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a b s t r a c t

Two types, A and B, of Zr–2.5Nb samples were subjected to compression tests. Both samples consisted of
similar microstructure – hexagonal closed packed (hcp) a phase (the primary phase) and grain boundary
bcc (body centered cubic) b phase. However, the hardness of the b phase differed between the samples –
respectively being hard (sample A) and soft (sample B) relative to the primary phase. This difference was
caused by the presence of fine x precipitates. The relative hardness of b phase determined almost all
aspects of deformed microstructure developments. In sample A, the primary phase had higher lattice
strain and in-grain misorientation developments. In sample B, on the other hand, the softer b phase
was clearly linked to more deformation twinning and associated grain size refinement and ‘texturing’
of the hcp a phase.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Plastic deformation in multi-phase systems is a subject of both
scientific and applied interests [1–10]. The mechanical properties
of the second phase can have strong influence on the deformation
induced microstructural developments of the primary phase
[1–10]. This can be illustrated easily with the following examples.
The hard and non-shearable constituent particles in a commercial
aluminum alloy can create the so-called particle deformed zones in
the matrix phase [2,11–14]. Presence of shearable or semi-sheara-
ble second phase, on the other hand, is expected to accommodate
at least part of the strain of the primary phase [10,15]. However,
such observations [1–15] are/were always made in different sys-
tems or alloys. If one can have two ideal systems, with nearly iden-
tical two-phase structures but different hardness(es) for the
constituent phases – then that can indeed be a model alloy for
interesting experimental studies on plastic deformation. And this
formulates the motivation behind the present study.

Two phase Zr–2.5Nb can be an ideal system for ‘tailored’ studies
on phase transformation and plastic deformation [10,15–25]. The
classical two-phase microstructure of Zr–2.5Nb pressure tube
[26–28] consists of hcp (hexagonal closed packed) a grains and
near continuous filaments of bcc (body centered cubic) b
[10,25,29]. The b size and morphology can be controlled signifi-
cantly through heat-treatments [29,30]. The b is expected to be soft
ll rights reserved.

: +91 2225723480.
[10,25], though literature [31] does present us with possibilities on
hard b as well. Formation of martensite and/or x precipitates [16–
25] may explain such hard b.

In the present study, cold rolled Zr–2.5Nb was given suitable
heat-treatments [30]. The aim was to obtain nearly identical
microstructures, hcp a with grain boundary bcc b, but micro-
structures with hard and soft b respectively. This was achieved
through presence and absence of fine x precipitates, which made
the second phase hard or soft with respect to the primary phase.
These two structures were then subjected to compression tests:
objective was to monitor and comprehend the microstructural
developments.

2. Experimental details

2.1. Material and sample preparation

Cast Zr–2.5Nb alloy, with chemical composition of Nb:
2.51 wt.%, O: 1092 ppm, Fe: 1250 ppm, H: <10 ppm and N:
30 ppm, was subjected to 50% reduction by cold rolling. This was
done in a laboratory rolling mill in five passes: approximately
10% reduction in each pass. Cylindrical compression specimens
were then machined from the rolled plate(s) – see Fig. 1. These
were then heat treated at 700 �C for 14 days followed by air cooling
and furnace cooling. These samples were generically termed as
sample A and sample B respectively. Both samples showed hcp a
phase and grain boundary b phase. Though there were differences
in a/b grain size/shape (Figs. 2a and 3), the important difference
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Fig. 1. Schematic showing dimensions and orientation of cylindrical compression specimens and the parent rolled plate.
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Fig. 2. (a) Starting microstructures of samples A and B. Included are phase maps and IPF (inverse pole figure) maps. The later represented a and b phases respectively. The
dark regions, in the respective IPFs, represent the ‘other’ phase (e.g. b in a-IPF and a in b-IPF). (b) TEM microstructure of sample A, showing visible presence of x phase in b.
This was confirmed through higher magnification imaging and also electron diffraction. x was not observed in the b of sample B. (c) Image quality (IQ) map of sample A after
nanoindentation. (d) Nano-hardness of both a and b phases in samples A and B. Error bars represent the standard deviations estimated from multiple hardness
measurements.
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between the two samples was in the relative hardness of the
b phase – see Fig. 2c and d. Such differences in microstructures
and hardness are described in further details at the beginning of
the ‘results’.
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Fig. 3. Grain size distribution of (a) a and (b) b phases of the starting structures of
sample A and sample B. Inserts show the average grain sizes – error bars indicating
standard deviations estimated from multiple EBSD scans.
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Both the specimens were subjected to ‘controlled’ uniaxial cold
compression in a servo-hydraulic mechanical testing system (MTS)
machine. Reductions of 4.5%, 13% and 37% for sample A, and of
5.5%, 11% and 31% for sample B, were given. The slight differences
in reductions, between the samples, were not by design. It was
caused by machine limitations in reproducing identical reductions
in both samples. As shown in Fig. 1, mid-thickness sections of the
respective compression planes were used for subsequent charac-
terizations. For that purpose, the samples were electropolished
using an electrolyte of 80:20 (volume percentage) of methyl alco-
hol and perchloric acid under 21 V at �40 �C.
2.2. X-ray diffraction (Xrd)

