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ABSTRACT

Duplex microstructure in Zr-Nb alloy possesses excellent mechanical properties. However, the effect of
annealing temperature on the formation of duplex microstructure and its mechanical properties is not
known. Determination of this effect is important for optimising the heat treatment process and
expanding the knowledge of the microstructure. The detailed microstructure information and the
relevant mechanical properties of the Zr-2.5Nb alloy annealed at 700 °C—900 °C have been studied. The
amount of w phase in alloy gradually increases and then decreases with increasing annealing temper-
ature. The highest amount of w phase is obtained in the specimen annealed at 750 °C, and no w phase is
formed when the specimen is annealed at 900 °C, which is mainly affected by the solution of Nb element
in the B phase. The amount of primary o phase gradually decreases with increasing temperature, and its
size remains stable at ~3 pm. However, the size of transformed B phase gradually increases from 1.5 um to
12.4 pm. Mechanical property results reveal that the alloy annealed at 750°C exhibits the highest
strength of 996 MPa for the highest amount of « phase, and the alloy annealed at 850 °C possesses the

best ductility of 31.3%.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Zr-2.5Nb alloy has been widely used in the chemical and nuclear
industries due to their combined excellent irradiation stability and
favourable corrosion resistance [1—5]. At room temperature, it
comprises the major o phase and a small amount of § phase, and it
possesses a hexagonal close-packed crystal structure (HCP) and a
body-centred cubic structure (BCC), respectively. The trans-
formation of f phase into o phase during the cooling process is
notably influenced by the concentration of Nb element in it (Cnp-g)
at high temperature [6]. When the Cnp.g is lower than 6%, the o
phase is formed during the cooling process, and when the Cpp.g is
between 6% and 20%, w phase is formed [7—9]. As Cnp-g further
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increases to 22%, the w phase disappears, and a number of  phase
is retained in room temperature [G]. This transformation process
notably influences the mechanical properties of the alloy. The
annealing treatment of the component, made of Zr-2.5Nb alloy
after hot working procedure, is usually performed at an intercritical
temperature within a+f phase region. The Cyp in B phase gradually
changes with increasing intercritical temperature, which influences
the final microstructure and the relevant mechanical properties.
The newly developed duplex microstructure in Zr-Nb alloy is
composed of primary o (o) and transformed B (Br) phases
(comprising secondary o [os] lamellae/acicular crystals in the
continuous B matrix) via rolling deformation followed by a duplex-
annealing treatment [10,11]. The duplex microstructure possesses
not only excellent plasticity but also greater strength and toughness
compared with the initial Widmanstatten microstructure. To obtain
the duplex microstructure, the duplex-annealing treatment should
be performed at an intercritical temperature to maintain a certain
op phase. A temperature of 850 °C was the consistently used tem-
perature [10—12]. For the conventional fabrication process of
pressure tube, the intercritical annealing treatment is the optimal
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heat treatment after deformation process, which not only avoids
the excessive growth of f phase and obtains the refined grain
[13,14], but also guarantees high strength and high creep resistance
for Zr-2.5Nb alloy [15]. Therefore, the duplex-annealing treatment
for obtaining duplex microstructure in Zr-2.5Nb alloy is the most
preferred option for making components, such as pressure tube.
However, the effect of intercritical annealing temperature on the
obtained microstructure and the relevant mechanical properties
has not been investigated. This effect is important for optimising
the heat treatment process of duplex microstructure in Zr-Nb alloy.
Similarly, the duplex microstructure in Ti alloy has been widely
studied [16,17]; it effectively improves the application of this kind
of alloy.

In this paper, the Zr-2.5Nb alloy firstly underwent hot-rolled
deformation prior to cold-rolling at room temperature. Finally,
the alloy was annealed at various intercritical temperatures, fol-
lowed by air cooling to room temperature. The final microstructure
and mechanical properties have been studied in detail to reveal the
effect of intercritical annealing on the microstructure and me-
chanical properties of the Zr-2.5Nb alloy.

