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ABSTRACT

Reactor-grade Zircaloy-2 and vacuum-melted Zircaloy-3V were
prepared by arc melting twice under vacuum. In addition, argon-melted
Zircaloy-3A was prepared by arc melting in a vacuum and then under argon,
These materials were rolled into plate. Specimens of the same thickness
and having the same penultimate grain size were prepared at cold work
levels of 10, 25, and 50 per cent. These specimens were annealed at 300,
400, 500, 600, 700, and 800 C at 10, 100, 1000 znd, in gome instances,

to 10

atmospheres. Recovery, recrystallization, and grain growth as a function

10, 000 minutes in air, helium, and vacuum (10" mm mercury)
of cold work level, composition, annealing time, temperature, and atmos-
phere were studied by nardness and electrical resistivity measurements,

and by metallographic observations.

Recovery and secondary hardening were observed at temperatures
of 300 to 500 C. Recrystallization began at 500 C and was essentially
complete at 600 C after 1000 minutes or less. Recrystallization occurred
by subgrain growth in material cold worked 10 per cent. Conventional

nucleation and growth occurred at 25 and 50 per cent cold work.

Definite differences in response to annealing atmosphere were
observed. Vacuum annealed alloys recrystallized more slowly than air-

or helium-annealed alloys.
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RECOVERY AND RECRYSTALLIZATION OF ZIRCONIUM
AND IT3S ALLOYS
PART 3
ANNEALING EFFECTS IN ZIRCALOY-2 AND ZIRCALOY~3

INTRODUCTION

Zirconium and its alloys have been used extensively in nuclear
reactors because of their low neutron cross sections, fair mechanical prop-
erties and good aqueous corrosion resistance. Unfortunately, these alloys
are quite sensitive to contamination by gases, acids, and organic materials
all of which deleteriously affect the corrosion resistance, In addition,
many of the zirconium alloys are not readily fabricable, requiring one or

more intermediate anneals during secondary cold working.

The current study was initiated to better understand the effects of
annealing atmosphere, temperature, and time on the recovery and recrys-
tallization of zirconium, Zircaloy-2, and Zircaloy-3 and to assist in
predicting the bahavior of these alloys during fabrication and when exposed

to elevated temperatures in-reactor.

The initial report of this series(l) dealt with preparation of the
specimens prior to annealing, as well as presenting an extensive review of
the literature dealing with recovery and recrystallization. Part I(l) should

be read prior to reading this report.

An extensive report(Z) has been issued dealing with the recovery
and recrystallization of Kroll Process zirconium of the composition given

(1)

in Part I.

The current report describes the annealing of vacuum-melted
Zircaloy-2 and Zircaloy-3, and argon-melted Zircaloy-3 in atmospheres
of air, helium, and vacuum. Recovery and recrystallization are interpreted
through such tests as metallography, hardness, and electrical resistivity.
The effects of these annealing conditions on corrosion are described in

(3)

another report.
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RESULTS

Recovery, recrystallization, and grain growth were followed by
three methods: (1) examination of the microstructure, (2) hardness surveys,
and (3) changes in the electrical resistivity ratio. These three methods

were evaluated separately and then compared.

Microstructural Evaluations

Annealed Zircaloy-2, argon-melted Zircaloy-3 (hereafter designated
as Zircaloy-3A), and vacuum melted Zircaloy-3 (hereafter designated as
Zircaloy~-3V) which had been cold worked to 10, 25, and 50 per cent reduc-
tion in thickness prior to annealing, were studied to establish the initiation
of recrystallization and grain growth. A comprehensive survey of 10 per
cent cold-worked alloys annealed in air, 25 per cent cold-worked alloys
. annealed in helium, and 50 per cent cold-worked alloys annealed in vacuum
is given in Table I. The times and temperatures for the initiation and

completion of recrystallization and for grain growth appear in Table IL,

Some idea of the grain size at the point of complete recrystallization
for the three levels of cold work is given in Figure 1 for Zircaloy-2 and
Zircaloy-3A.

