element Content, ppm
Carbon 20
Nitrogen 14
Oxygen 100
Hydrogen 2

This material was used for most diffusion anneals below 1900°C; excep-
tions are noted in the results. The interstitial analysis of the oxygen-

doped crystals (type 3 above) is given in Table 4.2.

Table 4.2. Interstitial Analysis of Oxygen-Doped Niobium
Single Crystals

Element Rod I Content Rod IT Content
(ppm) (rpm)

Nitrogen 15 20

Oxygen 250 420

Hydrogen 3 7
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The isotopes 95Nb and '82Ta were obtained from the Isotopes Dilvision,
Oak Ridge National ILaboratory, in the form of oxalate solutions. Niobium-
95 decays with a half-life of 35 days by the emission of a 0.76 Mev gamma,
This isotope was contaminated with less than 0.02% 957r and less than
0.1% '9%Ru. Tantalum-182 decays with a half-life of 112 days by the
emission of 1.1 and 1.2 Mev gammas.

Specimen Preparation. — Polycrystalline specimens for high~temperature

anneals were machined and then alternately abraded and etched several times
in 80% HNO3~—20% HF. They were given a l-hr anneal at 2400°C in argon; this
treatment produced from one to five grains on the 5/8-in.-diam flat face.
This anneal was followed by alternate abrasion through 4/0 metallographic
paper and etching in 859 HNO3—15% HF until no machining marks remained.
Niobium-95 was deposited dropwise on the surface and evaporated to drynmess.
Single-crystal speclmens were alternately abraded and etched 1n the
above solution until etching showed no evidence of residual strain.
Specimens to be sectioned by grinding were used in this condition. For
the anodizing and stripping technique, however, a polished surface was
necessary. The specimens were electropolished in 90% HpS0,—10% HF at a
current density of 1 to 2 amps/cm2 for about 30 min. The isotope was
deposited dropwise, electrodeposited, or vacuum evaporated from a tungsten
filament. The efficiency of electrodeposition was marginal at best so
that the other techniques were generally used. The specimens on which
tracer atoms had been deposited by vacuum evaporation were somewhat
easier to section by the stripping technique. At high temperatures the
method of isotope deposition did not appear to affect the measured
diffusivity, but in several specimens heat treated at temperatures less
than 1200°C dropwise deposition seemed to cause erroneously high values.
Certain samples had 182mg codeposited with the ?5Nb. Since the
gamma pesks are well separated in the gpectrum, simultaneous measurements
of diffusivity for both isotopes were possible.

Diffusion Anneals. — Diffusion anneals at temperatures greater than

1200°C were carried out in a tantalum resistance furnace in high-purity
argon or in a vacuum of about 10" ’torr. Argon was used at very high

temperatures to decrease evaporation of the specimen. Temperature con-

trol was manual but satisfactory because of short annealing times and
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very small line-voltage fluctuations. Temperatures were read with a micro-
optical pyrometer which had been calibrated against Pt vs Pt—10% Rh
thermocouples to 1600°C, Corrections for higher temperatures were made

by an extrapolation. Absolute accuracy of temperature measurements 1s
estimated to vary between *20° at 2400°C and *5° at 1200°C.

Diffusion anneals at temperatures below 1200°C were carried out in
a horizontal tube furnace with a Mullite tube under a vacuum of about
10"% torr. Temperatures were controlled to *1°C and measured with cali-
brated Pt vs Pt—10% Rh thermocouples.

Sectioning. — After the diameters were reduced by machining (to
remove any surface effects), the specimens were sectioned by one of three
techniques. The technique used for a particular sample is noted in the
results. Iathe sectioning was done by standard methods. The section
thickness was determined by weighing the collected chips. Grinding
was done by hand on metallographic paper, the grade dependent on the
section thickness desired. TFigure-eight strokes were made on a marked
paper area, and the samples were cleaned with alcohol and Kleenex. All
paper was then taped together for counting. Section thicknesses were
determined by weighing the specimen before and after grinding. Reliable
sections as thin as 0.7 u could be taken. The anodizing and stripping
technique used to section low-temperature specimens has been described

previously.**

The minimum sectlon thickness removable by this method
was about 200 A; thus, D values as low as 10~1° cmz/sec could be con-
veniently determined. Section thicknesses, which were determined from
a calibration by Pawel, are directly proportional to anodizing voltage
and almost independent of time for t >30 sec. The proportionality
constant used was 9.51 X 10-8 cm/v, which is referred to the thickness
of metal before anodization. This value was consistent with a direct
measurement of a partially stripped specimen in a Zeiss interference
microscope.

