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The effect of cold rolling deformation and aging treatment on the phase transformation, microstructure
evolution, and mechanical properties of a new Ti-Nb-Zr metastable b-titanium alloy was investigated by x-
ray diffraction, scanning electron microscopy, transmission electron microscopy, and mechanical property
testing. The results show that the alloy exhibited excellent phase stability that no stress-induced a¢¢ phase
transition occurred during cold rolling and that the plastic deformation mechanism was related to dislo-
cation slipping. Interestingly, even under the same aging treatment at 300 �C for 2 h, the aging products for
the unrolled and cold-rolled alloys are b + x and b + a, respectively. The alloy with cold deformation
produces a large number of dislocation defects, and grain boundaries inhibit the nucleation of the x phase,
while the a phase tends to nucleate at the dislocations and grain boundaries and promote the precipitation
of the a phase. Compared with solution treatment and aging, the aging treatment after cold deformation
has high-strength matching and its ideal elastic modulus can satisfy the requirements for dental implants.
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1. Introduction

Ti-25Nb-25Zr is a novel b-Ti alloy with good processing
properties, high strength, and a low elastic modulus ( £ 80
GPa) because of the b-stabilizing element Nb and neutral
element Zr. It shows excellent biocompatibility without toxic
elements such as Al and V (Ref 1-3). It has broad market
application prospects, especially for use in orthodontic stents,
medical surgical implants, and hyperelastic spectacle frames.

Thermomechanical treatment is effective for improving
strength and plasticity of Ti alloys (Ref 4). Compared with
conventional heat treatments, it can increase the strength of Ti
alloys by 20-40 kg/mm2 without reducing the plasticity, as well
as increase the strength by 5-10 kg/mm2 and the plasticity by 1-
1.5 times at the same time (Ref 5). Low-temperature deforma-
tion heat treatment processes start with a solid solution in the b
phase region; an aging treatment is applied directly after cold
deformation (Ref 6, 7). The dislocation defects from cold
working accelerate the transformation of the secondary phase
during heat treatment and hinder the movements of dislocations
necessary for the transition of the b to the x phase and favor the
precipitation of the a phase (Ref 8, 9). At present, research on
the aging treatment of near-b Ti alloys is focused on the
precipitation of the x and a phases as a result of the aging
temperature and time. For example, studies by Gui-qin Shen
and others on the decomposition characteristics of the b phase

in Ti-15Mo-2.7Nb-3Al-0.2Si alloys during aging indicate that
the secondary a phase is directly precipitated at temperatures
greater than 500 �C but that the x transition phase is
precipitated at temperatures below 500 �C and gradually
transforms into the a phase (Ref 10). For most near-b Ti
alloys, the phase transition of b fi x fi a occurs at a low
aging temperature in the range from 250 to 500 �C (Ref 11,
12). The x phase is ellipsoidal with high hardness and
brittleness, which can substantially increase the strength,
hardness, and elastic modulus of the alloy and drastically
reduce the plasticity. When the volume fraction of the x phase
exceeds 80%, the alloy has no macroscopic plasticity; thus, the
formation of the x phase should be avoided (Ref 13). The x
phase is decomposed by raising the aging temperature and
prolonging the aging time; however, such conditions tend to
coarsen the a phase, which does not improve the mechanical
properties (Ref 14). The size, shape, and volume fraction of the
x and a precipitates determine the degree of strengthening of
the alloy (Ref 15, 16); however, little research has been
reported on the strengthening mechanism from cold deforma-
tion during a low-temperature aging process. Exploring low-
temperature deformation heat treatment processes for the new
Ti-Nb-Zr alloy is important.

b-Ti alloys undergo a complicated phase transformation
during aging, and the microstructure and properties are
sensitive to thermomechanical treatment (Ref 17). No detailed
information about the relationship among the microstructure
evolution, phase stability, and mechanical properties is avail-
able. In this study, Ti-25Nb-25Zr alloy samples with different
deformations were prepared by cold rolling, and the cold
deformation characteristics of the alloy were studied. The
temperature at which x phase precipitation occurs (300 �C)
was selected for aging with different cold deformation pro-
cesses, and the relationships among the microstructure, mor-
phology, phase transition behavior, and mechanical properties
of the cold rolling and aging processes were revealed. We hope
to modify the microstructure and properties by controlling the
deformation and heat treatment, further elucidating the pro-
cessing–structure–property correlation for the Ti-25Nb-25Zr
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alloy, which has the potential to be developed as an alloy for
biomedical implants.