The preceding data were carefully compiled by examining the micro-
structures of the alloys after etching with a "'B" etch which consisted of a
mixturé of 10 per cent hydrofluoric acid, 45 per cent nitric acid, and 45
per cent water, followed by anodizing 3 to 5 seconds at 20 volis in a solution
of 35 ml of HZO, 60 ml of ethyl alecohol, 5 ml of HSPO4, 20 ml of glycerine,
2 grams of citric acid, and 10 ml of lactic acid with a cathode-to-anode
spacing of 1/8 to 1/4 inch.

Representative microstructuresare given in Figures 2 through 9
for Zircaloy-2 and argon-melted Zircaloy-3. Since differences between
vacuum- and argon-melted Zircaloy-3 microstructures were nominal,
pictures of the vacuum-melted alloy were not presented. The effects of

cold work, temperature, time, and annealing atmosphere are readily apparent
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on examination of the representative microstructures given at 100 and 1000
diameters. Since little or nothing can be observed during the recovery
stage, most of the pictures covering this region have been deleted.

The ten per cent cold-worked Zircaloy-2 and Zircaloy-3 were found

(2) with Kroll Procesgs

to behave quite similarly, paralleling the results of Gray
sirconium. At this level of cold work, recrystallization does not appear to
follow the classical nucleation and growth patterns; rather, duplex growth
is observed with a substantial increase in grain size at temperatures of 700
and 800 C. Much of this appears to be by direct growth of subgrains in the
matrix. The onset of recrystallization is related to other properties in
subseqﬁent sections of this report. As anticipated, nucleation and growth
occur at lower temperatures and/or shorter times for Zircaloy-3 compared
to Zircaloy-2. This would be expected on the basis of the lower alloy con-

tent of Zircaloy-3.

The behavior of 25 per cent cold-worked material, Figures 3, 4,
5, 17, and 8, adheres more closely to classical nucleation and growth theory.
Here again, the effect of composition on the onset of recrystallization is

seern.

The 50 per cent cold-worked metal shown in Figures 6 and 9 appears
1o behave anomalously, in that recrystallization occurs more slowly than in
the 25 per cent cold-worked metal. An examination of all the data indicates
that this is probably due to heat-treating atmosphere. The vacuum used
with the higher level of cold work should result in slower heat-up times and
a shorter period at equilibrium as compared to helium or air. The effect is
g0 pronounced, as seen in hardness and electrical resistivity data, that
it must be factored into all process annealing. The effect is much greater
than anticipated and might mean that annealing occurred below 600 C, or

that the specimen was not at temperature for the times noted.

Figures 10 and 11 present in graphical form the grain growth of
Zircaloy-2 and Zircaloy-3A containing various levels of cold work, as func-

tions of time and temperature of anneal. The difference in grain growth
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behavior of the 10 per cent cold-worked alloys as compared to 25 and 50

per cent cold-worked alloys, is obvious.

Hardness Surveys

Recovery and recrystallization of the cold-worked Zircaloy-2 and
Zircaloy-3 was followed by measuring the Rockwell G hardness of the
various specimens. Changes in hardness as functions of initial cold-work
level, composition, temperature, time, and atmosphere of anneal are shown
in Figures 12 through 24. Because of the number of parameters and the
quantity of data, a bar graph was used rather than the more conventional
continuous plots of change of hardness as functions of temperature or time.
The bar graphs permitied the plotting of changes in hardness as functions
of level of cold work, annealing temperature, and annealing time for any
one composition and atmosphere, or for different compositions and atmos-

pheres at any fixed time.