Counting. — Sections were counted by analyzing the 0.76 Mev gamma
from °’Nb (or the 1.1.,8nd 1.2 Mev gammas from “82Ta) using a single-
channel gamma spectrometer with a 3- X 3-in. NaI(Tl) crystal. Gammas
of 0.66 to 0.86 Mev (°°Nb) were counted; the background at this setting

was about 0.6 cps. For samples on which both isotopes were deposited,
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suitable corrections calculated from an experimental calibration of the
background contribution of the unwanted isotope were made. These correc-
tions were kept to a minimum by adjusting the %5Nb-to-182Ta ratio to
about 10 during 1sotope deposition. Decay corrections were unnecessary

for the treatment of these dats.

Data Treatment. — The thin-film solution to the diffusion equation,
M —x?
A(x) = exp (”Zﬁ%”) ) (3)

/nDt

where A(x) 1s the specific activity at a distance x from the surface,

D the diffusion coefficient, t the annealing time, and M a constant

equal to the total activity originally deposited per unit area, was used
to fit all data in thils study. Recently, Mortlock*? has reemphasized the
fact that it is necessary to fulfill isotope layer thickness and solubility
requirements in order for Eq. (3) to be applicable. It appears that these
requirements were satisfactorily met in our work. Thus, data plotted as

£n A(x) vs x? should yield a straight line with a slope of —1/4Dt. The
distance values were corrected for the change in density between room
temperature and the diffusion temperature by using the linear expansion
values of Krikorian.?13

Some of the data were treated with a computer program written by one

of the authors.*

Thils program automatically plots the experimental points
and draws the least-squares fit. In addition to the diffusion coefficient,
the program computes the 90% confidence limits using Student's t test.
The results were plotted on an Arrhenius-type plot and the activation
energy and preexponential factor calculated by the method of least squares.

Results

Typical penetration plots of experimental data are given in

Figs. 4.1 to 4.4. Figure 4.1 shows a plot for a lathe-sectioned,

125, J. Mortlook, Acta Met. 12, 675 (1964).

130, H. Krikorian, Thermal Expansion of High-Temperature Materials,
UCRL-6132 (Sept. 1960).

14p, R. Winslow, A FORTRAN Program for Calculating Diffusion

Coefficients and Plotting Penetration Curves, ORNL-TM-726 (Dec. 1963).
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polycrystalline specimen. Tt is computer drawn by the previously mentioned

14 Figure 4.2 shows a plot for a single-crystal specimen sectioned

program.
by grinding. Both °°Nb and 18275 were deposited on this specimen prior
to the diffusion anneal, so that a simultaneous measurement of both diffu-
sion coefficients was possible. Figure 4.3 shows a plot for a single-
crystal specimen sectioned by the anodizing and stripping technique.
Figure 4.4 contains results for oxygen-doped single crystals also sectioned
by anodizing and stripping. The diffusion coefficients computed from the
slopes of the penetration plots are listed in Table 4.3. Results of the
experiments to determine the effect of oxygen on the self-diffusivity of
niobium are given in Table 4.4.

The data for °5Nb in niobium are summarized in an Arrhenius-type

plot in Fig. 4.5. The best equation for a straight line through the

data is

Dy, = (1.10 £ 0.04) exp[—(96,100 * 1700)/RT] cm®/sec . (4)

Equation (2) holds for the entire temperature range covered in this
investigation, 878 to 2400°C. The confidence limits on individual points
are shown if they were large enough to be reproduced. For points which
do not have error bars, the data point itself represents the 90% confi-
dence interval. Several points, notably those at 1502, 1475, 1152, and
1103°C, were disregarded in the least-squares calculation. The reasons
for discarding these points will be discussed later.

The data for diffusion of 82Ta in niobium is shown with open
circles in Fig. 4.5. The best straight line through the data is

Dy, = 1.02 exp(—99,300/RT) cm?/sec . (5)

Because of the limited amount of data, the standard errors were not
calculated, It should be noted that the diffusion coefficients for
tantalum in niobium are about a factor of 2 lower than the self-diffusivity
of niobium. The activation energy and Dg, however, are quite similar.

