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Abstract Recrystallization behaviors of cold-worked and f-quenched Zr-Sn alloys were investigated by the micro-
hardness tests and microscopic examinations. The recrystallization of the 8-quenched alloys was retarded in compari-
son with that of the cold-worked alloys, suggesting that the stored energy of the cold-worked alloys is larger than that
of the A-quenched alloys. Although initia} hardness for the cold- worked and the 8-guenched specimens had an equal
value, the recrystallization behaviors were observed to be quite different. Based on the transmission electron micro-
scope (TEM) studies, it was suggested that the recrystallization of the cold-worked specimen would have occurred by

subgrain coalescence while that of the A-quenched specimen by strain- induced grain boundary migration.
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1. INTRODUCTION

Since nuclear fuel cladding is used in hot, pressu-
rized, and irradiated conditions, many properties such
as low thermal neutron capture cross section, high
resistance to corrosion in high temperature water, and
relatively high mechanical strength should meet the re-
quirements for the cladding. The corrosion resistance of
the properties is particularly important because the
cladding is exposed to the very corrosive environment.
Zr metal has been selected as the cladding material be-
cause it has low thermal neutron capture cross section
that is about 30 times less than that of stainless steel.”
A great dea! of researches had been carried out to im-
prove the corrosion resistance and mechanical proper-
ties of the cladding material. After the additions of a
small amount of Sn, Fe, and Cr in Zr matrix were
found to be effective in improving the corrosion
resistance of the cladding under PWR (pressurized
water reactor) operation conditions, Zircaloy-4 (Zr-
1.55n-0.2Fe-0.1Cr) has been successfully used as clad-

ding material in PWR for many years. However, more
advanced Zr-based alloys than Zircaloy—-4 have been
developed in many research groups® to meet severer
conditions such as high burnup, high operation tempera-
ture and high pH. When a new alloy is developed, an
appropriate process condition should be established to
optimize its properties since the corrosion and mechani-
cal characteristics of the Zr-based alloys are very de-
pendent on their chemical compositions and process
conditions. It is also necessary to understand the
recrystallization behavior of the alloy because the an-
nealing treatment is always carried out during the man-
ufacturing process. The final microstructure is often
controlled {i.e., recrystallized, partially recrystallized,
or stress relieved) according to the required properties,
In Zr-5Sn alloys, the Sn content has been reported to
significantly affect the microstructure and corrosion
resistance of alloys.” Although the general effect of Sn
on the microstructural change such as recrystallization
during annealin gwas known, detailed information on
the change is not available. Furthermore, the recry-

— 725 —



726 T3ARFHA A10A A11F (2000)

stallization behavior in relation to the pre-treatment
condition before annealing {#-quenched or
worked) has not been investigated. Since different

cold-

recrystallization mechanisms might be involved depend-
ing on the characteristics of stressed structure, quite
different behaviors could be observed of the
recrystallization. In this study, the recrystallization be-
haviors of Zircaloy-4, Zr-0.58n, and Zr-1.68n alloys
were invesigated and the effect of the pre-treatment
condition before annealing on the recrystallization was
also evaluated. The recrystallization mechanisms for Zr
-5n alloys were suggested on the basis of the results of
microscopic examination.

2. EXPERIMENTAL PRCCEDURES

Zr-0.55n and Zr-1.58n alloys prepared in the labora-
tory and commercial Zircaloy—4 were prepared for this
study. Zr-8n alloy ingots (400g) were prepared by the
vacuum arc remelting. The ingots were quenched into
water (B-quenching heat treatment} after heating at
1050°C for 30 minutes to homogenize the chemical com-
position. And then hot rolling (80%) was carried out of
the ingots after annealing at 700°C for 2 hours. Sheets
with 1mm thickness were manufactured by cold rolling
(560%). The A-quenching treatments were conducted
again for some sheet specimens in order to make all the
precipitates previously formed dissolve into matrix. Fi-
nally, the samples were annealed at different tempera-
tures ranging from 300T to 800C for | hour. After
finishing the final heat treatment, the test specimens
were prepared for the polarized optical microscope stud-
ies by etching with a solution of HF 10%, HNOQ; 45%
and H:0 45%. The microhardness tests were also car-
ried out for those samples to characterize the
recrystallization behavior. The microstructures of the
samples were mainly investigated by a transmission
electron microscope (TEM). The TEM specimens were
prepared by mechanical grinding up to 60mm in thick-
ness and twin-jet polishing in a solution of ethanol (90
%) and perchloric acid at -45T.