Figures 12 through 15 contain hardness data for Zircaloy-2, where
the parameter differentiating Figures 12, 13, and 14 is atmosphere (vacuum
helium, or air). Figure 15 permits a comparison of the effects of annealing
Zircaloy-2 in the various atmospheres for 100 minutes, Increases in hard-
ness occur at recovery temperatures of 300 to 500 C, probably due to a
precipitation of material from the matrix. At higher temperatures, pro-
nounced decreases in hardness are noted with the changes becoming more
marked at the longer times. Results in hardness tend to duplicate the effects
noted in microstructural changes in that the vacuum-annealed specimens
decreased in hardness to a lesser extent than did helium- or air-annealed
specimens for equivalent conditions of anneal. Differences between air and
helium anneals were minor. The similarities and differences in response
to annealing conditions are quite apparent in Figure 15, where the effects of
atmosphere are compared at 100 minutes over annealing temperatures of
300 to 800 C.

Figures 16 through 19 contain data covering conditions similar to
those discussed for Zircaloy-2; however, these figures deal with Zircaloy-3A.
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In essence, over-all performance is comparable for Zircaloy-3A and
Zircaloy-2 insofar as time, temperature, and atmosphere effects are
concerned. Greater changes in hardness occur with Zircaloy-3A than in
the case of Zircaloy-2. In addition, the changes initiate somewhat more
rapidly. This isn't surprising, considering the differences in chemical

composgition.

Figures 20 through 23 present data for Zircaloy-3V, Essentially,
the results for Zircaloy-3V duplicate those for Zircaloy-3A. It would be
possible to use one set of data for both materials without perceptible

error.

A limited number of long-time anneals were conducted with Zircaloy-
2, Zircaloy-3A, and Zircaloy-3V. The maximum time investigated was
10, 000 minutes. Data are presented in f'igure 24 covering the effect of
temperature, atmosphere, composition, and time of anneal. Apparently
longer annealing times have a limited effect at 400 C when air is used as
an atmosphere. Changes from 1000 to 10, 000 minutes are nominal and both
increases and decreases in hardness were observed in going from 1000 to
10, 000 minutes. In the case of vacuum anneals at 600 C, the changes were
much more pronounced in going from 1000 to 10, 000 minutes. Thig was
particularly apparent in the case of Zircaloy-2. Again as at 400 C, the
changes were quite nominal in an air atmosphere when comparing 1000- and
10, 000-minute anneals of Zircaloy 3V. Contamination by oxygen or nitrogen
in the extended anneals could increase the hardness somewhat, minimizing

the effect of annealing.

In the case of the vacuum atmosphere, the lack of convective heat
transfer may play a more marked role than originally assumed. Tempera-
tures were carefully checked at equilibrium conditions using thermocouples
ballasted with a small piece of metal to minimize cycling. It is interesting
to note that 10, 000 minutes in a vacuum for Zircaloy-3A in the 10 and 25
per cent cold-worked states result in hardness comparable to those of
Zircaloy-3V after 1000 minutes in air. Recrystallization is a time-tempera’cure_
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dependent process, so it isn't possible to say whether there ig an apparent
temperature effect, differing from the true temperature in the case of
vacuum-annealed specimens; it does not seem possible that the thermal
lag could be greater than a few minutes in the case of vacuum-annealed

specimens as compared to helium- or air-annealed specimens.

Electrical Resistivity Measurements

Changes in electrical resistivity constitute a sensitive method of
detecting the recovery and recrystallization of cold-worked metals. The
conventional method is to plot the ratios of resistivity where the denomin-
ator is the electrical resistivity of the specimen in the cold-worked state.
While this method is quite sensitive to changes in recovery and recrystal-
lization, it is also sensitive to gaseous contamination of the metal, speci-
men size, lead resistance, and temperature, Because of these factiors,
the resulis presénted in Figures 25 through 36 should be considered quali-
tative, not quantitative. The avidity with which zirconium alloys getter

gaseous contaminants is a major source of error.

