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RECRYSTALLIZATION OF HEAVILY COLD-ROLLED URANIUM SHEET

W. R. Yario and L. T. Lloyd

ABSTRACT

Changes in mean expansion coefficients uponanneal-
ing uranium sheet that had been rolled to 80% reduction in
thickness at room temperature indicated that three different
preferred orientations could be developed upon recrystalli-
zation. One preferred orientation, which is essentially the
same as that of the as-rolled material, resulted from anneal-
ing for long times at 360°C or at a lower temperature; a
second type was created by annealing for moderate times
between 400° and 600°C; and the third accompanied grain
coarsening at 650°C. The microstructures of the as-rolled
and annealed specimens were extremely heterogeneous be-
cause of thelarge grain size presentprior to final fabrication
at roomtemperature. The as-rolled structures consisted of
heavily deformed areas and smaller quantities of lightly de=
formed material. The annealing of the former was charac-
terized by initial creation of very fine recrystallized grains
which were absorbed later by discontinuous growth of larger
grains. Lightly deformed areas, upon annealing, first ex-
hibited recovery by polygonization and thenunderwent normal
recrystallization.

I. INTRODUCTION

The recrystallization of cold deformed, polycrystalline alpha ura-
nium has been the subject of numerous investigations; unique among these
is the work of Cabane and Petit.(l) In their study of uranium sheet, rolled
to 80% reduction in thickness at room temperature, the authors reported
recrystallization at temperatures between 320° and 420°C without the oc-
currence of a preferred orientation change. At temperatures just above
420°C they found that a second recrystallization occurred; this was ac-
companied by a change in preferred orientation. Presumably the latter was
not the same as the normal "secondary recrystallization" that would occur
at temperatures near the upper limit of stability of the alpha range.

Because the recrystallization of deformed polycrystalline uranium
without a preferred orientation change had not been reported previously, a
program has been undertaken to verify this phenomenon. The present work
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was performed on high-purity uranium, for it was felt that the purity of the
metal might be a significant factor. The techniques utilized were slightly
different from those of Cabane and Petit. To verify the validity of the pres-
ent methods, arrangements were made through Cabane to exchange test ma-
terials. A portion of the same ingot of high-purity uranium investigated in
the present work was sent to the Commissairiat a 1'Energie Atomique
Centre d'Etudes Nucleaires de Saclay and, in return, Argonne National
Laboratory received some of the material used in the original work of
Cabane and Petit.

II. MATERIALS AND EXPERIMENTAL TECHNIQUES

A. Materials and Fabrication

Chemical analyses of the high-purity uranium ingot HPX-16 and
the sheet N sample furnished by Cabane are given in Table I. In both metals
the primary impurities were the lighter elements: carbon, nitrogen and
oxygen.,

TABLE I

Chemical Analyses of Materials

Composition (parts per million by weight)
High-Purity French Material
Element? Uranium Ingot :
HPX-16 (top) Analyses Reported | Analyses Determined
by French at ANL
C 34, 38 = k%% 31
N L10 - 67
©) 23, 24 - 27
Al 7 - 10
Cu 2 28 10
Fe 4 36 40
Mg 1 - 2
Mn L1** 5 3
Ni L5 6 5
Si 10 100 20

*All other elements are below the limits of spectrochemical
detection for analyses performed at ANL

**1, indicates that the material contains less than the indicated
quantity of the particular elements.

***Indicates that analyses were not reported.




The French sheet N sample was prepared from biscuit produced
by calcium reduction of UF,. A suitable portion was given a breakdown roll
at 600°C and then heat treated in a saltbath for one-half hour at a tempera-
ture within the beta phase (720°C), followed by cooling in air to room tem-
perature. Subsequent to this, the sample was annealed for 5 hours at500°C
and furnace cooled. Finally, it was rolled to 80% reduction in thickness at
room temperature.

Four different samples were fabricated at ANL. Two of these,
B555 and A50, served to determine suitable room temperature-rolling
procedures for preparing the two portions of the high-purity uranium ingot
HPX-16, subsequently referred to as HP-1 and HP-2. In the preparation
of these samples, the procedure followed by Cabane and Petit was dupli-
cated as nearly as possible with the exceptions that the heat treatments in
the beta phase and at 500°C were carried out in an evacuated container
rather than in a liquid salt bath. These deviations from the procedure
were adopted in order to reduce contamination of the samples.

The sequence of operations in the preparation of the samples
is depicted in Figure 1. The as-cast structure of the round ingot was

Figure 1. Sequence of Operations Employed in Fabricating Sheet Samples.
Dimensions refer to preparation of first portion of high-purity ingot
(HP-1).

2. HOT PRESSED AT 600°C

I. AS CAST INGOT

3. HOT ROLLED AT 600°C
4. HOT PRESSED TO STRAIGHTEN &
P

5. MACHINED CLEAN
6. BETA TREATED AT 720°C 1/2 HOUR

7. ALPHA ANNEALED AT 500°C 5 HOURS

8. ROLLED 80% R. T AT ROOM TEMPERATURE

7T
7 (008 40088 0080 °°".I SECTION_THROUGH CENTER OF SLAB




broken up by fabrication at 600°C, using lead as a preheat bath. Flat sur-
faces were developed parallel to the cylindrical axis of the round by press-
ing at 600°C. The piece was then rolled at the same temperature in a
direction perpendicular to the original cylindrical axis to a thickness of
approximately one half of the original diameter. The sample was then
flattened by pressing at 600°C and subsequently machined at room tem-
perature into a regular geometrical shape and to remove any surface con-
tamination resulting from the 600°C treatments. The resulting slab was
placed in a container which was evacuated and submerged in a lead bath at
720°C. After holding for one-half hour at this temperature, the sample
was cooled in air to room temperature. This treatment produced a nearly
random orientation. The container was again evacuated and placed in a
lead bath at 500°C where it was held for five hours and then furnace cooled
to room temperature. The purpose of this treatment was to reduce the
internal stresses within the slab.

After the above preparation, the samples were rolled to ap-
proximately 80% reduction in thickness at room temperature in a direction
parallel to the original cylindrical axis. The rolling conditions of these
fabrications and the rollings at 600°C for each sample are given in Table II.
For rolling at room temperature, the principal variables were the sizes of
the rolls and the accompanying reductions per pass. In all instances care
was taken to make sure that the temperature of the sample did not rise
sensibly above room temperature.