2. Experimental

To ensure chemical homogeneity, the Ti-Nb-Zr ingot was
melted three times by vacuum consumable arc remelting with
high-purity sponge titanium, sponge zirconium, and niobium
chips. The transformation temperature Tb = (650 ± 10) �C
was measured by differential scanning calorimetry (DSC). The
ingot was forged at 1000 �C and then rolled to form a 10-
mm bar at 850 �C in the b phase region. The bar was ground
without defects, and then the solution was treated at 800 �C for
1 h and cooled in air. Bars with dimensions of /6.8 mm, /
5.7 mm, and /4.7 mm were obtained by cold rolling with
reductions of 24%, 47%, and 64%, respectively. The bars after
solution treatment and cold rolling were aged at 300 �C to
600 �C for 0.5 h to 8 h.

The grain size and morphology of the samples after cold
rolling deformation were observed by optical microscopy (OM)
and scanning electron microscopy (SEM). The etching solution
was composed of hydrofluoric acid, nitric acid, and water at a
ratio of 1:3:7 (volume ratio). The phase composition and
residual stress of the samples were determined via x-ray
diffraction (XRD) analysis conducted on a Philips PW1700 x-
ray diffractometer. The microstructure and dislocation mor-
phology were observed by transmission electron microscopy
(TEM) on a Talos F200X instrument; the samples for TEM
observation were prepared by mechanical and ion reduction.
The hardness was tested with a load of 10 kg and a loading
time of 15 s, and five points for each sample were tested using
an HV-10Z Vickers hardness tester. The mechanical properties
of the alloy were evaluated by tension tests at room temper-
ature.

3. Results and Discussion

3.1 Microstructure Characteristics of the Cold-Rolled Alloy

Figure 1 shows the XRD patterns of the Ti-Nb-Zr alloy
before and after cold rolling. The microstructure of the alloy

comprises a single b phase after cold rolling, similar to solution
specimens, and the stress-induced a¢¢ phase does not appear
after cold rolling. In general, the cold deformation mechanism
of b-Ti alloys is strongly dependent on the stability of the b
phase at ambient temperature, where dislocation slip, twinning,
and stress-induced martensitic transformation can occur during
cold deformation (Ref 18, 19). The stability of the b phase
during the cold deformation of b-Ti alloys determines whether
stress-induced a¢¢ martensite appears; the generation of the
stress-induced a¢¢ phase is unfavorable if the stability of the b
phase is high. The Ms temperature of Ti-Nb-Zr alloys has been
confirmed to decrease below room temperature when large
amounts of Nb and Zr are present, and a¢¢ martensite does not
transform from the b phase. According to the principle of the d-
electron orbital, two parameters (Md and Bo) are used to
characterize and control the phase stability and properties of
titanium alloys; if the Bo value is high and the Md value is low,
the alloy is dominated by slip deformation with a very stable b
phase (Ref 20-22). Therefore, for a Ti-5Al-5Mo-5 V-3Cr-1Zr
alloy with Bo = 2.29 and Md = 2.771, the b phase is highly
stable and no stress-induced a¢¢ phase appears during cold
deformation (Ref 23). These parameters obviously affect the
mechanism of cold deformation. According to calculations, the
Ti-Nb-Zr alloy with Bo = 2.896 and Md = 2.528 has high b
stability. The stress-induced a¢¢ phase does not form during the
cold deformation process, which is consistent with the XRD
test results shown in Fig. 1. As the amount of cold rolling
deformation increases, the alloy generates an increasing amount
of internal stress and small grains, resulting in a broadening of
the diffraction peaks.