Figures 25 through 28 contain the electrical resistivity data for
Zircaloy-2. Changes at 300 of 500 C are comparable for the different
atmospheres. The effect of contamination becomes quite apparent at higher
temperatures in air or helium, where substantial increases occur in the
resistivity ratio. The vacuum-annealed specimens continue to decrease in
resistivity ratio at the higher temperatures, indicating a lower degree of
contamination in this instance. The preceding effects are much more
apparent at the lower level of cold work, as can be seen in Figure 28,

Figures 29 through 32 present comparable data for Zircaloy-3A,
covering vacuum, air, and helium anneals. While the changes in resistivity
ratio are more pronounced for Zircaloy-3A than for Zircaloy-2, the trends
are comparable. Zircaloy-3A does appear to be more sensitive to contam-
Ination by air at 1000 minutes than helium, or than was observed with

Zircaloy-2 in helium, or than was observed with Zircaloy-2 in helium and
air, l
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Figures 33 through 36 present the electrical resistivity data for
Zircaloy-3V. The same trends observed in Zircaloy-2 and Zircaloy-3A
recur in Zircaloy-3V. A direct comparison of Zircaloy-3A and Zircaloy-3V
reveals nominal differences in a few cases. Otherwise, they are virtually

the same,.

DISCUSSION

Microstructures

A history of the microstructural evaluation of Zircaloy-2, Zircaloy-3A,
snd Zircaloy-3V is presented in Table L A complete microstructural evalua-
tion was not made because of the large number of specimens. However, it

was felt that the selection was representative.

Some definite changes were observed in the zirconium elloys during
the recovery stage of annealing extending from 300 to 500 C. An increase in
precipitate, ranging from nominal to extensive, occurred with increases in
time and temperature of anneal; at higher temperatures (600 to 800 C), there
appeared to be some redissolution of the precipitate. Thig precipitate was
normally random, but in some instances it occurred selectively at the grain
boundaries. Accompanying the increase in precipitate was a general sharpen-
ing of grain boundaries. It is felt that these microstructural changes are
related to the decreased corrosion rates observed in specimens given a
recovery anneal compared to the as-cold-worked material. (3) The micro-
siructural effects are observable in Figure 3; they appear to be independent
of annealing atmosphere, composition, and level of cold work.

The onset of nucleation was quite difficult to detect and there may
be some error in the values cited. All pictures were scanned closely at
various levels of magnification to determine where recrystallization first
began., Table II lists the times and temperatures where recrystallization
was initiated and completed. In some instances, recrystallization was noted
at 500 C. This was particularly true on 10 per cent cold-worked specimens.
The recrystallization in the 10 per cent cold-worked material appeared to
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occur by subgrain growth rather than by conventional nucleation. In every
instance, recrystallization was essentially complete at 600 C and 1000
minutes. Recrystallization was somewhat slower in the 50 per cent cold-
worked vacuum-annealed alloys than in other atmospheres and at lower
cold-work levels. This lag is attributed in part to the thermal lag in reach-
ing temperature in the vacuum. This postulate is born out in the hardness
results given in Figure 15 which will be discussed later. The recrystalli-
sation of the zirconium alloys containing 25 and 50 per cent cold work appears

10 occur by conventional nucleation from the cold-worked matrix.

The as-recrystallized grain sizes cited in Figure 1 become finer
with increasing levels of cold work. Zircaloy-3A has a consistently smaller
grain size than Zircaloy-2, although their penuliimate grain sizes were
comparable. The slight tendency for recrystallization to be initiated and
completed at lower temperatures and/or shorter times for Zircaloy-3A,
as compared to Zircaloy-2, might atcount for the finer grain size.

No attempt was made to determine activation energieg for the various
recrystallization processes on the basis of reaching some finite degree of

recrystallization. The variations introduced by annealing, coupled with
the difficulty in fixing a precise level of recrystallization, militated against

an activation energy approach.