Bulk texture and lattice strain measurements were performed
using X-ray diffraction. A Panalytical MRD system was used. It
needs to be noted that during progressive deformations, b
phases/grains could not be effectively resolved in Xrd. This was va-
lid for higher strains, possibly because of a combination of grain
size refinement and defect accumulation. The Xrd measurements
were hence restricted to the a phase.

For bulk crystallographic texture, five pole figures ((0 0 0 2),
ð0110Þ, ð0111Þ, ð1120Þ and ð0112ÞÞ of a phase were measured.
Subsequent texture analyses were conducted through a commer-
cial program LaboTex [32]. As the compression tests were axi-sym-
metric, inverse pole figures (IPF) [33,34] were used for texture
representation.
Lattice strains were estimated from X-ray peak broadening i.e.
FWHM (full width half maximum) values – from the slopes of Sinh
vs. BCosh [35–37]. Where,

B2 ¼ B2
r � B2

a ð1Þ

Br and Ba are the full width half maximum (FWHM) of different
(hkil) planes of the deformed and undeformed specimens respec-
tively and h is the Bragg angle. The Williamson-Hall treatment
[35–37] separates effects of lattice strain and size: slope represent
strain, while y-axis intercept may be used for size.

2.3. Nanoindentation

Nanoindentation was carried out using a Hysitron Triboinden-
ter (TI 900). A Berkovich diamond indenter was used for the inden-
tation. About 10 grains of both a and b phases were indented in
each sample. The nano-hardness Hn is defined as [38,39],

Hn ¼ Pmax=Ac ð2Þ

where Pmax is the maximum indentation load and Ac is the projected
contact area at the peak load. In the present study the maximum
indentation load for a and b grains/regions was 4000 and
7000 lN respectively. This was based on initial trials of varying
loads and estimations based on projected area of indentation
[38,39].

2.4. Electron backscattered diffraction (EBSD)

The EBSD measurements were taken on FEI Quanta-3D-FEG
scanning electron microscope using a TSL-OIM (Tex. SEM Ltd. –
Orientation Imaging Microscopy) EBSD package. In each sample,
an approximate area of 1 mm � 1 mm was scanned by the EBSD.
Beam and video conditions were kept identical between the scans
and a step size of 0.2 lm was used.

In EBSD analyses, grains were identified based on 15� misorien-
tation criterion - i.e. continuous presence of more than 15� bound-
ary (including the twin boundaries) demarcated the grains for
further data processing. Twin boundaries were identified through
appropriate axis angle relationship, 94.8�. h1210i for f1012g
h1011i tensile twins in hcp Zr [40,41]. These were the only twins
observed in the present study. Phase maps, image quality (IQ) and
inverse pole figure (IPF) maps were used for microstructural repre-
sentations [42]. EBSD data were also analyzed to bring out trends
in-grain size, twin fraction and GAM (grain average misorienta-
tion) developments. GAM provides average misorientation be-
tween neighboring measurement points in a grain.