The initial morphology after the solid solution treatment at
800 �C for 1 h comprises a single equiaxed b phase with an
average grain size of 67 lm, as shown in Fig. 2. The
microstructure of the alloy gradually changes with increasing
cold rolling deformation. After the cold rolling deformation
reaches 47%, equiaxed b grains with a size of 32 lm are
crushed and elongated in the rolling direction and deformation
bands are observed within the deformed grains (Fig. 3b and e).
After 64% cold deformation, the grain size becomes 14 lm and
b grain boundaries are broken with apparent more fibrous shear
bands in the rolling direction, as can be illustrated by OM in
Fig. 3(c) and (f). The average hardness of solid solution alloy
was 195 Hv, and the deformed microstructure increased

Fig. 1 XRD patterns of alloy cold-rolled to 24 and 64% reductions Fig. 2 OM images of alloy after solution treatment
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hardness values to 286 Hv after 64% cold deformation. In
addition, the results related to the alloy with high b stability
show that no strain-induced phase transformation occurs and
that the cold rolling induces substantial strengthening due to
strain hardening with an abundance of dislocation defects.

3.2 Effect of Aging Treatment After Cold Deformation
on the Phase Transformation and Microstructure

Figure 4 shows the microstructure of different cold rolling
deformations after treatment at 300 �C for 2 h. The sample
without deformation shows no a phase precipitates at this
temperature, and the small and white ellipsoidal x phase is
observed in the b matrix under SEM (Fig. 4a) to have high
dispersion. A dark-field micrograph and selected-area diffrac-
tion (SAD) pattern of the unrolled alloy are presented in
Fig. 5(a) and (c), where the diffraction spots are viewed along
the [113]b zone axis and are associated with the x phase. The
ellipsoidal x phase precipitates are characteristic of the
isothermally formed precipitates in low-misfit alloy systems
(Ref 24). The x phase is a supersaturated solid solution of a b-
stabilizing element in a-Ti. During decomposition of the b

phase, the b fi x + b aging transition occurs very quickly,
where the co-precipitates have a small particle size and high
particle density. The alloy without cold rolling has low
dislocation and grain boundary densities, and shearing easily
occurs, resulting in a large number of aging x phase
precipitates (Ref 14).

In contrast to the microstructure during cold deformation,
the x phase disappears and a large amount of acicular a phase
precipitates under the same aging treatment as shown in
Fig. 4(b). Interestingly, lath precipitated in the b matrix, as
indicated by the white arrow in Fig. 5(b). The SAD pattern in
Fig. 5(d) also shows that the precipitates were a phase. As cold
rolling deformation increases, small and dense a phase
precipitates appear on the surface. When the cold deformation
reaches 64%, the entire substrate surface is covered by a dense
a phase, as shown in Fig. 4(d). Thus, the cold deformation can
promote the precipitation of the a phase, mainly because the x
phase nucleates from the b phase through coherent shear
without diffusion, whereas the cold rolling produces a large
number of dislocation defects and grain boundaries inhibit the
nucleation of the x phase. However, a phase easily nucleates at

Fig. 3 OM images of alloy after cold deformation: (a), (d) e = 24%; (b), (e) e = 47%; (c), (f) e = 64%; (a), (b), (c) transverse; (d), (e), (f)
longitudinal
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Fig. 4 SEM micrographs of specimen after cold rolling followed by aging at 300 �C for 2 h; (a) unrolled, (b) 24% cold-rolled, (c) 47% cold-
rolled, (d) 64% cold-rolled

Fig. 5 TEM images of Ti-Nb-Zr alloy aged at 300 �C for 2 h: the unrolled alloy (a) dark field, (c) SAD pattern; the 26% cold rolling alloy (b)
bright field, (d) SAD pattern
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dislocations and grain boundaries, which promote the precip-
itation of a phase. Furthermore, the alloy without cold
deformation has an insufficient phase-change driving force to
undergo the phase transformation of b fi x fi a; however,
the cold deformation produces numerous dislocation defects
that increase the free energy of the alloy and the phase-change
driving force, which promotes the direct precipitation of the a
phase from the b matrix. Therefore, cold rolling of the Ti-Nb-Zr
alloy produces a large number of dislocations and grain
boundaries that can hinder the precipitation of the x phase and
promote the precipitation of a dispersed a phase during the
subsequent low-temperature aging treatment, which results in a
good combination of high strength and low modulus.