The grain growth of Zircaloy-2 and Zircaloy-3 is given in Figures
10 and 11. It is obvious that 10 per cent cold-worked alloys are much more
susceptible to growth than are the 25 and 50 per cent cold-worked alloys.
Zircaloy-3A grows to a greater extent than Zircaloy-2. On the 10 per
cent cold-work level, particularly at 600 and 700 C, the lower level of alloy
additions could account for these differences; however, no quantitative data
are available covering the effect of 1 to 3 per cent alloy additions on grain
growth of zirconium. No attempt was made to establish a rate equation
for the grain growth of the alloys because the data were too limited to per-
mit establishment of a valid equation. The pronounced difference in growth

of the 10 per cent zirconium alloys compared to higher levels of cold work
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could be related to the difference in nucleation mechanism. Apparent
differences between 25 and 50 per cent cold-worked Zircaloy~2 could be
due to the different response noted in vacuum annealing of the 50 per cent
coldrworked material. This is apparent in Figure 10,

The only known studies of recovery and recrystallization of

(4) (5)

Zircaloy-2 and Zircaloy-3 are those of Richards, Goodwin and Goldman,

(6) (7)

reported by these authors. A more precise evaluation of the mechanism of

Johnson, et al. Results obtained’in this study paralleled the work

recrystallization is possible with unalloyed zirconium. These data are

(2) (1)

presented by Gray =’ and Gray, et al.

No relevant work was found dealing with the growth of Zircaloy-2
and Zircaloy-3. Part I of this series is a more general discussion of the

(1)

literature of recrystallization and growth.

Hardness Surveys

An examination of Figure 12, 13, and 14 reveals the existence of
competing mechanisms during the 300 to 500 C anneals. The firgt process
is recovery, accompanied by a slight decrease in hardness. The second
process is aging or secondary hardening phenomena.denoted by general
increases in hardness. It is interesting to note that the secondary hardening
effect is much more pronounced in the vacuum-annealed material than in
either air- or helium-annealed material. An examination of the microstruc-
tural results presented in Table I, reveals a greater quantitiy of precipitate
in the vacuum-annealed specimens. The cause of the increased level of

(7)

hardening at 450 C in 60 per cent cold-worked Zircaloy-2 annealed for 24

precipitate is not known. Herenguel, et al., reported a similar secondary

hours in air.

Analysis of Figures 12, 13, and 14 reveals another major difference--
the degree of hardening at any given combination of time and temperature
as a function of annealing atmosphere. While there is little or no difference
between air and helium anneals, the difference is quite marked when vacuum-

annealed hardening results are compared to those of helium- or air-annealed
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hardening. The decreases in hardness, particularly at or above 600 C,

are much more marked in air or helium, It may be that the specimens were
annealed at lower-than-cited temperatures. However, the temperatures

were checked with thermocouples in the central zone of the furnace, where
most specimens were held, and no such differences were noted. It ig difficult
to conceive that the differences in response time due to a lack of convective
heat transfer could be more than a few minutes with this specimen geometry
at 500 C and above. Tests are planned utilizing a larger furnace with greater
capacity to establish the cause of this phenomenon,

Hardness test results for Zircaoy-3A and Zircaloy-3V presented in
Figures 16 through 23 display the same trends that were noted in Zircaloy-
2. Both recovery and secondary hardening is observed, but to a lesser
degree than in Zircaloy-2. The same effect of atmosphere is also noted.

Where metallographic data are not available, it is possible to pre-
dict the time and temperatures for the complete recrystallization of the allo;;rs
on the basis of hardness along. For example, the hardness trends indicate
partial recrystallization at 500 C and 1000 minutes in Zircaloy-2, Hardnesses
below 77 Rockwell G indicate complete recrystallization of Zircaloy-2 in air
or helium; however, this is not true in vacuum anneals. The effect of atmos-
phere is similar in Zircaloy-3A and Zircaloy-3V. Rockwell G 55 can be
taken as the point of complete recrystallization in air or helium, while
Rockwell G 60-~62 is used with vacuum anneals. The effect of longer (10, 000-
minute) anneals at 400 and 600 C is portrayed in Figure 24, Changes in
hardness of Zircaloy-2, Zircaloy-3A, and Zircaloy-3V are quite nominal
in going from 1000 to 10, 000 minutes in air at 400 C. At 600 C, there is
little difference in air-annealed Zircaloy-3V at 1000 and 10, 000 minutes. A
greater difference is observed in vacuum-annealed Zircaloy-3A and Zircaloy-2.
The effect of the longer time is particularly pronounced in Zircaloy-2 which

contains 50 per cent cold work.
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Flectrical Resistivity