2.5. Transmission electron microscopy (TEM)

A JEOL 3010 TEM (300 kV operating voltage) was used for the
TEM investigations. TEM was used to bring out the relative pres-
ence/absence of x phase.
3. Results

Figs. 2 and 3 show details of the starting microstructures of
samples A and B. As shown in the figures, the microstructural dif-
ferences, between the samples, can be generalized in terms of dif-
ferences in-grain size and shape and also in the relative hardness of
the second phase. For example,

� Though the shape of a was nearly identical between the sam-
ples, a grains were larger (approximately 1.5 times) in sample
B, see Figs. 2a and 3a.
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� b grains were slightly smaller, but more elongated, in sample B,
see Figs. 2a and 3b.
� b in sample B was softer than a, while the reverse was

true for sample A, see Fig. 2c and d. Presence of x precipitates
(Fig. 2b) was responsible for significantly harder (Fig. 2d) b in
sample A.
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Fig. 4. Phase and IPF (for both a and b) maps of samples A and B after different deformat
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The deformed microstructures, as shown in Fig. 4, were visibly
different between samples A and B. The figure shows, albeit qual-
itatively, that harder b in sample A was less affected than the softer
b of sample B. This difference was further explored/quantified in
terms of grain size refinement and deformation twinning,
deformation texture developments and signatures of relative
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Fig. 5. Average grain size of (a) b and (b) a at different deformations for samples A and B. Error bars represent the standard deviations estimated from multiple EBSD scans.
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fractions in a of sample B remained higher, than sample A, even at the later stages
of plastic deformation.
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deformation. The latter was in terms of developments in lattice
strain, nano-hardness and GAM values.

3.1. Grain size refinement and deformation twinning

Plastic deformation can refine the grain size through creation of
new grain boundaries – new lattice curvatures created through
geometrically necessary dislocations [2,15,43,44] and deformation
twinning [15,45–48]. Refinement in-grain size is collated in Fig. 5
for both a and b phases, while the estimated twin fractions are
plotted in Fig. 6. As shown in Fig. 5a, the refinement of the harder
b (b phase in sample A) was significantly less. However, a grain
size refinement in sample A was also less – at least during the ini-
tial stages of plastic deformation, see Fig. 5b. This apparent contra-
diction, that softer a in sample A had lesser grain size refinement,
is clearly related to deformation twinning – Fig. 6. The higher
deformation twinning in the a phase of sample B was responsible
for more significant grain size refinement.

3.2. Developments in deformation texture

Deformation texture developments in a and b phases are cap-
tured through inverse pole figures in Figs. 7 and 8. It is to be noted
that the texture measurements in the primary a was done through
X-ray diffraction, while measurements for second phase b was
through EBSD. a texture development showed clear patterns of in-
crease in basal orientations (i.e. (0 0 0 1) plane normals) – the so-
called twinning product [46,47] in hexagonal Zr. The starting tex-
tures, though sample B was slightly more textured than A, did
not contain significant basal. It developed, in a, as twinning prod-
uct [46,47] through the progressive plastic deformations and this
was more in sample B. b texture, on the other hand was largely
randomized.

3.3. Signatures of relative deformation

Relative deformation was generalized in terms of lattice strain
estimates (Fig. 9) and also from experimental data of nano-hard-
ness (Fig. 10) and GAM (Fig. 11). The lattice strain developments
in a phase, Fig. 9, has an interesting features – till �10% deforma-
tion lattice strain developments in sample B was insignificant. This
can again be justified from more extensive deformation twinning
in sample B. Twinning has shown, in past studies [46,47], to arrest
significant developments in lattice strain. It is to be noted that be-
yond 10% deformation, when contributions from deformation
twinning reduced, lattice strain developments between the sam-
ples were nearly identical.