3.3 The Effect of Cold Rolling and Aging on Mechanical
Properties

Figure 6 shows the representative stress–strain curves of
alloy with solution treatment, cold rolling and cold rolling
followed by aging. It can be noticed that the solution specimen
did not present typical double yielding feature because the Ti-
Nb-Zr alloy exhibited excellent phase stability. Furthermore,
the ductility of alloy was higher and the strength was lower
with increasing aging temperatures. The alloy with 64% cold
deformation aged at 350 �C had higher strength than other
specimens, and the specimen did not show plastic stage during
the tension testing. The tensile properties of alloy were mainly
affected by the size of precipitation phase and grain boundaries,
which would inhibit the slip of alloy during tension testing.

Figure 7 shows the hardness, tensile strength, elongation,
and elastic modulus of the Ti-Nb-Zr alloy aged at different
temperatures with cold rolling deformations. Hardness is the
ability of a material to resist elastic deformation, plastic
deformation, and damage. The average hardness and tensile
strength first increased and then quickly decreased; the ductility
changes in an opposite manner with increasing aging temper-
ature. Meanwhile, the unrolled alloy reached the peak value of
396 Hv and 1028 MPa, but the lowest elongation at 400 �C,
which was different from the values for cold-rolled alloys. At
the same aging temperature, the hardening effect of the alloy
becomes more significant because the amount of cold defor-
mation increases and the hardness of the alloy that experienced
64% cold deformation reached a peak value of 430 Hv and
1250 MPa; the elongation reached the lowest value of 6% at
350 �C. It had poor ductility and showed a macro-fracture that

was very flat as shown in Fig. 8(a), which is a characteristic of
brittle fracture.

However, after subsequent aging at higher temperatures, the
alloy exhibits the greatest elongation and lowest average
hardness and tensile strength, which were almost similar to
those of solution samples. Figure 8(b) shows that many more
cleavage planes and small shallow dimples appeared on the
fracture surface of the sample aged at 400 �C; furthermore, the
fracture morphologies exhibited ductile fracture in the samples
for which the macro-fracture was fibrous and the micro-fracture
had many more dimples and holes at 500 �C in Fig. 8(c), which
was typical of ductile fracture and had high plasticity.
According to the aforementioned analysis of the unrolled alloy,
only a large amount of x phase precipitated at low tempera-
tures. The x phase is the hard phase; it improves the hardness
and strength of the alloy, but drastically decreases its ductility.
As the amount of cold deformation increases, cold working
produces more dislocation defects and grain boundaries inside
the alloy and provides numerous sites for nucleation; the
needlelike a phase can precipitate quickly and substantially at
low temperatures, which increases the hardness and tensile
strength of the alloy by dislocation strengthening and precip-
itation strengthening. When the aging temperature is greater
than 350 �C, the hardness decreases as the aging temperature
increases, not only because the strengthening effect is weak-
ened due to growth and coarsening of the a phase but also
because the residual stress and dislocations due to cold working
are recovered at a high temperature. Figure 9(c) and (e) shows
that a small net-shaped phase was interlaced inside grains at
500 �C and exhibited a recrystallized structure with only
equiaxed b phase at 600 �C. The coexistence of these two
effects leads to the alloy being softened instead of hardened.

The elastic modulus of alloys dominantly influences the e/a
ratio and the precipitation phase. From Fig. 7(d), the elastic
modulus was decreased with increasing aging temperature, the
unrolled alloy reached the peak value to 87 GPa at 400 �C, and
the 64% cold deformation alloy reached the peak value of 82
GPa at 300 �C. These results are attributed to the b fi b +
x fi b + x+a fi b + a phase transformation occurring
during the aging treatment, where the x phase and a phase
increase the elastic modulus of b-Ti, and the effect of increase
in the elastic modulus is in the following order: x >a>b.
With increasing aging temperature, the a phase continuously
precipitates and the x phase decomposes, leading to a lower
elastic modulus. The cold rolling promoted the precipitation of
a phase at low temperatures to decrease the elastic modulus.
Therefore, the combination of phase transformation and
dislocation strengthening would achieve an alloy with high-
strength plasticity matching and an ideal elastic modulus.