This apparent paradox may be resolved by the fact that the scatter present

in the data leading to Eg. (5) was large enough so that it is not signif-
icantly different from Eq. (4). The factor of 2 difference between the




Table 4.3. Diffusion of 2°Nb and 182Ta in Nicbium

Root Mean
Square Pen- Root Mean

. . . . a 2
Diffusion Coefficient,® cm®/sec ctration®  Bquare Relative

Temperature Material and Sectioning

(°c) Method 95 Nb 182mg, (u) Penetration
2395 Polycrystal, lathe (1.90 + 0.03) x 1078 119.5 2.3
2320 Polycrystal, lathe (9.99 *+ 0.22) x 107° 89.1 1.8
2200 Polycrystal, lathe (4.04 £ 0.21) x 107° 55.2 2.2
2140 Polycrystal, lathe (2.55 + 0.15) x 107° 43.8 1.8
2106 Polycrystal, lathe (1.45 + 0.04) x 107° 84.9 1.7
2073 Single crystal, grinding (9.60 = 0.33) x 1010 (4.48 + 0.32) x 1071° 29.0 4.1
2000 Polycrystal, lathe (8.95 + 0.48) x 10710 53.0 2.1
1999 Polycrystal, lathe (7.08 + 1.36) x 10”10 53.0 2.1
1914 Single crystal, grinding (2.30 £ 0.09) x 10710 (1.34 * 0.07) x 10°1° 43.1 5.4
1899 Polycrystal, grinding (1.37 + 0.39) x 10710 41.0 5.9
1799 Polycrystal, grinding (6.43 £ 0.55) x 10”12 23.3 3.9
1776 Single crystal, grinding (5.42 £ 0.21) x 10”11 (2.24 + 0.14) x 10~1?% 19.8 5.6
1691 Polycrystal, grinding (2.66 + 0.41) x 10”11 12.0 8.1
1673 Single crystal, grinding (1.75 % 0.13) x 10”11 (9.00 # 1.13) x 10712 11.3 4.0
1607 Single crystal, grinding (8.38  0.18) x 10"%? (4.13 £ 0.29) x 10712 6.72 4.8
1601 Polycrystal, grinding (1.22 + 0.10) x 10”1 7.07 5.1
1502 Polycrystal, grinding (5.82 + 0.64) x 10”1? 3.18 1.3
1475 Single crystal, grinding (3.17 + 0.23) x 107'? (1.29 * 0.17) x 10°1? 2.83 1.6
1453 Single crystal, grinding (6.45 * 0.36) x 10”*3 (2.46 + 0.27) x 10713 4. 24 2.3

8¢



Table 4.3. (continued)

Root Mean

Diffusion Coefficient,® cm?/sec Square Pen- Root Mean
Temperature Material and Sectioning etration® Square Relative
(°c) Method 95 b 182mg (1) Penetration®
1408 Single crystal, anodizing (2.01 * 0.05) x 10713 (9.47 + 0.20) x 10~ 0.59 12.5
1315 Polycrystal, anodizing (6.71 + 0.20) x 10714 0.39 4.1
1312 Polycrystal, anodizing (7.47 £ 0.19) x 10" 0.40 4.2
1253 Single crystal, anodizing (2.16 = 0.03) x 107 (6.15 * 0.20 x 107%° 0.31 5.4
1200 Single crystal, anodizing (6.27 * 0.36) x 107%° 0.16 5.7
1152 Single crystal, anodizing (7.54 = 0.61) x 10™1° (5.46 * 0.30) x 10™%° 0.14% 4.9
1103 Single crystal, anodizing (2.38 * 0.11) x 10™%® (1.53 # 0.07) x 10715 0.10 3.5
1077 Single crystal, anodizing (2.58 * 0.03) x 10°1¢ 0.12 4.2
1046 Single crystal, anodizing (8.21 * 0.42) x 10™17 0.03 1.1 I
1001 Single crystal, anodizing (4.89 = 0.17) x 10~17 0.06 2.0
951 Single crystal, anodizing (1.14 * 0.37) x 10~17 0.02 0.85
878 Single crystal, anodizing (1.24 * 0.04) x 10718 0.014 0.57
878 Single crystal, anodizing (1.46 * 0.08) x 10~18 0.014 0.57

aThe accuracles shown are 90% confidence limits.

b 1/2 where D, is taken from the line of Fig. 4.5.

The root mean square penetratlion is calculated as (ZDRt) R

“The relative penetration is defined as the ratio of the root mean square penetration to the average
section thickness.
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Table 4.4 Effect of Oxygen on Self-Diffusion in Nioblum.