TABLE II

Rolling Conditions Employed for Preparation of Samples

600°C Rolling Room-Temperature Rolling*
Sample Roll Number Total Roll RA\;eri.ge Number Total
Number | Diameter of Reduction | Diameter Zru;alon of Reduction
(in.) Passes (%) (in.) P (%) 5% | passes (%)
0
B 555 5 11 29 5 0.5 200 80
A 50 Xk - - 9 8.1 19 80
HPX-16-1 5 22 34 17 9.0 17 80
HPX-16-2 5 16 35 9 9.7 16 81

*The lead end of the sample was reversed between each pass.

**Sample A50 had been rolled at 600°C followed by 50% reduction in thickness at
300°C prior to the heat treatment in the beta phase employed in the present
work.




B. Experimental Techniques:

Two types of specimens were prepared from the HP fabrications;
these were metallographic specimens of random size, and dilatometric
specimens 1,000 in. in length, 0.200 in. in width, and approximately 0.080 in.
in thickness. Each of the latter was prepared with the long dimension either
parallel (longitudinal specimens) or perpendicular (transverse specimens)
to the rolling direction and lying in the rolling plane. All specimens were
cut from the sheet samples with an abrasive cut-off wheel and ground to
final dimensions; particular care was taken so as not to overheat during
these operations.

All heat treatments were performed in molten baths of either
lead or bismuth-lead eutectic. Specimens annealed for short periods of
time (that is, up to 60 minutes) were coated with silicone grease and im-
mersed directly in the molten metal. All others were cleaned by electro-
polishing; they were then wrapped in tantalum foil and placed in a stainless
steel container which was subsequently evacuated to a pressure of approxi-
mately 1 x 10~% mm of mercury and immersed in the molten bath for heat
treatment. In all cases the specimens were air-cooled to room temperature
subsequent to the anneals.

Expansion curves were obtained with a quartz differential
dilatometer.(2) The rate of heating in all tests was approximately 1°C per
minute, while the cooling rate was uncontrolled. Only data obtained on
heating were measured because of errors that could be introduced if the
quartz push rod did not follow the specimen upon cooling. Dilatation curves
of as-rolled specimens were measured up to 315°C, and the annealed speci-
mens were run to 10°C below their temperatures of heat treatment. The
measure of dilatometric behavior finally adopted was the mean expansion
coefficient between 200° and 300°C. The upper temperature was dictated
by the behavior of the as-rolled specimens and the minimum annealing
temperature of 320°C. The lower temperature was chosen in an effort to
reduce errors due to improper seating of the specimen. All data for the
determination of the thermal expansion coefficients were corrected for
the expansion of quartz.

Metallographic observations were obtained from specimens
prepared specifically for that purpose and from many dilatometer speci-
mens after testing. These were prepared by grinding on water-lubricated,
rotating, silicon carbide papers up through 600 mesh, followed by suc-
cessive mechanical polishing with diamond abrasives of 6, 3 and l1-micron
sizes. The specimens were then electropolished in a solution containing
5 parts orthophosphoric acid, 5 parts ethylene glycol and 8 parts ethyl
alcohol at a current density of 30 milliampers per square centimeter for
5 to 10 minutes. All observations, measurements and photographs were
obtained with polarized light illumination of a Bausch and Lomb research
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Metallograph. Incases where photographs were to be takenathigh magnifica-
tion (near 1000X) particular care was necessaryduringthe surface preparation
to prevent removal of inclusions. If these were torn out, the depressions
would scatter the polarized light beam and much of the true structure would
be obliterated during the long exposure times required for photographing.
For this particular application the diamond abrasive polishing was per=
formed by hand on lens tissue laps rather than using rotating cloth laps.
For reasonable contrast at high magnifications up to 1350X, the 80X APO,
1.40 N.A. objective in conjunction with the 5X hyperplane eyepiece proved
to be the best combination.

Measurements of the volume percent of recrystallization were
made with a Bausch and Lomb grain-size eyepiece. By counting the number
of squares covering recrystallized material in a specific field and dividing
this by the total number of squares, the fraction of the material recrystal-
lized was determined.(3) Fifty random areas were measured for each
specimen so as to insure statistical sampling. Grain size measurements
were determined by a line intercept method.é) In each case the length of
line for approximately 500 grains was measured; this, divided by the num-
ber of grains, yielded the average grain diameter. The measurements of
hardness of the as-rolled material were made with a Bergsman micro-
hardness tester, using a load of 100 grams applied for 15 seconds.

III. RESULTS

A. Sample Fabrications

The results of the preliminary room-temperature fabrications
of samples B555 and A50 are shown pictorially in Figure 2. Edge and sur-
face cracks appeared in sample B555 after a reduction in thickness of only
12%. The sizes and number of these increased with further reductions,
and after 45% reduction the edge cracks had grown completely across the
slab. After 80% reduction the piece was extremely weak and a small bend
was sufficient to break it. Metallographic observations showed that cracks
were present within the body of the sheet as well as on the surface and that
the grains near the rolling surfaces were considerably more deformed than
those in the center. Sample A50 showed a few small surface cracks after
25% reduction in thickness; however, the sizes and quantity of these did not
increase appreciably throughout the remainder of the rolling. Edge crack=
ing appeared after 50% reduction but did not grow appreciably across the
sample. Metallographic examination did not show the presence of cracks
within the body of the sheet, and the deformation was more uniform across
its thickness.




Figure 2. Appearance of Samples B555
and A50 After Rolling to 80% Reduction
in Thickness at Room Temperature.

Sample B555 A50
Roll Diameter (in.) 5 9
Average % Reduction per Pass 0.5 8.1

It is quite obvious that the rolls of smaller diameter did not
yield a suitable sample. The improvement of sample A50 over B555 un-
doubtedly was due to the use of rolls of larger diameter and to heavier
reductions. Such conditions result in more uniform deformation across

the thickness of the slab and reduce the excessive surface work hardening.

Because of the improved appearance of sample A50 over that
of sample B555, the first portion of ingot HPX-16 (HP-1) was rolled at
room temperature on a mill of still larger diameter (17 in.). Edge cracks
appeared in the early stages of rolling; however, they never grew more
than 1/8 in. across the surface. A few small surface cracks developed;
however these did not interfere with the usefulness of the material. The
interior of the sample did not show any cracks. A detailed description of
the microstructure will be given below.

As this study progressed it became necessary to obtain ad-
ditional specimens of the high-purity material. At that time the 17 in.
diameter mill was unavailable and the second portion of HPX-16 (HP-2)

11
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was fabricated on the 9 in. mill. The finished product was quite satis~ ‘
factory; however, it had larger edge cracks than did the A50 or HP-1

samples. The smaller roll diameter used for HP-2 probably accounts ~
for the greater edge cracking than inHP-1. On the other hand, the higher

purity and accompanying larger grain size prior to final rolling explains

the larger edge cracking of HP-2 in comparison to that of sample A50.