Electrical resistivity measurements do not appear a particularly
sensitive method of detecting recovery and recrystallization of the zirconium
alloys. Zircaloy-2 is less sensitive than Zircaloy-3A or Zircaloy-3V., In
addition, the secondary hardening is not detectable at 300 to 500 C. No
marked changes are noted in electrical resistivity in the early stages of
nucleation. There is some evidence of recrystallization at 500 C, but the
changes are not marked. At 700 C, the decrease in resistivity resuliing
from recrystallization is masked by increases in resistivity due to a pickup
of gaseous contaminants. This competing process offsets the decreases to
the extent that electrical resistivity ratios of greater than one are obtained.
The effect of atmosphere is quite pronouned at 700 C--the vacuum-annealed
specimens have low resistivity ratios; helium has higher values; and ais
anneals exceed resistivity ratio values of one at longer times. It is felt
that electrical resistivity is an excellent method for following the pickup of
contaminants, but it is not satisfactory for following recovery and recrygtal-
lization due to the small differences in values and the competing process of

contamination,

General Comments

The response of the zirconium alloys to vacuum annealing introduces
some doubt of the accuracy of temperature measurement and some question
about the underlying cause for the marked differences. Even 80, the data
were concluded to indicate the possibility of differences, considering the
care taken in establishing temperature conditions. The resulis are distinctly
“nomalous. There is no reason to believe that such errors exist in the air
or helium anneals., In fact, results of these anneals compare with the work

uf others. (5,7)

CONCLUSIONS

Reactor-grade Zircaloy-2 and Zircafoy—SV were prepared by arc
melting twice under vacuum. In addition, Zircaloy-3A was prepared by arc
melting in a vacuum, then under argon. These materials were rolled into
plate. Specimens of the same thickness and having the same penultimate
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grain size were prepared at cold work levels of 10, 25, and 50 per cent,
These specimens were annealed at 300, 400, 500, 600, 700, and 800 C
at 10, 100, 1000, and, in some instanpes, 10, 000 minutes in air, helium,

4 to 10_5 mm mercury) atmospheres. Recovery, recrystal-

and vacuum (10"
lization, and grain growth as a function of cold work level, composition,
annealing time, temperature, and atmosphere were studied by hardness

and electrical resistivity measurements, and by metallographic observations.

The following conclusions were derived from this study of recovery,
recrystallization, and grain growth. Observations pertaining to the cold-

(1)

worked material are given in Part I of this series,

Recovery and Recrystallization

a. Recovery of Zircaloy-2 and Zircaloy-3 occured between 300 and

500 C, as detected by hardness and electrical resistivity.

b. Definite evidence of secondary hardening, probably due to

precipitation of insoluble phases from the matrix, was observed
in Zircaloy-2 and Zircaloy-3 at 300 to 500 C.

¢. Recrystallization of the 10 per cent cold-worked alloys appeared
to occur by subgrain growth rather than by conventional nucleation.

d. Recrystallization of 25 and 50 per cent cold-worked Zircaloy-2
and Zircaloy-3 occurred by nucleation and growth of new strain-

free grains fromthe matrix.

e. Recrystallization was responsible for the major recovery in

hardness or electrical resistivity.

f. Recrystallization temperature did not appear greatly influenced
by the level of cold work. However, an increase in time of anneal

decreased the temperature of recrystallization.

g. 4ircaloy-3 recrystallized at lower temperatures and in shorter
times than Zircaloy-2, other conditions being comparable.
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The as-recrystallized grain sizes of Zircaloy-2 and Zircaloy-3
were:
Zircaloy-2 10 per cent cold work - 0,030 mm,
25 per cent cold work - 0.018 mm,