3. RESULTS AND DISCUSSION

3.1, Microhardness

The effect of annealing temperature on the
microhardness of Zr-8n alloys is shown in Fig. 1. The
recrystallization behaviors of the alloys are compared
for the cold-worked and the —quenched conditions. In
the case of cold-worked samples ({in Fig. 1(a)) the
microhardness remained almost constant up te 500°C

and sharp dreps occurred in the temperature range of
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Fig. 1. Variations of Knoop hardness of Zr-based alloys (a) Cold
-worked (b} f-quenched

500 to 600°C. The microhardness changes are shown to
be more complicated in A-quenched alloys {in Fig. 1
(b)}. The hardness slowly decreased at the beginning
and then slightly increased. It is thought that the initial
decrease in hardness at 300 C-400C was due to recov-
ery through the rearrangement of dislocation which in-
troduced during quenching and the slight increase at
500°C was caused by the precipitation.? Sn would not
be detected in the precipitates because the solubility of
Sn in @-Zr is relatively high {about 2wt.%.” But Fe
and Cr, especially Fe, are usually present at a level of
about 500 ppm in Zr metal as impurities and their solu-
bilities in @-Zr are very limited (hundreds ppm®) so
that Fe and/or Cr precipitates usually form., The precip-
itates were found to consist of Zr, Fe, and Cr based on
EDS in TEM." In the meantime, the start and finish
temperatures of recrystallization for #-quenched alloys
were observed to be relatively high as compared with
that for the cold-worked specimen. This implies that
the stored energy of the S-quenched alloys is smaller
than that of the cold-worked alloys.

3.2, Microstructural changes

The typical microstructural changes during aging are
shown in Figs. 2 and 3. In the case of the cold-worked
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Fig. 2. Variations of the microstructures of cold-worked Zr-based alloys with annealing tempera-
ture for 1 hour (a) Zr-0.5Sn (b) Zr- 1.55n (c) Zircaloy-4

(b)
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Fig. 3. Variations of the microstructures of f-quenched Zr-based alloys with annealing tempera-
ture for 1 hour (a) Zr-0.55n (b} Zr- 1.55n {c) Zircaloy-4
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(c)

{d)

Fig. 4. Variations of microstructures of cold-worked Zr-1.5S8n alloy with annealing temperature {a)

Room Temp. (b) 300T (c) 5507 {d) 700T

specimen (Fig. 2), the recrystallization of Zr-0.58n
alloy was almost completed at 550°C for 1 hour while it
was finished at 600°C in Zr-1.68n alloy and Zircaloy-
4. In Zr-0.55n alloy, the grain growth phenomenon was
also observed in high temperatures (700, 800°C) after
recrystallization was finished. But it was not observed
in Zr-1.58n alloy and Zircaloy-4. Fig. 3 shows the
recrystallization of #-quenched samples. The martens-
ite structure still remained up to 600°C and then new
stress—free grains formed at higher temperatures. In Zr
-0.58n alloy, the formation of those new grains oc-
curred at about 700°C, but it was delayed to 8007C in
Zr-1.68n alloy and Zircaloy-4. In conclusion, high Sn
content is thought to delay the recrystallization process
detailed
microstructural change during recrystallization can be

and to prohibit the grain growth. The

investigated by TEM and the micrographs for Zr-1.55n
are shown in Figs 4 and 5. The typical dislocation cell

" structures caused by cold working were well observed

in Fig. 4{a) and (b). As the annealing temperature in-
creased, the cell structure disappeared and new stress-
free grains formed (in Fig. 4{c)}. At this temperature
(650°C) the microhardness decreased sharply. And, as
shown in Fig. 4 (d), all the dislocation cells disappeared
completely and the recrystallization process was fin-
ished. Fig. & indicates the microstructural changes dur-
ing the recrystallization of S-quenched samples. A mar-
tensite structure with fine plates and twins was ob-
served in the samples aged at low temperatures. Some
of dislocations within plates started to disappear at 550
C. As previously mentioned, microhardness increased
at this temperature and this is thought to be due to the
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Fig. 5. Variations of microstructures of 4-quenched Zr-1.55n: alloy with annealing temperature (a)
Room Temp. (b) 300T (c) 550 (d) 700TC

formation of precipitates from the supersaturated ma-
trix. The coalescence of plates as well as the growth of
precipitates were cbserved at 700°C, resulting in the
sharp decrease of microhardness.