Temperature Oxygen Content Diffusion Coefflcient

(°c) (ppm) (cm?/sec)

1200 250 6.29 X 10 13

1200 420 6.29 X 10 15
| 1298 250 4.70 X 10714
} 1298 420 4.70 X 10714 ;
‘ 1501 250 1.16 X 10 2

1501 420 1.16 X 107 1% :

ORNL-DWG 64-9858
TEMPERATURE (°C)

2400 1800 1400 1000

'

D (cm2/sec)

35 45 55 6.5
10,000/, oy

Fig. 4.5 Arrhenius Plot for Diffusion of °3Nb and 182Ta in
Niobium.
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95Nb and 182Ta diffusivities then seems to be a more sensitive method of
describing the data than does a comparison of Dg and Q values. A compari-
son of the results as a function of oxygen contents between 100 and 450 ppm
shows that oxygen varilations in this range cause no appreciable effect on
self-diffusion in niobium.
Discussion

The present data for self-diffusion in niobium are in excellent

15 and Peart,

agreement with the previous results of Resnick and Castleman
Graham, and Tomlin.'® However, the temperature range of the new data,
878 to 2400°C, is much wider than has previously been studied. The
Arrhenius-type plot, Fig. 4.5, shows that an excellent straight line can
be drawn through most of the data over the entire range, 10 orders of
magnitude in D. There are, however, some data points not consistent with
this straight line. It is our opinion that the points that do not fall
on the line represent a real failure of the sectioning technique for
diffusion studies, not simply experimental scatter.

Typical penetration plots such as those shown in Figs. 4.1 to 4.4
consisted of two regions. The initial region, from which most of the
data given in Table 4.3 and shown in Fig. 4.5 were taken, was straight

2 representation. Beyond a certain point, however, the

in a gn A(x) vs x
experimental points showed a consistently higher activity than was given
by the straight line through the data in the initilal portion. The depth
at which this upward deviation occurred and its magnitude varied from
sample to sample. Generally, the "tail" was more prominent for poly-
crystalline samples than for single crystals and also was more promi-
nent at lower temperatures. Material transport in this deeper region

is presumably due to diffusion down dislocation short circuits.

15R, Resnick and L. S. Castleman Trans. Met. Soc. AIME 218, 307
(1960). =

16R. F. Peart, D. Graham, and D. H. Tomlin, Acta Met. 10, 519
(1962). —
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Brown and Blackburn!? have recently emphasized the lmportance of
the resolution of a particular experimental technique. For any section-
ing method the resolution is limited because the thickness of the cuts
taken 1s finite. Thils consideration has been treated by Shirn, Wajda,

and Huntingtonl8 who arrive at a result which may be summarized as:

d[ﬂnALX)] =-—l [l.}._.ﬁ._-*-...' }} (6)
a x? 4Dt 24Dt

neglecting any terms arising due to nonparallelism of the sections. In
this equation, h 1s the section thickness and terms in h* and higher have
been neglected. We now define the root mean square relative penetration
(see Table 4.3) as (2 DRt)l/z/h vhere DR is the true diffusivity. The root
mean square relative penetration is a measure of the resolution of a par-
ticular sectioning technique. To measure the resolution, it 1s necessary

to have the true diffusivity already known or to show that D is not changing
with annealing time. For our case, we can assume with conslderable experi~
mental justification that the true diffusivity is represented by the straight
line on the Arrhenlus-type plot, Fig. 4.5. Note that the root mean square
relative penetration 1s of the same form as the correction term in Eq. (6).
If we allow D to vary by 20% (a reasonable variation in D for an Arrhenius
plot covering such a wide temperature span), the root mean square relative
penetration must be greater than 0.9 for the error due to finite section
thickness to become important. All polnts except those at the two lowest
temperatures are well within this criterion so this correction is not

significant.

However, there are data points lying well above the line. We pro-
pose another correction which also is a function of the resolution of

the sectioning technique but which is only present when the penetration

175, F. Brown and D. A. Blackburn, Acta Met. 11, 1011 (1963).