The as-rolled microstructure of HP-2 was very similar to that observed

for HP-1. Some differences in the behavior of the two materials did

occur upon annealing; these will be discussed below.

B. Dilatometric and Volume Percent Recrystallization
Measurements

In Table III is recorded the experimentally determined mean
coefficients of expansion between200° and 300°C, together with corres-
ponding data on the volume percent of recrystallization. Some of the
specimens were used for metallographic observations only; therefore,
no expansion coefficients are reported for these.

Due to the laborious nature of the measurements of volume
percent of recrystallization, values were not determined from each of the
dilatometric specimens. Sufficient measurements were made, however, so
that the percent recrystallization was known for each different annealing
treatment. In cases where more than one determination of percent re-
crystallization were made for a particular fabrication and heat treatment,
the values agreed well; for example, HP-1 specimens annealed for 15 hours
at 400°C gave percent recrystallizations of 93, 94, 96, 97 and 98%. Meas-
urements of the percent recrystallization subsequent to dilatation testing
did not give values significantly different from that measured for a speci-
men in the annealed state; for example, a HP-1 specimen annealed for
15 hours at 360°C yielded 29% recrystallization and others annealed and
dilatation tested yielded 26 and 30% recrystallizations.

The curve of volume percent of recrystallization of HP-1
specimens annealed for a constant period of 15 hours at various tempera-
tures is shown in Figure 3, It has a normal "S" shape with a point of in-
flection at approximately 370°C. Figures 4 and 5 show typical expansion
curves of these specimens, obtained from longitudinal and transverse
directions, respectively. Both sets of curves indicate a shift of expansion
coefficient as the annealing temperature is increased and a significant
change for specimens annealed at 400°C or higher. For the longitudinal
specimens, the shift in expansion coefficient was somewhat erratic, but,
in general, it decreased as the annealing temperature increased. The
change in expansion coefficient as a function of annealing temperature for
the transverse specimens was more consistent; an increase in the anneal-
ing temperature resulted in an increase in expansion coefficient. The .
probable reason for the erratic behavior for the expansion of the longitudi-
nal specimens over that of the transverse specimens is illustrated in -




TABLE III
Volume Percent Recrystallization and Thermal Expansion Data for Heavily Cold Rolled Uranium Specimens Given Various Annealing Treatments
Annealing Treatment First Fabrication of High-Purity Uranium-HP-1 Second Fabricat.ion of High-Purity French Uranium - Sheet N
Uranium-HP-2
.Longitudinal Specimens Transverse Specimens Transverse Specimens Transverse Specimens
Mean Expansion Mean Expansion Mean Expansion Mean Expansion
Coefficient Coefficient Coefficient Coefficient
1 between between between between
Temper- Secs osane 200° and 300°C : Volume | 9009 and 300°C ) Yolune 200° and 300°C | Yalume 200° and 300°C
e Time pecimen ercent (x106 per °C) Specimen Percent (x10° per °C) Specimen Percent (x10% per °C) pecimen Percent (x10% per °C)
5 Number Recrys- Number Recrys- Number Recrys- Number Recrys-
(°c) tallized® C‘;ane tallized* C*fw"se tallized* C‘f‘“"ge tallized* C*f‘““se
Val rom rom Val rom 1 rom
U 1 As-rolled Value | ps-volled € | As-rolled Value | ga-rolled
Value Value Value Value
As Rolled 2 0 15. 43 0.00 1 0 18.59 0.00 A 0 19.73 0.00 17 0 19.81 0.00
15 hr 8 atee 10. 35 -5.08 i 10 18.92 0.33
5 72 20.16 0.43
320 e e { 6 - 19.79 0.06
28 75 18. 69 -1.04 16 30 19.34 -0.47
400; iz { 31 s 19.52 -0.21
6 - 11.82 -3.61 31 30 18.07 -0.52 4 10 - -
33 26 18.06 -0.53
15 hr 5 - 19.15 0.56
37 29 - -
92 hr 42 74 - - 27 91 20.15 0.42 18 57 18.99 -0.82
360 9 - 21.00 1.27
165 hr 43 81 - = 9 58 - -
i 98 21.26 1.53 13 65 19.23 -0.58
200; ber 8 - 21,01 1.28
400 hr 30 94 21.61 1.88 17 - 19.49 -0.32
29 - 21.02 1.29 19 80 - -
370 15 hr 35 58 18.98 0.39
13 82 19.44 0.85
380 15 hr 25 83 20.54 1.95
39 85 - -
2.5 min 35 49 - -
3.5 min 25 62 20.51 0.78
5 mi 44 36 - = 20 - 20.76 1.03
mn 36 82 - -
45 55 - - 12 81 20. 62 0.89
15 min { 13 - 20.99 1.26
37 85 - -
46 67 g = 14 - 22.80 3.07 11 51 19.73 | -0.08
400 4 30 min 15 - 22.33 2.60
22 88 21.39 1.66
47 77 - - 16 91 23.54 3.81
1 hr { 17 - 24.87 5.14
10 98 5.66 - 9.7 9 94 20.96 2.37 1 99 25.57 5.84 12 84 20.44 0.63
16 96 3.50 -11.93 17 97 23.01 4.42 3 - 24.27 4.54
15 hr 20 - 6.04 - 9.39 29 - 22.10 3.51
27 - 22.07 3.48
41 93
L 92 hr 48 100 - 21 99 - -
4 - 5.57 - 8.96 3 100 22.14 3.55 14 100 21.67 1.86
450 { 15 Be { 14 = 8.17 - 1.26 21 - 22.49 3.90
600 15 hr 18 - 3.83 -11.60 11 - 22,27 3.68

*All volume percent recrystallization measurements were obtained from metallographic surfaces prepared parallel to the rolling direction and perpendicular to the plane of rolling.
specimen HP-2-2 = 19.73 in./in./°C, specimen HP-2-11 = 20.38 in./in./°C and specimen HP-2-26

**Mean expansion coefficient value is the average of three determinations as follows:

***Dash (-) indicates that the measurements were not made.

= 19.07 in./in./°C.

€1
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Figure 3.

Volume Percent Recrystallization of HP-1 Specimens Annealed

for a Constant Time Interval of 15 Hours at Various Temperatures.
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Figure 6, where the long dimension represents the dilatation testing
direction. It is obvious that the transverse specimen encompasses more
bands of the heterogeneously deformed structure than does the longitudinal;
therefore, the former yields a more statistically valid dilatation curve.
For this reason, all subsequent thermal expansion curves were obtained
from transverse specimens.

