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Abstract

Effect of V and Sb content on characteristics of 8to @ phase transformation in Zr-0.84Sn alloy has been

studied using optical microscopy and transmission electron microscopy. As V content increased, the f—8 + e transfor-
mation temperature was lowered, thus allowing the width of e-lath in air-cooled Zr-0.86Sn-0.40V alloy to be fine.
The width of e-lath in air-cooled Zr-0.84Sn-xSb, however, was rarely changed with Sb content. The £ to @ trans-
formed microstructures of water-quenched Zr-0.84Sn, Zr-0.84Sn-0.10V and Zr-0.84Sn-0.19V alloys were mainly
slipped martensite. On the other hand, those of water-quenched Zr-0.865n-0.40V and Zr-0.85Sn-0.05Sb alloys were
predominantly twinned martensite. In case of water-quenched Zr-0.855n-0.12Sb and Zr-0.84Sn-0.17Sb alloys,
basketweave structure was observed. The transition of slipped martensite to twinned martensite in Zr-0.845n-xV

alloys and the transition of twinned martensite to basketweave structure in Zr-0.84Sn-xSb alloys were due to the de-

crease of Ms temperature.
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1. Introduction

Zirconium alloys, extensively used as fuel cladding
and core structural material in light water reactors, are
faced with limitation for service because nuclear indus-
try tends toward extended burn-up and increased cool-
ant temperature. Therefore, recently there has been sig-
nificant interest in development of advanced zirconium
alloy for nuclear fuel claddings.

Many researchers have examined the effect of
alloying elements and adequate heat treatment for
given alloying composition on the size and distribution
of precipitates which could affect the corrosion
resistance as well as mechanical properties of zirconium
alloy used as nuclear fuel cladding materials.!~®

Comparatively, little attention has been paid to the ef -
fect of alloying elernents on the characteristics of 5
quenching which was one of important steps in the fab-
rication process of nuclear fuel claddings. There is still
a controversy with regard to whether diffusion is in-
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volved in the fto a transformation during quenching of
zirconium alloy.5” Furthermore, it has been a subject of
considerable research and controversy whether alloying
elements have a measurable effect on the formation of
slip and twin in case of martensitic transformation oc-
curring in zirconium alloy.?

The purpose of present work is to investigate the ef-
fect of V and Sb addition on the characteristics of Sto @
transformation and microstructural changes in air-
cooled and water-quenched Zr-0.84Sn-base alloy. The
effect of microstructural changes with alloying element
on microhardness was checked in water-quenched Zr-
0.84Sn-base alloy.

2. Experimental procedures

Seven different Zr-base alloys were made from high
purity sheet-type pure zirconium and alloying elements
by arc melting and re-melted five times for
homogenization. The quantity of impurities in these

alloys was rarely changed from that in pure zirconium
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Table 1. Chemical composition of Zr-0.84Sn-base alloy.

Unit: at.%
Alloys| 2t Nominal Analyzed
Sn \Y Sb Sn \Y Sb
0 bal | 0.80 - - 0.86 -
1 bal | 0.80 | 0.10 - 0.84 | 0.10 -
2 bal | 0.80 | 0.20 - 0.84 | 0.19 -
3 bal { 0.80 | 0.40 - 0.86 | 0.40 -
4 bal | 0.80 - 0.10 | 0.85 - 0.05
5 bal | 0.80 - 0.20 | 0.85 - 0.12
6 bal | 0.80 - 0.30 | 0.84 - 0.17

from Cezus. The alloy composition was given in Table
1. The ingots were solution-treated at 1050°C for
20min and then water-quenched. The buttons were fab-
ricated into sheet with the dimension of 50mm (L) X 10mm
(W) X 1mm(t) through repetitive process of hot-rolling,
cold-rolling and annealing. This was followed by an-
nealing at 610°C for 2 hours to remove stored energy.

Air-cooling and water—quenching of specimens were
performed after heat-treatment at 990 °C for 2 hours in
a vertical vacuum furnace. The cooling rate during air-
cooling and water—quenching was measured in the tem-
perature range from 990°C to about 100°C using ther-
mocouples attached to the surfaces of specimens, and
they were about 6.8°C/s and 1400 C/s, respectively.