18G. A. Shirn, E. J. Wajda, and H. B. Huntington, Acta Met. 1, 518
(1953). -
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plot shows the presence of a "tail", presumebly due to dislocation and/or
graln-boundary short circulting. Suppose the sample of Fig. 4.3 had been
lathe sectioned. The first data point would have 1ncluded all tracer
transport by the procesgss which we will identify later as volume diffusion.
Any subsequent polnts would have contained only material transported by
short clrcuits. However, a penetration plot might have looked quite
normal, with only the first point above the line. The D calculated from
this specimen would have been in error (higher than the true volume
diffusion coefficient) by a large amount. That is to say, the resolu-
tion of the lathe-sectioning technique would not be an adequate observa-
tion of the true penetration in that particular sample. Examination of
the penetration plots for the speclmens at 1502, 1475, 951, and 878°C
shows that a few (one to four) of the initial data polnts are higher
than the line drawn through the remainder of the data. In most of these
samples there are not enough polnts in the initial reglon to justify
calculating a diffusivity, but 1n one specimen (1475°C) two different
values could be calculated. The lower of the two values was taken from
the slope of the initial part of the penetration plot. This value agrees
very well with the straight line while the other value agrees well with
some of the other data which 1ndicate, upon examination, that the reso-
Jution of the sectioning technique has been exceeded. Approximate values
of the root mean square relative penetration are tabulated in Table 4.3.
It appears that values below about 1.7 yield diffusivities which are
higher than normal so we suggest this as an empirical constant for diffu-
sion studies conducted on well-annealed single crystals. Obviously, if
the deeper region is caused by dislocation short circuiting, this number
depends on the perfection of the crystal.

The above explanation covers all but two of the high data points,
those at 1103 and 1152°C. These values, determined early in the study,
presumably are high because of a fallure in the boundary conditions
necessary to apply the thin-film solution, Eq. (3). The isotope was
deposited dropwise on these specimens and decomposed only partially

during annealing, leaving a surface residue. Such a residue was not




64

present on the specimens annealed at higher temperatures, and all runs
at lower temperatures were made with the isotope deposited by evapora-
tion.

The experiments on the effect of oxygen on nioblum self-diffusion
were undertaken after a suggestion by Kidson'® that oxygen contamination
might cause a temperature-independent vacancy concentration which could
lead to positive deviations from Arrhenius plots at low temperatures.

At the time it was not clear that niobium did not exhibit such behavior.
Therefore, the fact that oxygen has no effect on nicblium self-diffusivity,
at least in the range of 100 to 450 ppm, while interesting, is not con-
clusive evidence against Kidson's theory. It seems from an examination
of these penetration plots that oxygen contamination tends to increase
the short-circuiting contribution. However, since these crystals came
from a different supplier, they may have had different dislocation
structures; so the evidence 1s not complete,

The data for 82Ta diffusion in niobium, while fragmentary, leads
to an activation energy and a Dg almost ldentical to that of niobium,
but to D values lower by a factor of about 2, an observation which is

not surprising considering the chemical similarity of the two metals.

Conclusions

1. The volume self-diffusivity of niobium can be represented by:

D = (1.10 + 0.04) exp[—(96,100 + 1700)/RT] cm?/sec over the :
temperature range 878 to 2400°C.
2. A limited amount of data indicates that the diffusivity of
1827y in nicbium is about a factor of 2 lower than the self-diffusivity

and can be represented as
D = 1.02 exp(—99,300/RT) cm?/sec

3. Oxygen has little or no effect on the self-diffusivity of

niobium over a range of oxygen contents from 100 to 450 ppm.

19G. V. Kidson, Can. J. Phys. 41, 1563 (1963).
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4, The occurrence of short-circuit diffusion, presumably along
dislocations, can lead to erroneously high D values when combined with
a loss of resolution of the sectioning technique.

5. It is suggested that values of the root mean square relative

penetration be greater than 1.7 to avoid this logss of resolution.
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5, ZIRCONIUM METALLURGY
M. L. Picklesimer

We are conducting research along several lines on zlrconium-base
alloys of potential use as structural materials for water-cooled and/or
-moderated reactor systems. The principal projects presently under
way are: (1) studies of the physical metallurgy, consisting of trans-
formation kinetics and morphologies, mechanical properties, phase -
diagrams, and heat-treatment response; (2) the development, evaluation,
and utilization of preferred orientation and strain anisotropy in Q- »
zirconium alloys during fabrication, and the utilization of yield stress
anisotropy in increasing maximum permissible design stresses in struc-
tures; (3) the determination of the effects of composition, temperature,
and environment on the oxidation-corrosion rates in the thin film states
of oxide growth; (4) a study of the effects of alloy composition and
oxidation environment on the structural properties of thin oxide films
in situ; and (5) investigation of stress reorientation of hydrides in

Zircaloy-2.