2. Experimental procedure

Typical Zr—2.5Nb alloy plates with the chemistry composition
listed in Table 1 were used in this study. Differential scanning
calorimetry (DSC) test shows that the initial transformation tem-
perature of the alloy from o phase to B phase during the heating
process is 660 °C, and the finishing transformation temperature is
930°C, as shown in Fig. 1. The plates were subjected to the hot-
rolling and cold-rolling deformation before annealing treatment,
described as follows: the plates with dimensions of
100 mm x 40 mm x 10 mm (L x W x H) were firstly hot-rolled
deformed at 850°C with a reduction of ~50%, followed by air
cooling to room temperature; then, the hot-rolled plates were
rolled to a reduction of 50% at room temperature. Finally, these
rolled plates were cut into pieces and annealed at an intercritical
temperature of 700, 750, 800, 850 and 900 °C for 1 h, according to
the phase map shown in Fig. 2a, followed by air cooling to room
temperature.

Microstructural observations were performed by scanning
electronic microscopy (SEM) and transmission electron microscopy
(TEM). The specimens for SEM were firstly polished and then,
etched using a mixture of 5 vol% hydrofluoric acid, 45 vol% nitric
acid and 50 vol% distilled water. The specimens for TEM observa-
tion were thinned down to approximately 50 pm using SiC papers.
Final thinning was achieved by electropolishing in an electrolyte
mixture containing 10 vol% perchloric acid and 90 vol% methanol.
The voltage was kept constant at 20V, and the polishing was per-
formed at —35°C.

The XRD profile for each polished specimen was recorded by
Rigaku D/max-2500 diffractometry using Cu-Ko radiation. The
diffraction profiles were obtained by varying 26 from 30° to 80°
with a step scan of 0.02°. The time spent in collecting the data per
step was 2 s. All specimens using tests were cut from the unan-
nealed and annealed plates in the rolling direction. Vickers hard-
ness measurements were performed on an FM-ARS 9000 hardness
tester after the specimens were polished. A load of 200g was
applied for 10 s at each location. Dog-bone flat tensile specimens

Table 1
Chemical composition of Zr-2.5Nb alloy (wt.%).

Nb Fe Ti Hf
2.64 0.0043 0.0035 <0.010 <0.10

Other impurities Zr
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Fig. 1. DSC curve of received Zr—2.5%Nb alloy.

with a nominal gauge section of 5 mm x 3 mm x 2 mm (L x W x H),
as shown in Fig. 2b, were cut from the unannealed and annealed
plates in the rolling direction. Room temperature uniaxial tension
tests were conducted using a Shimadzu AG-X Plus 10 kN with a
strain rate of 1 x 107> s~1. An extensometer was used to measure
the strain change within the gauge section. All these experiments
were performed at room temperature, and at least three specimens
were used for each test to ensure the accuracy of result. The fracture
surface morphologies of the failed specimens were examined using
SEM to characterise the fracture mode of the alloy.

3. Results and discussions
3.1. Microstructural evolution

Fig. 3 shows the XRD patterns of the unannealed specimen and
the specimens annealed at various intercritical temperatures. Two
kinds of diffraction peaks are depicted in the unannealed specimen,
representing o and B phases, respectively. When the annealing
temperature is between 700 and 850 °C, another kind of diffraction
peak representing w phase can be detected. When increased to
900 °C, the w phase disappears, and only o and 3 phases are left. As
illustrated in Fig. 3, the peak intensity of w phase is the highest for
the specimen annealed at 750 °C, compared with that for other
specimens, indicating that w phase in that specimen has the most
amount among the annealed specimens. During the annealing
process, the amount of § phase at high temperature gradually in-
creases with increasing intercritical temperature, as shown in
Fig. 2a. However, the mean Cyp in each phase decreases with
increasing annealing temperature [18], which therefore, reduces
the stability of B phase, and the amount of retained  phase after
annealing treatment reduces with increasing annealing tempera-
ture, as shown in Fig. 3. For the unannealed specimen, which was
air-cooled to room temperature after hot deformation process,
more Nb atoms are retained in the o phase. These Nb atoms
gradually diffuse into the neighbouring B phase during the
annealing process, which inevitably increases the local Cyp in B
phase [19]. Moreover, the phase transformation from « phase to 8
phase occurs simultaneously, which inevitably results in the Nb
atoms distributed heterogeneously in the B phase. Both the phase
transformation rate and the diffusion rate of Nb element are
notably increased with increasing temperature. The amount of f
phase and the number density of lean Nb position determine the
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Fig. 2. Zr—rich region of Zr-Nb pseudo binary system (not to scale), showing annealing temperature in o+f phase field and its effect on o and B phase (a), and sketch of tensile
specimen (b). Note: Ly and L, in (b) represent the length of parallel section and gauge section, respectively.
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Fig. 3. XRD patterns of Zr-2.5Nb alloy annealed at various temperatures: integrated patterns (a) and partial patterns (b).