The microstructural examination of air-cooled speci-
mens was conducted by optical microscopy. Prior to op-
tical microscopy, specimens were ground on silicon car-
bide paper and etched using a mixed solution of 5%
HF,45 % HNO; and 50% distilled H:O.

Microstructures of water—quenched specimens were
observed by transmission electron microscopy. Thin
foils for transmission electron microscopy were pre-
pared from the middle part of water-quenched speci-
men by mechanical thinning to about 1004m thickness.
Disks of 3mm in diameter were punched out from these
thin foils, and electropolishing was done in a solution of
909% enthanol, 109% perchloric acid below -40°C. Hard-
ness of water—-quenched specimens was measured using
Vickers microhardness (VMH) test equipment at the
load of 500g.

3. Results and discussion

Fig. 1 shows optical microstructures of the Btoa
transformed Zr-0.84Sn, Zr-0.84Sn-0.10V and Zr~
0.858n-0.05Sb alloys which are air-cooled from 990°C
with the cooling rate of 6.8°C/s. The basketweave

Fig. 1. Optical micrographs of air-cooled (a)Zr-0.84Sn, (b)Zr-
0.84Sn-0.10V and (c)Zr-0.85Sn~0.05Sb alloys after heat. treat-
ment at 990°C for 2 hrs.

structure consisted of fine a-laths with 1~3/m width
was observed in all the specimens and seemed to be tri-
angular. It was considered that crystallography of
transformation was <1120> governed by direction in-
variant during the transformation process.” The micro-
structure appeared to have developed through the parti-
tioning of prior £ grain by primary laths and the trans-
formation continued by successive generation of even
smaller laths. Although the length of «-lath in Zr-
0.85Sn-0.05sb alloy slightly decreased compared to oth-
ers, there was little difference in the transforraation
characteristics of Zr-0.84Sn alloy by adding 0.10at.%
V and 0.05at.% Sb.

Optical microstructures of Zr-0.84Sn alloys contain-
ing 0.40at.% V and 0.17at.% Sb were presented in
Fig. 2. In case of Zr-0.86Sn-0.40V alloy, the width of
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Fig. 2. Optical micrographs of air-cooled (a)Zr-0.86Sn-0.40V
and (b)Zr-0.845n-0.17Sb alloys after heat treatment at 990°C
for 2 hrs.

a-lath decreased to a few m. The width and length of
a-lath, on the other hand, rarely changed in case of Zr
-0.845n-0.17Sb alloy.

According to Woo et al, as the oxygen content in-
creases, the f—a+ 8 transformation temperature in-
creased allowing diffusion to occur at an enhanced rate
and the width of a-lath in Zircaloy-4 becomes larger
with increasing oxygen content.!” On the contrary,
from Kallstrom’s report, the length of e-lath in
Zircaloy decreased with increasing C content because
the nucleation sites for a-lath were supplied sufficient-
ly through the formation of precipitates."’ However,
the effect of impurities such as oxygen and nitrogen on
the transformation temperature of Zr-base alloy might
be ignored as the alloys used this study showed no ap-
preciable change in the quantity of impurities before
and after melting process. In this study, therefore,
microstructual change due to the transformation tem-
perature change was mainly dependent on the content
of V and Sb.

The solubility of V in e-zirconium was nearly zero
and that of Sb was about 1.0at.%.'” The fine a-lath
structure of Zr-0.86Sn-0.40V alloy might be occurred
as the f—a+ B transformation temperature decreased
and the nucleation site increased through the formation
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Fig. 3. TEM micrographs of water-quenched Zr-0.84Sn alloy
after heat treatment at 990°C for 2 hrs.

of precipitates with increasing V content. On the other
hand, the width of e-lath in Zr-0.84Sn-0.17Sb alloy
rarely changed because the addition of Sb was not con-
sidered to affect the B~ g+ a transformation tempera-
ture. The effect of V and Sb addition in Zr-0.84Sn
alloy on the air-cooled microstructure was considered
to be similar with that of binary alloy where the f— 8+
a transformation temperature decreased with increas-
ing V content and rarely changed with increasing Sb
content.'?