Anisotropy In Zircaloy-2
P. L. Rittenhouse M. L. Picklesimer

Tube Tester

The tube testing apparatus1 for the study of strain anisotropy in
Zircaloy-2 tubing is under construction. All of the parts being made in -
the machine shop have been heat treated preparatory to finish grinding.
More than 90% of the parts have been finished. Assembly should be under
way within two weeks. Debugging and preliminary testing are expected to
be completed in the next quarter. A schematic operational diagram of

the tube tester is given in Fig. 5.1.

1P, L. Rittenhouse and M. L. Picklesimer, Fuels and Materials
Development Program Quart. Progr. Rept. Sept. 30, 1964, ORNL-TM-960,

pp. 37 and 38.
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Tubing Fabrication Analysis

Analysis of the problem of controlling and moving texture during
mill manufacture of tubing leads to a critical question: Is the
orientation of the final material independent of the strain path when
a given starting shape and texture is deformed into a given final shape?
A corollary question is: Can a given shape change be accomplished by
successive complete operations of the deformation systems known to operate
in single crystals? ILimited answers to both questions have been found,
but the generality of these answers remains to be determined.

Consider the problem as presented in Fig. 5.2. First, assume that
the specimen is a single-crystal cube with the basal plane parallel to
one of the cube faces. The cube is to be distorted into an arbitrary
shape which can be obtained by a simple sequence of successive twinning
and/or slip operations. Next, both the shape and dimensional changes
occurring when the cube is strained by path A of Fig. 5.2 and the new
orientation of the basal pole are determined. Now, the problem is
determining if exactly this shape and dimensional changes can be accom-
plished by another sequence of twinning and/or slip operations and if
the location of the basal pole is the same or different. For the partic-
ular case of the shape and dimensional changes produced by path A,
exactly the same changes can be made by path B (Fig. 5.2) with the
additional result that the basal poles are essentially 90° apart. The
dimensions of the shapes by the two paths are within 0.2% and the face
angles agree within 1/2°.

Many combinations of final shapes and dimensions and of strain
paths were examined. In general, if the final shapes and dimensions
were the same by two apparently different paths, the basal pole orienta-
tions were found to be within 10° of each other. In many cases, no
second path could be found which could produce the same shape and dimen-
sional changes. Thus, only gqualified and limited answers can yet be
glven to the two critical questions.

This analysis has shown some of the questions which must be continually
asked during the planning of a fabrication sequence which 1s expected to
control or move texture. For the particular sequences of Fig. 5.2, the

two paths can be readily produced by mill equipment but 1t must be
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Fig. 5.2. Texture Change in Zirconium by two Strain Paths.

realized that only a specific and quite limited deformation of tubing
can be obtained by these particular paths. It will thus be expected
that the reduction or strain pattern of each step of the fabrication
sequence will be controlled by the amount which will produce the desired
change in texture and not by the amount of cold work the material can
withstand before annealing is required.

Other combinations of deformation systems and shape changes will be
examined to determine if any pattern can be detected which might lead to
a conclusive general answer or decrease the amount of study required to
obtain an answer when some particular shape, size, or texture change is

desired.



Yield Anisotropy in Zircaloy-2

In the classical octahedral shear stress theory of plastic flow,

2

a yield ellipse is predicted for the case of plane stress (l.e., biaxial)

in an isotropic material. It 1s assumed that the yield stress in tension

is identical to that in compression, regardless of the test direction.

Such behavior has generally been found for the cubic metals and a typical

yileld ellipse is shown in Fig. 5.3a.
is the distance from the center to the ellipse boundary.
0

of particular stress conditions (¢

by the letters A through H.

The yield strength in biaxial stress

Several cases N
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2A. Nadai, Theory of Flow and Fracture of Solids, vol 1, 2nd ed.,

pp. 209-213, McGraw-Hill, New York, 1950.
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If the material is cubic and can be made to have an anisotropy of
yield stress (i.e., it 1s commonly found in cold rolled mill products
of steels, aluminum alloys, copper alloys, etc., that the tensile yileld
strength in the transverse direction is greater than that for the roll-
ing direction), the yield ellipse is rotated to some extent and the
ellipticity can be appreciably increased. This means that the yield
strength in biaxial stress will be increased above that for the isotropic
case. The center of the yield ellipse is, however, still at the center
of the reference axes.

We have attempted to determine what the shapes and orientations of
the yield ellipses could be for certain textures in Zircaloy-2 tubing,
assumling that the octahedral shear stress theory can be modified to
allow a material to have a yleld strength in tension appreciably less
than that in compression, and for the differences to vary greatly as
the stress directions are moved relative to the crystallographic direc-
tions. We postulated three textures in tubing (basal poles concen-
trated in the axial, tangential, and radial directions), and assumed
yield values previously obtained for certain crystallographic directions
in highly textured Zircaloy-2 sheet.? The results are shown in
Fig. 5.3B, C, and D.