By evaluating the results for the same aging temperature but
different aging times, we found that the hardness and tensile
strength first increased and then decreased, whereas the
ductility changed in an opposite manner over time. In addition,
the alloy reached a peak value in a short time with a large
amount of cold deformation, as shown in Fig. 10. The
transformation of b fi x fi a occurred during the aging
process of the Ti-Nb-Zr alloys and required sufficient time for
the conversion process. When the unrolled alloy was aged at
300 �C for a short time, the x phase precipitated and
contributed to precipitation strengthening. Over time, the
volume fraction of the precipitated x phase increased gradually
and the hardness, tensile strength, and the elastic modulus
increased; however, the elongation decreased rapidly. WeFig. 6 Tensile stress–strain curves of alloy under different treated
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observed that the aging time was beneficial with respect to the
amount of phase precipitation. When the aging time was
extended to 6 h, the hardness, tensile strength, and elastic
modulus of the unrolled alloy reached peak values of 415 Hv,
1180 MPa, and 92 GPa, respectively. Thus, the peak value
decreased slightly with increasing volume fraction of the x
phase and decreased with increasing precipitation of the a
phase because the precipitates of the x phase exhibited a much
higher strengthening effect and elastic modulus than the a
phase precipitates.

The phase transformation speed of an alloy is mainly
determined by its phase-change driving force and the diffusion

rate of the solute atoms (Ref 25). The alloy without cold
deformation exhibits an insufficient phase-change driving force
to actuate the phase transformation of b to a. However, cold
working and generating a large amount of nonequilibrium
defects can increase the free energy of the alloy, which can
increase the phase-change driving force, promote the precip-
itation of the a phase, and shorten the aging time at low
temperatures. The a phase with high strength and low elastic
modulus impart the alloy with excellent integrated perfor-
mance. However, the long aging time led to overaging and
decreased the hardness and tensile strength of the alloy because
the a phase began to agglomerate and grow. As shown in

Fig. 7 Mechanical properties of alloy by cold rolling followed by aging at 300-600 �C for 2 h

Fig. 8 SEM fractographs of sample with different aging temperatures (a) 350 �C, (b) 400 �C, (c) 500 �C
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Fig. 10, with increasing aging time, the hardness, and tensile
strength peak value with 64% cold rolling deformation was
shortened from 6 to 3 h compared with that without cold
rolling. When the aging time was 3 h, the cold-rolled sample
had more a phase precipitation than unrolling alloy (Fig. 11).
The shorter aging time is not conducive to the growth of the a
phase, which is a great advantage for improving the strength of
the alloy.

4. Conclusion

The phase transformation and microstructure evolution of a
Ti-Nb-Zr alloy were studied as a function of cold deformation
and aging. The experimental results showed that the alloy had
high b stability, with dislocation slip occurring during cold
rolling and no stress-induced martensitic a¢¢ phase transforma-
tion from the b matrix. The alloy with cold deformation

Fig. 9 OM images and XRD profiles of specimen with different aging temperatures: (a), (b) 400 �C, 2 h, (c), (d) 500 �C, 2 h, (e), (f) 600 �C,
2 h
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produced a large number of dislocation defects, and grain
boundaries inhibited the nucleation of the x phase, whereas the
a phase tended to nucleate at the dislocations and grain
boundaries, which promoted the precipitation of the a phase.
After the solution and cold-rolled alloys were aged at 300 �C
for 2 h, the phase compositions of the alloy were b + aging x
phase and b + a phase, respectively. With increasing aging
temperature and time, the hardness and tensile strength of the

alloy first increased and then decreased, and the peak value
with increasing deformation appeared after treatment at 350 �C
for 3 h. The aging strengthening of cold-rolled Ti-Nb-Zr alloy
was composed of dispersion strengthening from the a phase
and strain hardening. Compared with the solution and aging
treatment, the aging treatment after cold deformation has high-
strength matching and the resulting ideal elastic modulus can
meet the requirement for dental implants.

Fig. 10 Mechanical properties of alloy by cold rolling followed by aging at 300 �C for 0.5-8 h

Fig. 11 SEM images of alloy aged at 300 �C for 3 h; (a) unrolled, (b) 64% cold-rolled
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