Fig. 3 shows TEM micrograph of the 8 to a trans-
formed microstructure in water-quenched Zr-0.84Sn
alloy from 990°C with the cooling rate of 1400°C/s. It
was worth noting that martensitic transformation
would accompany inhomogeneous shear leading to the
formation of twinned martensite or slipped martensite
caused by the motion of either partial or perfect disloca-
tions, respectively.'® From Fig. 3, one could notice nu-
merous dislocations within twin free e~laths and bound-
aries consisted of tangled dislocations between the a-
laths. This was in agreement with the tendency that the
inhomogeneous shear was satisfied by dislocations.

Microstructural changes with V content in water-
quenched Zr-0.84Sn alloy from 990°C are shown in
Fig. 4. Zr-0.84Sn alloy containing up to 0.19at.% V
showed a slipped martensite that could be observed in
Zr-0.84Sn alloy of Fig. 3. This slipped martensite, how-
ever, changed gradually to twinned martensite with in-
creasing V content.

Earlier work by Krauss has shown that alloying



320 A Al2W A4E (2002)

Fig. 4. TEM micrographs of water-quenched (2)Zr-0.84Sn-
0.10V and (b)Zr-0.8Sn-0.19V and (c)Zr-0.86Sn-0.40V alloys
after heat treatment at 990°C for 2 hrs.
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Fig. 5. The change of length (a)Zr-0.84Sn-0.10V and (b)Zr-
0.86Sn-0.40V alloys cooled from 990°C with the cooling rate of
100°C/s

elements strengthened austenite by solid so.ution
hardening and then the strengthened austenite caused
the Ms temperature to be lower."” Consequently, a
greater thermodynamic driving force is initiated to gen-
erate the shear that will produce martensite. Thus, if
resolved shear stresses for slip of various types and
twinning are determined by the austenite composition
and strength, the most favorable processes are
activated. Banerjee has suggested that the transition
from the slipped to the twinned martenstie in Zr-Nb
alloy might be related with the Ms temperature.® As
the transformation temperature decreases with increas-
ing addition of Nb in zirconium, twinning, which is a
more favorable mode of deformation at relatively lower
temperature, will take place predominantly and the
fraction of twinned martensite will increase.

In order to estimate the transformation temperature
of Zr-0.84Sn-xV alloys, the variation of length in the
specimens was examined with temperature using
LVDT (Linear Variable Displacement Transducer),
which was shown Fig. 5. The specimen was heat-treat-
ed at 990°C for 2 hours followed by gas-quenching, and
the cooling rate was 100°C/s which was the limit of the
apparatus. The temperature which corresponds to the
tangential point in curve, meant that the phase trans-
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Fig. 6. TEM micrographs of water-quenched (a)Zr-0.855n-0.05Sb, (b)Zr-0.85Sn-0.125b and (c)Zr
-0.84Sn-0.17Sb alloys after heat treatment at 990°C for 2 hrs.

19 and the curves

formation was occurred in metals
showed that the transformation temperature decreased
from about 470°C to about 330°C with the increase of
V. Considering that the 8 — S+ e transformation tem-
perature is above 800°C in Zr-Sn alloy, the decrease of
transformation temperature might be related the mar-
tensite transformation.

From the investigation of microstructures in Zr-
0.84Sn-xV alloys which were water~ quenched from
990°C,
twinned martensite

the transition from slipped martensite to
in Zr-0.84Sn-xV alloys was
strongly dependent on the decrease of Ms temperature
with V content. As a result, the formation of twinned
martensite could be observed in Zr-0.84Sn alloy with
0.40at.% V.

Fig. 6 shows TEM micrographs of the 8 to & trans-
formed microstructures in water~ quenched Zr-0.84Sn
alloy with Sb addition. Twinned martensite was.ob-
served only in Zr-0.84Sn alloy containing 0.05at.% Sb.
Above 0.12at.96 Sb, basketweave structure consisted of
very fine a -lath was observed in Zr-0.84Sn alloy. The
transition from twinned martensite to basketweave
structure in these alloys appeared to be related with the
change of M s temperature.