If the above assumptions are even approximately valid, the yield
ellipses for basal poles concentrated in the axial and tangential
directions are not centered on the reference axes and are rotated so
that the maximum yield strengths in biaxlial stress do not occur for
@ = 1 (internal pressure in a gpherical pressure vessel, or in a
bulge of a tube yielding to internal pressure) as 1s the case for iso-
tropic material and for basal poles concentrated in the radial direction.
In addition, the ellipticity of the yileld ellipses is considerably
greater than that found for the most anisotropic cubic metal.

Some important conclusions can be drawn as to the effects of the
textures for certain stress conditions encountered in service. Consider

the case of a closed end, internally pressurized tube as a bulge begins

3M. L. Picklesimer, A Preliminary Examination of the Formation and
Utilization of Texture and Anisotropy in Zircaloy-2, ORNL-TM-460, p. 4
(Feb. 28, 1963).
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to form in the wall. TFor the main portion of the tube, the stress con-
dition is such that @ = 2 (point G). In the bulge itself, the stress
condition is approaching that of @ = 1 (point H), the case of a spheri-
cal pressure vessel under internal pressure. If the texture is such
that the basal poles are concentrated in the axial direction, Fig. 5.3B,
the yield strength will be relatively low (@ = 2); and as the bulge
forms, the stress required to yield will increase moderately rapidly
(ignoring strain hardening). If the basal poles are concentrated in
the tangential direction, Fig. 5.3C, the formation of the bulge will be
catastrophic because the stress required for yielding (& = 1) in the
bulge is considerably less than that required for yielding to begin in
the main body of the tube (0 = 2). This will be so even if a moderate
amount of strain hardening occurs with increased plastic flow. This
texture is that most commonly found in Zircaloy-2 tubing made for use
as pressure tubing and fuel element cladding. The texture most resist-
ant to bulging is that with basal poles concentrated in the radial
direction (Fig. 5.3D) as the stress required for yielding increases
rapidly as @ goes from 2 to 1 (from the main part of the tubing to the
bulge).

One of the first results to be obtained with the tube testing device
now being constructed is a determination of the shape of the yield
ellipse, particularly in the tension-tension quadrant.

One of the surprising results of the past studies of anisotropy in
Zircaloy-2 plate and sheet was that the tensile strength (maximum load per
original cross-sectional area) was essentially independent of texture,4
(i.e., the material was almost isotropic in tensile strength). If now
a "tensile strength ellipse" 1s plotted on the same axes as the yield
stress ellipse, it can readily be seen that the "flow stress" ellipses
must progressively rotate and move toward the center of the reference

axes as plastic strain occurs. The "flow stress" ellipses increase in

4P, L. Rittenhouse and M. L. Picklesimer, Metallurgy of Zircaloy-2
Part IT. The Effects of Fabrication Varilables on the Preferred Orlenta-
tion and Anisotropy of Strain Behavior, ORNL-2948 (Jan. 11, 1961).




73

slze with plastic strain because the flow stresses required to continue
strain increase as the material work hardens. Such analyses will be
made shortly, using the stress-strain data previously obtained on textured

Zircaloy-2 plate and sheet,.

Oxide Film Studies
J. C. Banter

Previous results® indicated that the refractive index of anodic
oxide films stripped from zirconium was lower than that of the films in
place on the metal. Due to certain assumptions made in calculating the
refractive indices of the in situ films, this reported difference must
be considered to be only qualitative at present. We felt that a
quantitative determination should be made directly on the in situ films,
and have devised a suitable method. The technique involves the measure-
ment by a spectrophotometer, using 10 and 60° angles of incidence, of
the reflection interference patterns developed by a series of specimens
anodized at successively higher voltages. Specilal speclmen holders for
these measurements were designed and are now belng built.

This same technique will be used to determine the effects of irra-
diation on the refractive indices of these films. Two sets of identical
specimens were prepared by anodizing strips of zirconium foil at voltages
ranging from 50 to 400 v. One set has been canned and is currently being
irradiated in an experimental facility at the ORR. It will be used in
comparison with the unirradiated set to determine the effects of irra-
diation on the optical properties. These measurements should be com-

pleted during the coming quarter.