Data for the change of mean expansion coefficient between 200°
and 300°C, as compared with that obtained from an as-rolled specimen, as
a function of the volume percent recrystallization of HP-1 transverse
specimens annealed for 15 hours at various temperatures are plotted in
Figure 7. The change of expansion coefficient is obviously not a linear
function of percent recrystallization. No significant change occurred until
recrystallizations of more than 80% were obtained by annealing at 380°C.
Annealing treatments at temperature above this resulted in appreciable
changes of the expansion coefficient. From these results, the effects of
volume percent recrystallization and annealing temperature upon the
change in mean expansion coefficient cannot be separated. Consequently,
the remaining work was performed on specimens annealed for long times
at low temperatures and short times at high temperatures to yield speci-
mens with relatively high percents of recrystallization.
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Figure 6. HP-1 Specimens Annealed for 15 Hours at 360°C, Tested
in The Dilatometer and Macroetched.

a. Transverse specimen

#20,466 ITh'¢

b. Longitudinal specimen

Figure 7. Change of Mean Ex-
pansion Coefficient between
200° and 300°C, over that
Obtained from an As-rolled
Specimen, as a Function of
Volume Percent Recrystal-
lization for Transverse HP-1
Specimens Annealed 15 Hours
at Various Temperatures.
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In Figure 8 and 9 are plotted the volume percents of recrystal-
lization of specimens from each of the three material fabrications as a
function of the logarithm of annealing time at 360° and 400°C, respectively.
The interesting feature of these plots is the difference in the amount of
recrystallization observed for the same annealing treatments. Specimens
of HP-2 recrystallized more rapidly than did those of HP-1. The latter,

Figure 8. Volume Percent Recrystallization of
Specimens from the Three Material Fabrications
as a Function of Annealing Time at 360°C.
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Figure 9. Volume Percent Recrystal-
lation of Specimens from the Three
Material Fabrications as a Function
of Annealing Time at 400°C.
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in turn, recrystallized more rapidly than did sheet N specimens. The
higher impurity content of sheet N explains its smaller volume of re-
crystallization. Since both of the HP specimens were prepared from the
same ingot, chemical composition cannot explain their difference. The
only plausible variable is the procedure used for preparation of the two
samples. Every attempt was made to duplicate their preparations with
the exception of the roll size for the 80% reduction at room temperature.
Apparently the smaller roll diameter used to fabricate HP-2 resulted in
a larger quantity of residual internal stresses within the rolled sheet.

Another interesting feature of the plot of data for HP materials
in Figure 9 is the apparent representation of each set by two straight
lines. Such behavior isindicative of two processes of regrystallization. Also,
the discontinuities occur at approximately 80% recrystallization. This is
in agreement with the discontinuity observed in the plot of change in mean
coefficient of expansion as a function of volume percent of recrystallization
for specimens annealed at 400°C (Figure 10).

Figures 10 and 11 show data for the change of the mean coef-
ficients of expansion as a function of the volume percent of recrystallization
of HP-2 and sheet N specimens, respectively. The most significant feature
of Figure 10 is that, by annealing for long periods of time at 360°C, as high
as 98% recrystallization can be obtained with only a small change in ex-
pansion coefficient. If, however, specimens are annealed at 400°C to com-
parable recrystallizations, an appreciable change is observed in the
expansion coefficient. Annealing for 15 minutes or less at 400°C produced
changes in expansion coefficient similar to those observed for comparable
recrystallizations obtained by annealing at lower temperatures. The mag-
nitudes of the changes in the expansion coefficient of HP-2 material annealed
at 400°C to almost complete recrystallization were greater than those for
similar HP-1 specimens. The changes in expansion coefficient for sheet N
specimens were considerably smaller than those for the HP-2 material.
Sheet N specimens annealed at temperatures below 400°C showed negative
changes, whereas ones annealed at 400° or 450°C showed essentially zero
and positive changes, respectively. The small quantity of this material
that was available did not permit extensive experimentation; however, its
behavior appears to be quite similar to that of the HP materials.

In an attempt to determine the stability of the recrystallized
structure obtained from a particular annealing treatment, some of the
dilatometric specimens were subjected to second and third anneals and
observed for changes in mean coefficient of expansion and volume percent of
recrystallization; the data for these are given in Table IV. In general, if
the prior heat treatment had resulted in nearly 100% recrystallization, an
additional anneal did not affect the change in expansion coefficient; however,
if the sample was not completely recrystallized by the first treatment, a
change did occur. The exceptions to this are for the third treatments of
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300°C, over that Obtained from an As-rolled Specimen, as a Function
of Volume Percent Recrystallization for Transverse Sheet N Speci-
mens Annealed for Varying Periods of Time at Various Temperatures.
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TABLE IV

Volume Percent Recrystallization and Change in
Mean Expansion Coefficient for Specimens Given

Second and Third Annealing Treatments

Volume Change
of Mean
Temperature . Percent :
Specimen (°C) Time Recrys- Expar.lsnlon
; . Coefficient
Number tallization (x 106 e 90}
First Annealing Treatment
HP-2-31 320 400 hr 85 -0.21
HP-2-8 360 200 hr 98 1.21
HP-2-13 400 15 min 81 0.89
N-14 450 15 hr 100 1.86
HP-2-6 320 200 hr 72 0.43
HP-2-14 400 30 min 88 3.07
Second Annealing Treatment
HP-2-31 400 15 hr ~100 4.77*
HP-2-8 400 15 hr ~100 1.21
HP-2-13 400 15 hy ~100 5.38
N-14 600 15 hr 100 1.94
HP-2-6 650 48 hr 100 5.22
HP-2-14 650 48 hr 100 6.89
Third Annealing Treatment
HP-2-31 650 48 hr 100 6.23%
HP-2-8 - - - -
HP-2-11 650 48 hr 100 7.27
N-14 - - - -
HP-2-6 - - - -
HP-2-14 - - - -

*Changes in mean expansion coefficients reported for second
and third heat treatments are the changes in mean expansion
coefficient over that of an as-rolled specimen and not that of
the previous heat treatment.
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specimens HP-2-13 and HP-2-31, wherein 48-hour anneals at 650°C do
change the expansion coefficient. Grain coarsening definitely occurred in
these cases. Similar behavior was observed for the second anneals of
specimens HP-2-6 and HP-2-14.

C. Metallographic Observations

The as-rolled and annealed microstructures of the three ma-
terials were extremely heterogeneous. Considerable variations were
noted within individual specimens; however, all three materials yielded
similar observations with regard to the types of structures present and
their behavior upon annealing. The observations of HP and sheet N ma-
terials are separated in the following purely for convenience. All the
photomicrographs, except where noted, are mounted with the rolling
direction vertical and were obtained from surfaces polished parallel to
the rolling direction and perpendicular to the rolling planes (longitudinal
section).