3.3. Recrystallization mechanisms for Zr-Sn alloys

It can be explained as follows that the process of re-
covery and recrystallization of the cold-worked alloys
in the Fig. 1(a) is different from that of the A-
quenched alloys in the Fig. 1{(b). The cold-worked
alloys have the dislocation network of cell structures in
which dislocations are piled-up by the cold working. On
the contrary, the A-quenched alloys do not form cell
structures and disperse dislocations uniformly in the
plates through the transformation of martensite. Since
the uniformly dispersed dislocations can be moved more
easily in general than those having cell structures in the

recovery process, the hardness of the A-quenched
alloys has decreased by the recovery at 300°C while the
hardness decrease of the cold-worked alloys delayed
because it is harder to move the dislocation in the cold-
worked alloys. By the way, the hardness of the cold-
worked alloys decreased drastically by the recry-
stallization after recovery, but that of the S-quenched
alloys increased again after recovery due to precipita-
tion. In other words, many annealing processes were to
be performed on the cold-worked alloys in manufactur-
ing such as hot rolling at 700°C after S-quenching, an-
nealing treatment at 700°C, cold rolling, annealing
treatment at 6107C. Since the precipitates in the cold-
worked alloys grew in the annealing processes, the
additional precipitation could not progress at the an-
nealing temperature below 700 C for recrystallization.
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Fig. 6, TEM micrographs of cold-worked specimens showing

the formation of a recrystallization nucleus by subgrain coales-
cence

(@) )

{c) (d)

Fig. 7. Schematic tepresentation of the formation of a
recrystallization nucleus by subgrain coalescence® (a) Subgrain
structure before nucleation (b) Coalescence of subgrains A and
B, and C and D {c) Further coalescence of subgrains B and C (d)
Formation of a nucleus with high angle boundaries

The hardness of the S-quenched alloys also increased
again because the additive
supersaturated-solid

elements in the
solution formed precipitates
through heat treatment at the teraperature above 500
C. Therefore, the recrystallization of cold-worked
alloys behaved quite different from that of A-quenched

alloys. A variety of mechanisms have been suggested to

Fig. 8. TEM micrograph of f-quenched specimen showing dis-
location rearrangement as recrystallization progresses

explain the recrystallization process of alloys.*™® In
this study, the recrystallization mechanism for cold-
worked Zr-Sn alloys is thought to be the subgrain co-
alescence. Recrystallization nuclei in the mechanism are
originated by the subgrain coalescence. Fig. 6. Shows
the coalescence fo subgrains in the cold-worked ma-
trix. A Stress-free grain was formed by the coales-
cence of subgrains and was used as a nucleus. Schemat-
explaining the
recystallization nucleus are indicated in Fig. 7.% At the
beginning, subgrains are randomly distributed in the
matrix. Coalescence of subgrains progresses with the

ic diagrams formation of a

rearrangement of dislocations. Finally, a nucleus with
high angle boundaries is created. In the meantime, the
recrystallization mechanism for S-quenched specimens
is quite different from that for the cold-worked sample.

In the quenched specimen, the dislocation structure
was very inhomogeneous and the energy difference be-
tween the high energy grain and low energy grain is
considered to be the driving force for the start of
recrystallization.” The observation of the massive grain
growth suggests strain induced boundary migration'”,
called “bulge nucleation” by Bailey and Hirsh.'" A
bulge in a grain boundary surrounding material of low
dislocation density migrates into the adjacent region if
the dislocation density is higher. The condition for
growth of a bulge is that the difference in strain energy
per unit volume across the boundary is greater that the
increase in grain boundary energy due to growth. Fig. 8
shows the stress—free area within a plate becoming
wide as dislocations move to the grain boundaries.
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4. SUMMARY AND CONCLUSIONS

In Zr-Sn alloys the recrystallization of cold-worked
specimens was completed between 500 and 600°C,
while that of S-quenched samples did not start up to
600°C. This difference seems toc happen because the
stored energy of the JS-quenched alloy for
recrystallization is smaller than that of the cold-
worked alloy. An increase of Sn content in Zr was also
found to delay the recrystallization process of the Zr-
Sn alloys. In the case of the f~quenched specimen pre-
cipitation was accompanied by the softening process
during annealing, resulting in the increase of
microhardness at a certain temperature range.
Although the cold-worked and the A-quenched speci-
mens had an equal initial hardness value, the
recrystallization behaviors for those two cases were ob-
served to be very different from each other. It is sug-
gested that the recrystallization of the cold-worked
sample would occur by the subgrain coalescence while
that of the f-guenched sample would progress by the
strain-induced grain boundary migration.
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