Preparation of Single Crystals of Zirconium and Zirconium Alloys
J. C. Wilson

Six zirconium spheres 3/8 to 5/8 in. in diameter were produced by
electrical discharge machining from zone-refined stock. Two spheres

were single crystals and each of the others contained at least one grain

5J. C. Banter, Fuels and Materials Development Program Quart. Progr.
Rept. Sept. 30, 1964, ORNL-TM-960, pp. 46—48.
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(covering 1/5 or more of the surface) in which {1010}, {1130}, and
{0001} poles could be seen. The spheres will be used to study the optical
anisotropy of zirconium and the effect of orientation on oxidation and
corrosion.

Orientation by visual inspection has been found possible for single
crystal or large-grained spheres because the chemical polishing solution
(46 Hp0, 46 HNO3, 8 HF, parts by volume) produces matte areas of dis-
tinctive shape around the {1010)}poles by pitting and faceting. Hydride
platelets can also be used for orientation if they are observable. Com-
binations of both have confirmed that {1010} is the habit plane for
zirconium hydride in alpha zirconium,

Annealing in a high-purity argon atmosphere after crystal growth
has frequently caused surface contamination of specimens. Use of a
thick zirconium box with a tight 1lid has apparently eliminated contami-~
nation with oxygen and nitrogen but a small amount of hydrogen is still
picked up by the specimens. The expendable 1id is of 0.005-in.-thick
zirconium foil which heats up rapidly in the furnace, gettering the
argon inside the box before the box or the specimen heats enough to
react with the gaseous impurities.

A more flexible and improved electrical discharge machining
apparatus was designed and is now about 80% completed. It will be used
for making spheres and tensile specimens from zone-refined single

crystals and for cutting crystals to desired shapes and orientations. .

Zone Refining of Zirconium -
J. C. Wilson

The zone-refining apparatus and all utilities serving it were
mounted on flexible mounts to minimize vibrations transmitted through
the floor. The molten zone is now much more stable, a smoother surface
is obtained on the specimens, the identification of the structure is
easier, and the number of small stray grains on the surface is reduced.

It also appears that, for reasons yet unknown, the thermal etching

pattern on the specimens is much less prominent.
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Several-zone refining runs of 10 passes each were made on short
(zoned length less than 10 times the zone helght) specimens to determine
the effective distribution coefficients of hafnium and oxygen, the major
impurities in zone-refined zirconium. Both elements have coefficients
apparently just greater than one, and removal by zone refining may not
be economical. Analytical results are not completed.

A mass-spectrometer residual gas analyzer (RGA) has been borrowed
in order to determine the composition of the gases present during zone
refining. The instrument is now being checked out on a portion of the
new, ultra-high vacuum zone refiner being constructed. It 1s expected
that the source of carbon contamination of the zone-refining systems
(present even at pressures below 10-8 torr) can be identified and

eliminated.

Properties of High-Purity Zirconium
J. C. Wilson

Annealing studies of zone-refined and iodide zirconium are in
progress. This work will enable us to determine desirable heat treat-
ment times and temperatures for corrosion and tensile specimens of zone-
refined materials and perhaps give some insight to the vague concepts
of recrystallization mechanisms in zirconium and its alloys.

Evidence that some recrystallization can occur in cold-rolled,
zone-refined stock in 24 hr at 150°C was obtained by metallographic
examination and confirmed by x-ray examination. For a given hardness
in equal annealing times, the zone-refined zirconium requires an
annealing temperature 250 to 300°C lower than values reported in the
literature for iodide zirconium. The hardness of the cold-worked, zone-
refined zirconium did not decrease monotonically with time at a given
temperature in the range of 150 to 250°C. A hardness peak was observed
in most specimens,but 1t is not now known whether the peak was due to
age hardening or some other phenomenon. The hardness also became
anisotropic as softening began. In the early stages of annealing, there

appeared some metallographic evidence that elongated regions (perhaps

deformation bands or recovered deformation bands) extended in the
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rolling direction but the hardness anisotropy was often observed at
higher temperatures where equiaxed structures were formed.

The various structures observed during the start of recrystalli-
zation are not easily reconciled with either the usual nucleation and
growth mechanisms in metals or the generally accepted "recrystallization
in situ" process in zirconium. We are presently trying to improve
metallographic methods to resolve the partially recrystallized structures,
and we expect to use both electron microscopy and x-ray diffraction
techniques in an effort to determine and understand the structures pro-
duced.

Strip specimens from geveral parts of a zone-refined bar and a zone-

refined sphere have been prepared for corrosion testing in 680°F water.
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