formation of w phase during fast air cooling process, ~25°C/s.
Therefore, the distribution of Nb element in f phase is more het-
erogeneous at lower annealing temperature. Furthermore, during
the cooling process, these places with lean Nb element in § phase
are transformed into « phase via athermal transformation
[6—8,20]. Therefore, the amount of w phase is highest in the
specimen annealed at relatively lower temperature of 750 °C.

Fig. 4 shows the SEM micrographs of the unannealed specimen
and the specimens annealed at various intercritical temperatures.
The microstructure of the unannealed specimen consists of the
elongated o phase and elongated transformed B phase due to the
cold deformation, as shown in Fig. 4a. When the specimen is
annealed at high temperature, static recrystallisation occurs during
the holding process. For the specimen annealed at a temperature
range of 700°C—800°C, the degree of recrystallisation gradually
increases with increasing temperature, and the amount of equiaxed
o and B phases gradually increases with increasing temperature, as
shown in Fig. 4b—d. The observation showed on the top corner of
Fig. 3b—d reveals that no o phase is formed within §§ phase during
the air-cooling process, when the specimen is annealed at 700 and
750 °C. In addition, the B phase gradually transforms into as phase
during the air-cooling process, when the annealing temperature
reaches 800 °C. With further increase in annealing temperature, the
amount of o, phase gradually decreases along with an increased
grain size of transformed B phase, as shown in Fig. 3e and f. The
SEM observation is consistent with the XRD results, which show
that the peak intensity of B phase is considerably higher for the
specimen annealed at 700 °C and 750 °C, as compared with those
annealed at high temperature. As mentioned above, during the

annealing process, the Cyp in p phase gradually decreases with
increasing temperature, inevitably resulting in a gradually reduced
stability of § phase with increasing temperature [18]. This event
should be responsible for the increased number of B phase that can
be retained into room temperature, when the deformed alloy is
annealed at lower temperature of 700 °C and 750 °C.

The XRD results also reveal that there is v phase in the specimen
annealed at 700 °C and 750 °C. However, these w particles cannot
be directly observed via SEM for its small size. Fig. 5 shows the TEM
observation for the unannealed specimen and the specimen
annealed at various temperatures. A high density of dislocation
within microstructure is noted, which provides the driving force for
the recrystallisation process during the intercritical annealing
process. Moreover, some dislocation cells can be observed in Fig. 5a,
as indicated by the red arrows, indicating the dynamic recovery
occurred during the cold-rolling deformation process for its high-
stacking fault energy. This dynamic recovery phenomenon is
similar to that obtained in a previous report on the tensile/
compressive process of cold-rolled Zr-Nb alloy [21]. When the
specimen is annealed at 700 °C, no dislocations can be seen in the
ap and B phases, and some B phases are located at the triple junc-
tion of o, phase or between the ap phases, as shown in Fig. 5b. A
small amount of v particles can also be detected within some B
phases, as indicated by black arrows in Fig. 5b. Numerous  parti-
cles can be observed within the f phase, when the specimen is
annealed at 750 °C, as shown in Fig. 5¢, which is consistent with the
XRD result shown in Fig. 3. With increasing annealing temperature
of 850 °C, o, phase is distributed within By phase.