1. HP as-rolled structures: The banded HP as-rolled struc-
ture is illustrated in Figure 12. No appreciable differences were observed
for longitudinal or transverse (perpendicular to the rolling direction and
rolling planes) sections of the as-rolled or annealed specimens. The types
of deformed structure zones whose behavior can be followed, at least in
part, throughout the various annealing treatments are labeled in Figure 12.
Each zone probably originated from a grain present prior to fabrication at
room temperature. The differences in appearances of the zones arise from
variations in their deformation modes, as indicated by their orientations
with respect to the deforming forces.(4)

Seventy volume percent of the HP-1 as-rolled structure
was similar to the area designated as A in Figure 12a. It is fibrous in
appearance and, undoubtedly, represents the most heavily deformed
portions, since the average microhardness was 386 VHN (Vickers hard-
ness number). The next most prevalent deformed structure was zone B;
it occupied 15 volume percent, had a hardness of 335 VHN, and appeared
similar to the peppery or "speckled" areas described by Cabane and
Petit(l) and Madsen.\5) The distinct, narrow, bent bands of zone C occupied
13 percent of the structure and had a hardness of 365 VHN. The remaining
2 percent appeared similar to that designated as D in Figure 12b. This
zone had the lowest hardness (205 VHN) and represented lightly deformed
material. The structure of HP-2 as-rolled specimens were similar to
those of HP-1 specimens; however, variations were noted in the amounts
of the different zones. As-rolled HP-2 specimens contained 43% zone A,
36% zone B, 18% zone C and 3% zone D.
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Figure 12. Microstructures of As-rolled HP-1 Specimens Showing

Types of Deformed Structure Zones.

a. Transverse section

#19,783 Pol. Light

b. Longitudinal section

#19,887 Pol. Light




Figure 13. Microstructures of HP-1 Specimens Annealed 15 Hours st

Various Temperatures.
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2. Structures of HP specimens annealed 15 hours at various
temperatures: Microstructures of HP-1 material annealed 15 hours at
various temperatures are shown in Figure 13, These do not represent
all the types of structures found in the specimens, but they serve to illus-
trate the main observations.

After annealing at 320°C (Figure 13a) very fine recrystal-
lized grains appeared in A zones. These were arranged in bands elongated
in the rolling direction and could be resolved, with difficulty, only at mag-
nifications of 1000X or more. Annealing at 360°C (Figure 13b) caused an
increase in the amount of recrystallization in zone A. The fine-grain areas
were separated by bands of subgrained structure. In isolated cases, larger
grains were found among the fine grains and appeared to be growing by
absorption of the fine grains. These processes were enhanced by annealing
at 370°C (Figure 13c). The amount of recrystallization increased, the
quantity of subgrained. bands decreased and the sizes and quantities of
grains growing at the expense of the fine recrystallized material increased.,
At this temperature it was difficult to distinguish between the original zone A
and zone B. After annealing at 380°C all zone A material was recrystallized,

and almost all of the fine grains had been absorbed bylarger ones (Figure 13d).

Annealing at higher temperatures caused a general increase of the grain
size.

Zone B areas also were partially recrystallized by anneal -
ing at 320°C. The effect of increased annealing temperature was generally
parallel to that of zone A until the two became indistinguishable after
annealing at 380°C. Similar to the behavior of zone A, annealing at 360°C
resulted in a beginning of absorption of the fine recrystallized material
by the larger grains.

Annealing at 320°C caused an increase in contrast between
the bands present in zone C (Figure 13a). This contrast increased as the
annealing temperature was increased to 360° and 370°C. In many cases
the areas appeared subgrained, as if associated with kink bands and their
polygonization by recovery processes. This type of structure is illustrated
in Figure 16b for a specimen annealed 92 hours at 360°C. After annealing
at 380°C recrystallization began to occur in zone C and an anneal at 400°C
was sufficient to complete the process.

No apparent changes were observed in zone D areas until
an annealing temperature of 380°C was reached (Figure 13b). Then such
areas also began to show polygonization and, in some cases the presence
of a few, small recrystallized grains located at twin-twin or twin-kink
band intersections (Figure 17). This behavior was enhanced by annealing
at 400°C, but complete recrystallization did not occur until annealing at
450°C.




Recrystallized grains of the original, more heavily
deformed zones A and B did not appear to grow into the lightly deformed
zones C and D; instead, the latter two areas developed their own recrys-
tallization "nuclei® after an anneal at sufficiently high temperatures.
Specimens annealed for 15 hours at 450°C (Figure 13f) were completely
recrystallized, with considerable banding being evident in the structure.
The grain size varied from band to band, but within each area was com-
parable. Variations in contrast were evident between neighboring grains
within a given band; some bands showed high contrast, whereas others
showed very little. Annealing at 600°C caused an over-all increase in
grain size but did not yield any evidence of grain coarsening.

3. Structures of HP specimens annealed for various times
at different temperatures: The above description demonstrates the

general behavior of the various deformed zones upon annealing. By the
addition of a time variable, certain of these recrystallization processes
are delineated more clearly.

Figure 14 shows photographs illustrating the recrystal-
lization processes in the heavily deformed zones A and B. An area of
predominantly fine grains with some unrecrystallized material is shown
in Figure 14a. After 92 hours at 360°C larger grains were found in these
areas and appeared to be growing from the fine grains (Figure 14b). An
anneal for 165 hours resulted in a large portion of the small grains being
absorbed by the larger ones, as shown in Figure 14c. After 400 hours at
360°C all of the fine grains had been consumed (Figure 14d). The forma-
tion and absorption of the fine grains occurred at different rates for the
various deformed bands of a given specimen. Therefore, a particular
deformed band may show recrystallization to fine grains, whereas the
fine grains in the next band may be almost completely absorbed by the
larger grains. Other bands showed various stages of the formation of
fine grains and their absorption. This same phenomenon was observed
for specimens annealed at temperatures as low as 320° and as high as
400°C. The primary differences were, obviously, the times necessary
for completion of the process and the relative rates at which the very
fine grains formed and at which they were absorbed by larger ones. These
factors are i1llustrated in Table V, wherein data for the total volume per-
cent of recrystallization and volume percent of very fine recrystallized
grains are tabulated. At 360°C the process was complete after 200 hours,
whereas at 400°C it was nearly complete in 15 hours. A specimen an-
nealed at 320°C for 400 hours showed 85% recrystallization but still had
70% fine grains. On the other hand, annealing for 15 minutes at 400°C
to 85% recrystallization yielded only 14% fine grains. Annealing at this
higher temperature increased the ratio of the large grains to the very
fine grains.
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Figure 14. HP-1 Specimen Annealed at 360°C for Varying Periods
of Time.