50 per cent cold work - 0,013 mm,
penultimate grain size - 0. 025 mm;

Zircaloy-3 10 per cent cold work - 0,024 mm,
25 per cent cold work - 0. 015 mm,

50 per cent cold work - 0, 010,
penultimate grain size - 0, 026 mm,

Grain Growth

=

Grain growth was most pronounced in alloys containing 10 per cent
cold work. The final grain size was 0, 055 to 0. 060 mm. Higher
levels of cold work resulted in grain sizes of 0, 030 to 0. 040 mm
at 800 C and 1000 minutes.

There did not appear to be a marked difference in rate of grain

"~ growth in Zircaloy-2 and Zircaloy-3 over the range of conditions

investigated.

Effects of Annealing Atmosphere

a,

The major processes which occurred during annealing were
recovery, recrystallization, and grain growth. Secondary
processes included redistribution of impurities and absorption
of gases, The latter was pronounced in air and helium atmos-
pheres, less so in vacuum.

Kinetics of recrystallization and growth of Zircaloy-2 and
Zircaloy-2 were essentially the same in helium and air, other
conditions being equal. In vacuum, the rates for recrystalliza-
tion were grossly decreased.

The limited differences in microstructure or hardness noted
can be attributed to contamination from air during air or helium
anneals. This was not true with electrical resistivity, where
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pronounced changes occurred above 500 C in air and helium, but

were minimal in vacuum.

d. Vacuum anneals were suggested in thin sections where contamination
may have adversely affected mechanical properties. Air or helium
anneals should be satisfactory for more massive sections or where

contamination is not a factor.
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RECRYSTALLIZATION AND GROWTH OF ZIR CONIUM ALLOYS

TABLE 1I

Zircaloy-3A

Cold Work: 10 per cent
Atmosphere:; Air

Time, minutes

Temperature, C 10
300 N
400 N
500 N
600 LR,
700 >LR.&G
800 R&G
Cold Work: 29 per cent

Atmosphere: Helium

Time, minutes

Temperature, ¢~ 10
300 N
400 N
500 N
600 ILR. ?
700 R
800 R& G
Cold Work: 50 per cent

Atmosphere: Vacuum

Time, minutes

Temperature, C 10
300 N
400 N
500 N
500 LR.? >LR.
700 R{(~100 R& G
per cent})
800 R& G

Code: N - No change

L R. - Recrystallization initiated
R - Complete recrystallization

G - Grain growth

.Y
o
o

|

QErzy
£

o

|

N Q oz

Zircaloy-2
10 per cent
Air
10 100
N N
N N
N I.R.
N? LR,
R&G G
R& G >G
25 per cent
Helium
10 100
N N
N N
N N?
N >L R.
>LR.(~50 R
per cent)
R R
50 per cent
Vacuum
10 100
N N
N N
N N
N L R.
LR.(~60 R
per cent)
R R

HW - 69880
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FIGURE 2

Microstructure of Zircaloy-2 Cold Worked 10 Per Cent, then
Annealed at 700 C in Air; "B'' Etch; Anodized
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FIGURE 3

Microstructure of Zircaloy-2 Cold Worked 25 Per Cent, then Annealed
100 Minutes in Helium at Various Temperatures; ''B' Etch; Anodized
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FIGURE 4
Microstructure of Zircaloy-2 Cold Worked 25 Per Cent, then Annealed

at 600 C in Helium; "B’ Etch; Anodized
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FIGURE 5

Microstructure of Zircaloy-2 Cold Worked 25 Per Cent, then
Annealed at 800 C in Helium; "B" Etch; Anodized
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FIGURE 6

Microstructure of Zircaloy-2 Cold Worked 50 Per Cent, then
Annealed at 800 C in Vacuum: "B'" Etch; Anodized
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