Fig. 6 shows the variation of volume fraction and the grain size
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Rolling direction

Fig. 4. SEM observations of Zr-2.5Nb alloy: unannealed specimen (a) and specimens annealed at 700 (b). 750 (c). 800 (d). 850 (e) and 900 °C (f). Note: the inset in the top right
corner of (b), (c). (d) is a partly magnified version, and the inset in the top right corner of (f) is the variation of Nb content from positon A to B.

Fig. 5. TEM observations of Zr-2.5Nb alloy:unannealed specimen (a) and specimens annealed at 700 °C (b),750°C (c) and 850 °C (d). Note: black arrows indicate w particles.

of o, phase, and Br phase with increasing annealing temperature.
The morphologies of ap, and Br phases are still extended, when the
specimen is annealed at 700 °C. Therefore, the grain size of the two
phases is not concluded in Fig. 6b. As shown in Fig. 6a, from 700 °C
to 900 °C, the volume fraction of a,;, phase gradually decreases from
72.90% to 8.16%; a slightly higher decrease rate is noted when it is
lower than 750 °C. The grain size of o, phase is nearly unchanged
and maintained at ~3 um, when at 750—900 °C, which is similar to
that observed before on the Zr-Nb alloy annealed at 850 °C for
different time [10]. During the annealing process, the static
recrystallisation process of each phase and the transformation from
o phase to 3 phase start simultaneously. This event probably results
in that the growth of recrystallised o grain is counteracted by the
phase transformation process. Moreover, the initial size of o phase
before hot deformation process can also influence the final grain

size of o phase [22]. However, with increasing annealing temper-
ature from 750 °C to 900 °C, the grain size of fr phase directly in-
creases from ~1.54 um to ~12.41 um, with a considerably higher
growth rate after 850 °C. This observation mainly results from the
faster phase transformation rate at higher temperature. The
annealing temperature of 900 °C is higher than the hot deformation
temperature, providing a higher driving force for § phase growth.
Moreover, the migration rate of the grain boundary increases at
higher temperature. This results from the decreasing Cyp-g value
with increasing temperature, thereby reducing the inhibition effect
of alloying element on grain diffusion [11].

3.2. Mechanical properties

Fig. 7 shows variation in average hardness of the specimen with



246 Z.N. Yang et al. / Journal of Alloys and Compounds 776 (2019) 242—249

@,
| £
= 60t
aﬂ.
s
S 40t
RS
5
£ 20}
700 750 800 850 900

Annealing temperature, C

(b)
—a—q
12F —o—[}p
E T
=
§ 8t
R7)
=]
£
84
750 800 850 900

Annealing temperature, ‘C

Fig. 6. Variation of volume fraction of a;, phase (a) and the grain size of a;, phase and Br phase (b) with increasing annealing temperature.

increasing annealing temperature. The initial hardness of the
specimen is 260 HV, which increases after being annealed at high
temperature. The hardness of the hot-rolled specimen firstly in-
creases from 260 HV to 293 HV (the highest value) at 750 °C, and
then, decreased monotonously to 263 HV at 850 °C. Finally, the
hardness slightly increases to 273 HV at 900 °C. The numerous
precipitated w particles in the microstructure should be responsible
for the highest hardness of specimen annealed at 750 °C, although a
relatively higher content of soft  phase is observed. Moreover, the
solution-strengthening effect of Nb element in o and § phases is
higher at lower temperature than that at higher temperature due to
the decreased Cyp in both phases with increasing intercritical
annealing temperature. This phenomenon is similar to that
occurred during the aging process of the Zr-Nb alloy at low tem-
perature of 300°C—500 °C [23,24], according to Fig. 2a. At 900 °C,
only 5% of a,, phase left, and the o5 phase becomes the major phase,
as shown in Fig. 4. The Cyp in o5 phase is higher than that in o, phase
[11], resulting in a higher solution-strengthening effect. Combining
the strengthening effect from refined grain size, the hardness of og
phase should be higher than that of o, phase. Therefore, the
hardness of the annealed specimen exhibits a slight increment after
being annealed at 900 °C.