a. Annealed 15 hours b. Annealed 92 hours
(307 recrystallized) (74% recrystallized)

#R1, 347 Pol. Light LOOX #21,32 Pol. Light LOOX
c. Annealed 165 hours d. Annealed 400 hours
(81% recrystallized) (94% recrystallized)

#21,434  Pol. Light LOOX #2252Ly  rol. Light 1000X




TABLE V

Effect of Annealing Treatment upon Amount of Speckled-Appearing Areas

EeB S HP-1 Specimens HP-2 Specimens Sheet N Specimens
Treatment
Vol
Temper- Violuuon Volume Velywms Volume OTHME | yolume
. Percent Percent Percent
ature Time Recrys Percent R Percent Recrvs Percent
° - ecrys- rys-
(°c) fallized, | ~PeOed | o ortiveq | SPESKIEd L o eg | PpEckled
As-rolled 0 15 0 36 0 20
200 hr 2 60
0 { 400 hr 85 70
15 hr 30 25
360 { 92 hr 91 2 57 19
200 hr 98 0 65 11
2.5 min 49 24
5 min 82 17
15 min 85 14
HH 30 min 88 4.5 51 39
15 hr 100 2
92 hr 99 0

The changes in appearance of the fine grains as a result
of various annealing treatments are illustrated in Figure 15. After
200 hours at 320°C, the fine grains could be resolved at magnifications of
1000X or greater (Figure 15a). Increased time at temperature, or an-
nealing for shorter times at higher temperatures, yielded a slightly larger
grain size (Figures 15b and 15c). Only a small quantity of the fine grains
was observed in a specimen annealed 15 hours at 400°C (Figure 15d); these
were eliminated by increasing the annealing time.

In general, the very fine grains were formed and, for the
most part, were absorbed by the larger grains before recrystallization
took place in the lightly deformed zones C and D. Typical examples of
these zones in specimens annealed for relatively long times at low tem-
peratures and for short times at high temperature are shown in Figure 16.
Zone D areas recrystallized to grains as large as, or larger than, those
created by absorption of the very fine grains (Figures l6a and 16d). As
time and/or temperature of annealing was increased, the proportion of
recrystallization also increased. The zone C areas generally showed the
same behavior; however, prior to their final recrystallization, they
appeared as subgrains (Figures 16b and 16c).

27
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Figure 15. The Change in Appearance of Very Fine Recrystallized

Grains in HP Specimens.

a. Annealed 2C0 hours at 320°C

B
#22,020 Pol. Light 1000X

c. Annealed 5 minutes at 400°C

ARSI & s 0 )

#21,380  Pol. Light 1200X

b. Annealed 4LCO hours at 320°C

#22, 016 Pecl. Light 1000X

d. Annealed 15 hours at 40C°C

N s e

#22,019  Pol. Light 1000X
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Figure 1¢. Recrystallization Behavior of Lightly Deformed Areas
in EP Specimens.

a. Annealed 92 hours at 360°C b. Annealed %2 hcurs at 3¢0°C
(74% recrystallized) (74% recrystallized)

—c—H|
#21,323 Pol. Light 4LCOOX #21,317 Pol. Light 4L0OCX
c. Annealed 92 hours at 360°C d. Annealed 5 minutes at 4QG°C
(747 recrystallized) (829 recrystallized)

#21,32C Pol. Light 400X #21,37¢  Pol. Light 1000X



30

Because of the extreme heterogeneity of deformation in
these materials, the final recrystallized grain size was not uniform in a
particular specimen; however, data for average grain size did yield some
interesting results (Table VI). As would be expected, specimens annealed
for long times at low temperatures had rather small grain sizes and those
annealed at high temperature gave larger grains. It is interesting to note
that specimens annealed at 360° and 400°C to comparable percent recrystal-
lization had approximately the same recrystallized grain size.

TABLE VI

Average Grain Size, Volume Percent Recrystallization and Change
in Mean Expansion Coefficient for Selected HP-2 Specimens

Annealing Treatment Change in Mean
Average Grain | Volume Percent Expansion
Temperature | Time Size (mm) Recrystallized Coefficient
(°c) (hours) (x10 per °C)
320 200 0.0007 72 0.43
360 200 0.0043 98 1.53
400 1 0.0035 91 3.81
400  §21 0.0049 99 5.84
650 48 2.5 100 6.89

Figure 17 illustrates the behavior of a lightly deformed
area in a specimen annealed for 15 hours at 380°C. The portion outlined
in Figure 17a probably represents a single grain prior to fabrication at
room temperature. Many recrystallized grains are present at the tips of
the elliptically shaped area. The non-recrystallized portion was divided
into three parts (labeled 1, 2 and 3 in Figures 17a and 17b) by bands of
fine grains. Area 1 was separated from area 3 by a rather obvious band,
one grain wide. The boundary between areas 1 and 2 was also a band of
recrystallized grains, as shown in Figure 17b. Within areas 1 and 3 faint
lines, labeled T, were parallel to the common boundary; these appear to
be twins. No twins can be seen parallel to the boundary between 1 and 2;
however, it is concluded that both of the boundary grain bands were
formed by the recrystallization of twinned material. The number of grains
was increased at the junction of the two boundaries; also, the recrystallized
material surrounding areas 1, 2 and 3 arranged was geometrically in a
manner similar to that between the boundary bands. It seems likely, then,
that the intersecting points of twins and the twins themselves serve as
preferential sites for recrystallization.

Another metallographic observation pertinent to the anneal-
ing of HP material is illustrated in Figure 18, where typical structures of
specimens annealed for 48 hours at 650°C are shown. The macroetched




Figure 17. Recrystallization Behavior of a Lightly
Defermed Area in a HP Specimen Annealed 15 Hours at
380°C (Rolling direction horizontal - 83% recrystal-
lized).
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Figure 1¢. Grain Coarsening in a HP-2 Specimen Annealed 200 Hours at
320°C and Reanrealed 48 Hours at ¢5C°C.

a. Photcgraph of macroetched specimen

Rolling
direction
Rolllng plané' mLongltﬁdlnélhplane
#224 1,67 Bright Field LX
b. Partially coarsened area in c. Uncoarsened area in rolling

rolling plane. plane.
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#22, 146 Pol. Light 50X
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‘ dilatometer specimen in Figure 18a clearly indicates that it has undergone
partial grain coarsening. Figure 18b and 18c show, respectively, a
partially coarsened area and an uncoarsened area.