From Fig. 7 shown the variation of the length of Zr-
0.84Sn-xSb alloys with temperature, the transforma-
tion temperature decreased greatly with the addition of
0.12at.9% Sb. The decrease of the transformation tem-
perature accelerated the formation of twin in the
martensitic transformation in general.'®’ However, it
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Fig. 7. The change of length (a)Zr-0.85Sn-0.05Sb and (b)Zr-
0.84Sn-0.17Sb alloys cooled from 990°C with the cooling rate of
100C/s. :

caused the basketweave structure to be formed in Zr-
0.84Sn-xSb alloys. Considering the @ -laths in this case
were much finer than those in air-cooled alloy and the
transformation temperature was very low compared to
that of slow cooling, this basketweave structure was
very different from that in air-cooled alloy.

According to Huh’s report, as the tangential point at
lower temperature than Ms temperature in curve meant
MF temperature'’®, the MF temperature was rarely
changed with the increase of Sb content. It was consid-
ered, therefore, that the addition of Sb resulted in the
change of M s temperature, which might be closely relat-
ed to the transition from twinned martensite structure
to basketweave structure in Zr-0.84Sn alloy.

These metallographic features, revealed by transmis-
sion electron microscopy, suggested that the M s temper-
ature might be strongly dependent on the alloying ele-
ment and was an important factor in determining the
morphology of the martensite such as slipped martens-
ite, twinned martensite and basketweave structure in
Zr - 0.84Sn alloy which were water - quenched from
990C.

Yang and Bangaru considered that water-quenched
Zircaly-4 had non-martensitic characteristics through
observing precipitates existed between @ -laths*'”, and
Northwood found out the retained A phase in water-
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Fig. 8. Vickers microhardness of water-quenched Zr-0.84Sn-
xV and Zr-0.84Sn-xSb alloys after heat treatment at 990C for
2 hrs.

quenched Zr-Nb alloy.” On the contrary, Keys suggest-
ed that
martensitic characteristics® and Srivastava, could not

water-quenched Zr-Cr alloy showed
detect any precipitates in rapidly cooled Zr-2.5Nb
alloy.? In this work, no precipitates could be detected in
Zr-0.848n alloy, even for containing 0.40at.% V. This
was in conformity with diffusionless process of Sto a
transformation in water—quenched zirconium alloy.
Sb-added Zr-0.84Sn having

However, alloy

- basketweave structure showed water-quenched SBto a

transformation related to diffusion. It was considered
that critical conditions for diffusionless transformation
depended on composition of zirconium alloy since the
sM s temperature varied with the composition.

Fig. 8 shows the changes of Vickers microhardness
with content of V and Sb for Zr-0.84Sn alloy that were
water-quenched after heat treatment at 990°C for 2
hours. The hardness of Zr-0.84Sn alloy was about
290VMH and slightly in creased up to 342VMH with
0.40at.% V. In case of Zr-0.84Sn-xSb alloys, the hard-
ness greatly increased up to about 710VMH by addition
of 0.40at.% Sb, where the transition of slipped martens-
ite to basketweave structure was occurred. Therefore,
it was considered that the hardness of zirconium alloy
was dependent on the microstructural changes varied
with alloying elements.

4, Conclusions

1) The fine e-lath structure of air-cooled Zr-0.848n
~-xV alloys was formed as a result of decreased diffu-
sion rate due to the decreased f— B+ ¢ transformation
temperature. However, the addition of Sb had little ef-
fect on the change of the width of a-lath in Zr-0.84Sn
alloy.

2) The transition from slipped to twinned martensite
was occurred in water-quenched Zr-0.84Sn alloy with
increasing V content. On the other hand, the structure
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of twinned martensite was changed to basketweave
structure in water—quenched Zr-0.84Sn alloy with in-
creasing Sb content.

3) Critical condition for diffusionless transformation
depended on the composition in water-quenched Zr-0.
84Sn alloy since Ms temperature was strongly depen-
dent on the addition of V and Sb.

4) Hardness of Zr-0.84Sn alloy greatly increased
with Sb content, which is due to change from twinned
martensite to basketweave structure.
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