Fig. 8 shows the engineering stress-strain curves of the unan-
nealed specimen and the specimen annealed at various tempera-
tures, with the detailed mechanical properties being summarised
in Table 2. When the specimen is annealed at 700°C, the yield
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Fig. 7. Variation in average hardness of Zr-2.5Nb alloy with increasing annealing
temperatures.
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Fig. 8. Engineering stress-strain curves of the Zr-2.5Nb alloy annealed at various
temperatures.

strength is reduced from the initial 815 MPa—765 MPa, and the
tensile strength is nearly unchanged, as compared with the unan-
nealed specimen. At 750°C, the yield strength and the tensile
strength increase to 842 MPa—996 MPa, respectively. With further
increasing temperature to 900 °C, the yield strength monotonously
decreases to 643 MPa, and the tensile strength gradually decreases
to 876 MPa for the 850°C specimen, with a slight increase to
896 MPa for the 900°C specimen. The elongation evolution is
adverse to the strength. The variation in strength of the alloy is
determined by the microstructure evolution. As shown in Fig. 53, a
high density of dislocation interior of the microstructure is noted,
which contributes to the high strength of the unannealed spec-
imen. After the annealing process of the cold-rolled specimen, the
dislocation density notably decreases, as shown in Fig. 5b—d.
Moreover, for the specimen annealed at 700 °C, a higher amount of
B phase is retained at room temperature. These two factors lower
the yield strength and the tensile strength, and increase the
ductility of the alloy. However, v particles are precipitated during
the cooling process, which has a characteristic of hard and brittle
[8], contributing to the tensile strength of the alloy. A small amount
of w phase is precipitated in the microstructure of the specimen
annealed at 700 °C, which offsets a certain weakened effect on
strength from the decreased dislocations and 3 phase, and results in
a nearly unchanged tensile strength. Some studies also revealed
that a small amount of w phase has a negligible effect on ductility
[8,9]. Therefore, the specimen annealed at 700 °C also shows an
increased ductility, as compared with unannealed condition. For
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Table 2
Mechanical properties of Zr-2.5Nb alloy after annealing at various temperatures.

247

Annealing temperature/°C Hardness/HV Go.2/MPa op/MPa 3% dgt/% op x 0/GPa-%
unannealing 260 +2 815+7 978 +8 23.7+19 22+06 23.2+0.8
700 274 +4 765+5 976 +6 272+1.1 6.2+0.9 26.5+0.5
750 293 +5 842 +10 996 + 6 15.2+0.1 3.6+0.6 15.1+0.2
800 281+3 770+ 4 940+ 15 272+0.2 42+03 25.6+04
850 263 +2 738 +9 876 +11 31.3+0.7 50+04 274+0.7
900 273 +4 643 +13 896 + 6 272+1.1 48 +0.1 244 +0.5

the alloy annealed at 750 °C, numerous w particles are precipitated
in the B phase, which not only notably increases the strength but
also deteriorates the ductility of the specimen. When the annealing
temperature is further increased to 850 °C, the amount of w particle
is notably decreased, and eventually disappeared, which should be
responsible for the increased elongation. When the alloy is
annealed at 900 °C, the microstructure become coarsen, and the
amount of retained soft B is decreased, resulting in a slightly
decreased elongation as compared with the specimen annealed at
850 °C. According to the static toughness values, which are esti-
mated via strength and elongation, the specimen annealed at
850 °C possesses the best comprehensive mechanical properties.
It also should be noted that the uniform elongation of the alloy is
relatively low and is nearly the same for all annealed specimens, as
shown in Table 2. Previous study on the cold-deformed Zr-Nb alloy
has revealed that dynamic recovery should be responsible for the
strain-softening behaviour occurred during the tensile and
compressive processes [21]. However, the present alloy is condi-
tioned under hot deformation with cold deformation, followed by
annealing at intercritical temperature. The dislocation density
interior of the microstructure should be considerably lower than
the cold deformation condition, and few dislocations are prepared
for the occurrence of dynamic recovery during the initial tensile
process, as shown in Fig. 5b—d. Therefore, the low-uniform elon-
gation on the present study should be different from that reported
in Ref. 26. Fig. 9 shows the hardness evolution of some tensile
specimens from the site near the fracture surface to the site within
the uniform deformation region. The hardness in the necking re-
gion is higher than that in the uniform deformation region. The
hardness in the uniform deformation region is nearly the same,
thereby indicating that the deformation is homogeneous before
necking. The hardness in the necking region gradually increases
with closing to the fracture surface, which reveals a gradually
strain-hardening behaviour of the unannealed and annealed alloys
during the tensile process. This event also indicates that the con-
ventional partial plastic instability should be responsible for the