4. Structures of sheet N specimens: As was indicated above,
the sheet N material yielded metallographic observations very similar to
those for the HP specimens. The primary differences between the two
types of materials were the rates of the recrystallization processes.
Typical structures of sheet N specimens are shown in Figures 19 and 20.

Structures of zones B and C in the as-rolled condition are

illustrated in Figure 19. Sheet N contained 45% by volume zone A, 20%
zone B, 24% zone C, and 11% zone D in the as-rolled condition. The
similarity in behavior of these zones in sheet N material, upon annealing,
to that observed for the HP specimens is illustrated in Figure 20. Partial
recrystallization to very fine grains in zone A occurred after annealing
for 15 hours at 360°C (Figure 20a). Annealing for 200 hours at 360°C
(Figure 20b) caused nearly complete recrystallization of the A and B zones
to very fine recrystallized grains, with some of these being absorbed by
larger grains. Figure 20c shows similar behavior for a specimen annealed
for 15 hours at 400°C. In this case, the absorbing grains are somewhat
larger than those of Figure 20b. Finally, Figure 20d shows a D zone in a

. specimen annealed for 92 hours at 400°C. Recrystallization has not been
completed, but it has recovered sufficiently to yield subgrained areas.

Figure 19. Microstructures of As-rolled Sheet N Specimen.

a. B type zone b. C type zone

- ‘ #02,015 Pol. Light 1000X




Figure 20. Microstructures of Annealed Sheet N Specimens.

a. Annealed 15 hours at 360°C b. Annealed 200 hours at 360°C
107 recrystallized) (657 rechstalllzed)

A B
#21, 894 Pol. Light  1000X

c. Annealed 15 hours at 40C°C d. Annealed 92 hours at 400°C
recrystalllzed) ‘ (992 recrystallized)

#21, 747 Pol. Light 100CX Feds (4Y Pol. Light LO0X




IV. DISCUSSION

A. Effect of Annealing upon Preferred Orientation Changes

As indicated previously, Cabane and Petit(1) concluded from
their work that uranium sheet heavily rolled at room temperature can be
recrystallized in the temperature range from 320° to 420°C without change
in preferred orientation. Annealing at higher temperatures caused a
second recrystallization and an accompanying change in preferred orien-
tation. Since that time, Cabane and Blanchon 6) have performed experi-
ments, similar to the original ones, on French uranium of current purity
and high-purity uranium (HPX-16) furnished by ANL, but they failed to
confirm the previous observations.

On the other hand, the present work, also performed on HPX-16
material, tended to confirm the original observations of Cabane and Petit.
The results clearly show that recrystallization to an extent as high as 98%
can be obtained by long-time anneals at 360°C with essentially no change in
expansion coefficient; whereas, if the material is annealed to comparable
recrystallization at 400°C, an appreciable change in expansion coefficient
may be observed. In addition, it has been demonstrated that anneals at high
temperatures in the alpha phase are accompanied by a second change in
expansion coefficient and that there is metallographic evidence of grain
coarsening. The present work suffers in that preferred orientations were
not determined directly; rather, thermal expansion was used to give an
indirect measurement. Indeed, it was impossible to obtain any measurements
of preferred orientation because of the large grain size prior to final fab-
rication and, therefore, the inability to obtain statistically valid X-raydata.

The failure of Cabane and Blanchon to observe recrystallization
without change in preferred orientation at the lower temperatures can be
attributed to the fact that their annealing times were relatively short (2 and
24 hours). In the present work, times of 92 hours, or greater, were re-
quired before appreciable recrystallization was found at 360°C. Corres-
pondingly longer times were required for annealing at lower temperatures,
whereas only 15 hours was required at 400°C.

The factors which control the recrystallization at lower tem-
peratures of uranium heavily rolled at room temperature without a pre-
ferred orientation change are not understood. The microstructural
features do not correlate directly with this phenomenon. For example, it
is not associated with the presence of very fine recrystallized grains.
Eighty-five percent recrystallization can be obtained at 400°C with only
a small change in expansion coefficient (Table V). Appreciable amounts
of very fine-grained material were found in this condition. Upon further
recrystallization the expansion coefficient increased greatly and the
microstructures showed the amounts of very fine grains to be decreasing
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rapidly. On the other hand, the amount of very fine-grained material de-
creased to zero upon annealing for 200 hours at 360°C, and the expansion
coefficient was essentially unchanged. In addition, the differences in pre-
ferred orientation of almost fully recrystallized specimens annealed at
360° and 400°C cannot be ascribed to differences in grain size as shown
in Table VI. A specimen annealed for 15 hours at 400°C had an average
grain diameter of 0.0049 mm and a change in mean expansion coefficient
of 5.84 x 10~% per °C, whereas annealing for 200 hours at 360°C to a com-
parable recrystallization yielded a similar average grain diameter of
0.0043 mm but only had change in expansion coefficient of 1.53 x 107° per
°C. In addition, a specimen annealed for 1 hour at 400°C had a smaller
average grain diameter than one annealed at 360°C but a larger change
expansion coefficient.

Retention of as-rolled preferred orientation components upon
"recrystallization" have been explained as subgrain growth by Semchyshen
and Timmons(7) for molybdenum sheet and by Beck and HI}(B) and Beck(9)
for aluminum. As the subgrains progressively increase in size, the dis-
orientation between neighbors becomes greater and the microstructural
characteristics approaches that expected for a material undergoing pri-
mary recrystallization; that is, subgrain growth appears to transform
gradually to ordinary grain growth with no precise separation of the
processes. The microstructural observations of the present work do not
agree with such an explanation for, in all cases, the final stages of recrys-
tallization were accompanied by discontinuous growth of grains with
orientations distinctly different from those of the material from which
they grew.

The differences in preferred orientations resulting from re-
crystallization at low and high temperatures in the present work may be
attributed to variations in preferential grain growth. Specimens annealed
at 400°C appeared to have more preferential grain growth than those
annealed at 360°C in that the former showed more areas of low contrast.
Additional support of this viewpoint lies in the fact that a specimen annealed
at 360°C to 98% recrystallization and reannealed at 400°C did not show a
change in the mean expansion coefficient; whereas one annealed to 85%
recrystallization at 320°C and reannealed at 400°C did have a change
(Table IV). The former sample demonstrates that the recrystallized:struc-
ture and preferred orientation established at 360°C are fixed and cannot
be changed by reannealing at 400°C. On the other hand, the latter speci-
men has 70% very fine recrystallized grains plus some unrecrystallized
material. Reannealing at 400°C apparently permitted preferential grain
growth in the very fine grains and in the unrecrystallized material to
establish a different preferred orientation. These behaviors, however,
do not define the factors which control recrystallization without preferred
orientation change at the low temperatures.
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B. Effect of Annealing upon Microstructure

The microstructures of the sheets heavily rolled at room tem-
perature can be separated into the two main categories: one of the heavily
deformed areas and a second of lightly deformed areas. In general, the
latter areas constituted the minor fraction and showed evidence of recovery
by polygonization, followed by normal recrystallization after long times at
low temperatures or shorter time intervals at higher temperatures.
Heavily deformed areas were characterized by recrystallization, first, to
very fine grains, followed by the formation of larger grains which appeared
to be growing at the expense of the finer grains.