The nanoindentation measurements, though extremely effec-
tive in putting a clear demarcation between the initial micro-
structures, had ‘limitations’ in precise identification of deformed
b, especially in case of highly fragmented deformed b in sample
B. In spite of such limitations and a large scatter in experimental
nano-hardness values (unavoidable – as the degree of plastic
deformation is expected to differ between different grains and
also between different parts of the same grain), two clear infer-
ences can be drawn. b in sample A remained harder (at least up
to �5% cold work) – see Fig. 10; though estimated hardness dif-
ference in a phase, between the two samples, was marginal at
best. The latter confusion is cleared with estimates of in-grain
misorientation developments. Harder b and softer a, both in sam-
ple A, respectively had lower and higher GAM developments –
Fig. 11.
4. Discussions

The present study brings out clear differences in deformed
microstructure developments between samples A and B. Such
differences can be attributed to the differences between the
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starting microstructures, of the respective samples, and resultant
differences in strain partitioning and deformation modes. The
starting microstructures differed in the grain size of the primary
phase (a of sample B was approximately 1.5 times larger) and rel-
ative hardness of the second phase (b of sample A was more than
two times harder). These, especially the last factor, resulted in sig-
nificant differences in deformed microstructure developments –
rationalized/discussed in the present section.
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4.1. Strain partitioning

It is expected that the softer phase would accommodate a larger
share of the total strain [7,10,31]. Pictorial description of deformed
microstructure developments, especially for deformed b – see
Fig. 4, is in agreement with such expectation. In sample B the softer
b phase was more fragmented, Fig. 5a, and had stronger develop-
ments of in-grain misorientation, Fig. 11b. Though this part of
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the results is along the expected lines, effects of such strain parti-
tioning were less apparent on the a microstructure developments.
Softer a of sample A developed more in-grain misorientation
(Fig. 11a) and lattice strain (Fig. 9) through plastic deformation;
but it also had lower fragmentation (Fig. 5b) and weaker develop-
ments in deformation texture (Fig. 7). The last two points cannot
be justified through strain partitioning alone. Another interesting
issue is the deformation texture developments of the b phase, al-
beit by relatively limited EBSD statistics. In both samples the b tex-
ture was randomized – irrespective of the differences in strain
partitioning and possible constraints by the surrounding a.
4.2. Deformation twinning

Deformation twinning, observed only in the a phase, was more
in sample B. This can be explained in terms of larger grain size and/
or presence of softer second phase. Larger grain size is expected
[48–50] to promote deformation twinning, though recent studies
on twinning in single phase Zircaloy 2 [46,47] showed that
f101 2gh1011i tensile twins are affected more by crystallographic
orientation than by moderate (similar as in the case of the present
study) differences in-grain size. Twinning is also expected if slip is
restricted [47,51,52]. In sample B, with softer b surrounding the
matrix grains, the strain and hence the slip are expected to be re-
stricted/limited in the a phase; while in sample A harder second
phase may cause less restrictions. Though difficult to prove conclu-
sively, the patterns of GAM developments, Fig. 11a, and the extent
of deformation twinning in the respective samples, Fig. 6, justify
such an argument. More extensive twinning in sample B is re-
flected in the higher fragmentation of the a grains and in stronger
developments in deformation texture. The latter was primarily in
terms of increased concentration of basal pole, a product of defor-
mation twinning [46,47].

5. Conclusions

The present study involved uniaxial cold compression of two
samples –sample A and sample B. Both had a microstructure of
hcp a grains with grain boundary and tri-junction bcc b. The two
structures, however, had distinct differences: (i) a grain size was
approximately 1.5 times more in sample B and (ii) b was two times
harder in sample A. (ii) was due to fine x precipitates present in
the b phase of sample A. Plastic deformation, in these two samples,
had clear differences in microstructural developments. These are
summarized below:

� Softer b in sample B had more fragmentation and stronger
developments in GAM (grain average misorientation). Similarly,
softer a in sample A had more lattice strain and GAM. Such
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trends can be justified from the expected patterns of strain par-
titioning – more strain partitioning being expected in the softer
phase.
� Only f1012gh1011i type of tensile twins was observed in a

grains of both samples. The amount of twinning was more in
sample B. Correspondingly, the a grain size refinement and
degree of ‘texturing’ in sample B was more.
� More extensive twinning in sample B can be justified due to lar-

ger grain size and/or softer second phase. Though larger grains,
in general, are expected to promote deformation twinning,
recent studies in single phase Zircaloy 2 had shown that
f1012gh1011i type of tensile twins are affected more by crys-
tallographic orientations than by moderate differences (similar
to the present study) in-grain size. Presence of soft b in sample
B is expected to restrict strain partitioning and slip. This, on the
other hand, does provide an explanation for the more extensive
deformation twinning observed in sample B.
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