occurrence of necking.

The cross-section tensile fractographs of the unannealed spec-
imen and the specimens annealed at 700, 750 and 850 °C, shown in
Fig. 10, reveal a typical ductile fracture mode for all specimens. The
mechanism of ductile fracture consists of three distinct stages: void
nucleation in the first state, void growth in the second state, and
then, void coalescence and eventual fracture [25,26]. For the
specimen annealed at 700 and 750 °C, the duplex microstructure
has not been formed, and there are more w particles within the 8
phase, especially for the 750 °C specimen. More hard and brittle v
particles facilitate the void nucleation at the interface of w phase
and B phase. And for duplex microstructure in Zr-2.5Nb alloy,
previous study has revealed that the nucleation sites of microvoids
were mainly on the interfaces of a;, and Br phases [11], due to the
incompatibilities of local stress and strain on the globular and
lamellar colony. Moreover, the impurity elements, such as Fe, Cr
and Ni, are prone to gather at the interface, occurring during the
annealing process and then, weakening the strength of the inter-
face [27]. In the present study, numerous interfaces of ap and Br
phases are observed, which may be responsible for the low uniform
elongation. The method that can improve the uniform ductility of
duplex microstructure should be further studied.

Moreover, from the low magnification observations shown in
the top right corner of fractographs in Fig. 10, it can be seen that the
fracture surface seems to more flat and the depth of dimple is
smaller for the unannealed specimen than those for annealed
specimens. It also can be seen that there are more secondary cracks
in the 750°C specimen as compared with others, indicating a
relatively lower ductility.

4. Conclusion

In this paper, the detailed microstructure evolution and me-
chanical properties of the cold-rolled Zr-2.5Nb alloy after inter-
critical annealing treatment have been studied. The following
results were obtained:
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Fig. 9. Variation in hardness for the failure specimen with increasing distance from the fracture surface.
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Fig. 10. Cross-section fractographies of Zr-2.5Nb alloy: unannealed specimen (a) and specimen annealed at 700 °C (b) and 750 °C (c) and 850 °C (d). Note: the insets in the top right
corner are low magnification versions of the fractographies, and the black arrow in (b) and (c) are secondary cracks.

1) When the intercritical annealing temperature is below 800 °C,
the duplex microstructure does not form, with a polygonal o and
B phase being retained at room temperature. In addition, the
amount of w phase, precipitated during the air-cooling process,
is highest in the specimen annealed at 750 °C due to the highest
amount of B phase and the relatively lower Cyp.

2) The duplex microstructure is formed when the annealing tem-
perature reaches 800°C, and a certain amount of w phase is
formed, except for the specimen annealed at 900 °C. The size of
op phase is nearly unchanged and maintains at ~3 pm, and the
grain size of PBr phase directly increases from ~1.54 um to
~12.41 um at 900 °C.

3) The specimen annealed at 750 °C possesses the highest hard-
ness and strength, as compared with other specimens, due to
the large amount of w particles. In addition, the specimen
annealed at 850 °C shows the lowest strength but the highest
ductility, which presents the highest static toughness, as
compared with the other specimens.

4) The uniform elongation of the annealed alloy is relatively low
(~3.6%—6.2%), which is mainly due to the incompatibilities of
local stress and strain on the o, and By phases during the tensile
deformation process. This event is the weakness of duplex
microstructure in Zr-2.5Nb alloy, and the method used to
improve its uniform ductility should be further studied.
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