Zone B portions of the deformed structures appeared similar to
the "speckled" areas observed by Cabane and Petit(1) and by Madsen.(10)
Early recrystallization in these and zone A materials yielded structures
which had the same peppery, dot-like appearance. Madsen reported that
the "speckled" areas occupied between 12 to 25% of the as-rolled structure,
while Cabane and Petit gave figures ranging from 10 to 30%. These values
agreed well with those found in the present work (Table V). Cabane and
Petit postulated that these areas originated from grains oriented so as not
to deform by twinning, but only by slip and kinking. Madsen, on the other
hand, demonstrated that such areas, in materials reduced to 40% in thick-
ness, arose from grains where kink bands intersected twins at a very
oblique angle.

Cabane and Petit's observations of the "speckled" areas during
annealing can be summarized as follows. Heating for 40 hours at 320°C
brought about coarsening; for this reason they referred to the areas as
"polygonized cells." After 40 hours at 360°C some non-contrasting crystals
rapidly "absorb the polygonized cells" and this "discontinuous" growth was
accompanied by considerable decrease in microhardness. The amount of
non-contrasting bands reached 80% by volume after annealing for 40 hours
at 390°C. After annealing at 420°C, the proportion of non-contrasting
crystals fell to 10%. The term "non-contrasting" is somewhat confusing
because in the present work distinct contrast was observed at all times in
the "speckled" areas. Madsen observed that coarsening was not always
apparent in "speckled" areas before new grains grew, and their proportion
did not increase during recrystallization. Since 400°C was the lowest
annealing temperature, he could easily have missed the early stages where
Cabane and Petit and the present authors observed the amount of this ma-
terial to increase.

The "speckled" areas were followed carefully throughout this
investigation; their quantities found in the as-rolled material and various
annealed specimen are tabulated in Table V. As was indicated above, the
"speckled" material of annealed specimens in the present work have as
their origin zones A and B deformed materials, which constituted the
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major portion of the as-rolled structures. Upon annealing, the crystallites
in zone B areas increased gradually in contrast and size until they attained
sufficient magnitude to be resolved at magnifications of 1000X to 1300X,
where they are considered as very fine recrystallized grains. In zone A
areas the fine grains developed in narrow rows separating deformed ma-
terial. The latter accounts for the increased quantities of "speckled"
material found in specimens annealed at low temperature over that ob-
served in the as-rolled condition.

It may well be that the "speckled" areas in annealed samples
are the result of polygonization and subgrain growth, as is considered to
be the case by Cabane and Petit. Such an explanation appears to apply to
the very fine grains found in recrystallized zone B areas; however, it is
difficult to understand why they have as much contrast as they do. On the
other hand, Madsen's proposal that the "speckled" areas arise from very
oblique twin and kink band intersections appears to be more plausible. It
is known that such heavily strained portions are preferential sites for
recrystallization. In the present work the zone B areas were the first to
recrystallize, with zone A following shortly thereafter. In the latter case,
the first very fine grains formed were found in bands separating deformed
material. As the annealing progressed the quantity of fine grains increased
and the amount of deformed material decreased. The very fine grains thus
formed showed rather high contrast, as did the fine grains formed in zone B
areas. Both of these structures showed as much contrast as did the larger
grains which ultimately absorbed them. Such distinct contrasts would not
be expected if the structures were formed by processes of polygonization
and subgrain growth. In any event, the processes which form the annealed
"speckled" areas are not important in fully recrystallized material, be-
cause the final grains in these areas were formed by discontinuous growth

of somewhat larger grains atthe expense of the very fine recrystallized grains.

V. CONCLUSIONS

The present work indicates that three recrystallized preferred
orientations can be obtained for high-purity uranium sheet heavily rolled
at room temperature, depending upon the annealing conditions. One re-
crystallized preferred orientation, which was essentially the same as that
of the as-rolled material, resulted from annealing for long times at 360°C
or lower temperatures. A second preferred orientation was created by
annealing for moderate periods of time at temperatures between 400° and
600°C. A third preferred orientation accompanied grain coarseningat 650°C.

The as-rolled microstructures observed in the present work were
extremely heterogeneous and consisted of four general types. Zone A had
a complex appearance consisting of very heavily deformed, narrow bands.




39

Zone B, also heavily deformed, had a "speckled" appearance. Zone C was
only lightly deformed and consisted of narrow, bent bands with some evi-
dence of kinking. Finally, zone D showed little deformed structure. The
first two zones occupied the major portions of the structures.

Upon annealing, the heavily deformed areas first formed very fine
recrystallized grains, which in the latter stages of recrystallization were
absorbed by discontinuous growth of somewhat larger grains. Annealing
of the lightly deformed areas was characterized by subgrain formation,
followed by normal recrystallization. In general, these areas did not re-
crystallize until the processes in zones A and B were nearing completion.

The two fabrications of high-purity uranium from the same ingot
showed some differences in behavior. The recrystallization rates of the
sample rolled with the 9 in. diameter mill were significantly higher than
those of the sample rolled on the 17 in. diameter mill, but the character-
istics of their microstructures and expansion coefficients were about the
same.

The French sheet N specimens gave metallographic results and
expansion coefficients similar to those observed for the high-purity ura-
nium; however, complete recrystallization at higher temperatures did not
result in as large a change of mean expansion coefficient as was observed
for high-purity uranium.

VI. FUTURE WORK

The large grain size prior to final fabrication of the specimens
employed in the present work prohibited quantitative measurements of
preferred orientation by techniques such as those employed by Mueller,
Knott and Beck.(11) Thus, precise measurements of preferred orientation
were not made and dilatometry was resorted to as a qualitative measure
of change in preferred orientation. For a quantitative determination of
the preferred orientation a starting material of relatively small uniform
grain size is needed. Fisher(12) has demonstrated that such structures
can be obtained by a step-reduction and annealing procedure. A future
study is to be carried out on material treated in this manner prior to the
80% reduction at room temperature. Complete measurements of the
characteristics of thermal expansion and preferred orientations will be
coupled with detailed metallographic observations.
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