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ABSTRACT

In this study the grain size effect on mechanical properties of a body-centered-cubic Ti-30Zr-5Mo alloy was
investigated. Double yielding behavior in the stress-strain curves and four-stage behavior in the strain hardening
rate curves can be seen in all Ti-30Zr-5Mo materials with different average grain sizes ranging from 6 to 475 pm,
which is attributed to the occurrence of the stress-induced o transformation. The static Hall-Petch coefficient (k)
for phase transformation was calculated to establish the relationship between grain size and trigger stress of the
various materials. With the increase of strain, the hindrance of «'/f grain boundaries and «'/«' grain boundaries
to dislocations gradually replaced p/f grain boundaries, thus the work hardening ability and k value changed. p
grains were segmented by o martensite, resulting in a dynamic Hall-Petch effect. Combined with a large stress
field in the fine-grained materials with an average grain size of 6 um, the highest work hardening rate with a
value of 13 GPa was obtained. As the B grain size increased, the ultimate strength gradually decreased, while
both trigger stress of the stress-induced o' transformation and elongation fluctuated. The trigger stress can be
adjusted between 211 and 464 MPa by controlling the grain size. The grain size has little effect on the amount of
the stress-induced o' phase. With a high trigger stress of 464 MPa in the material with the finest grains, the
excellent ductility of 21% is obtained. The best comprehensive mechanical properties with a strength-ductility
index value of 252 MPa is obtained in the material with an average grain size of 113 pm.

1. Introduction

[5], mechanical twinning [6] and dislocation slip [7]. The refinement of
grain size, which may simultaneously improving strength and ductility,

The development of titanium (Ti) and its alloys plays a very impor-
tant role in reaching the goal of carbon neutrality and carbon peaking.
The application of those materials in aerospace and biomedical fields
also has a promising future due to their high strength, good corrosion
resistance and biocompatibility [1] [-] [3]. Currently, metastable §§ Ti
alloys become popular because of their good workability and the overall
excellent mechanical properties that can be obtained through forging
and heat treatments [4]. The deformation mechanisms of metastable f Ti
alloys mainly include martensitic transformation from f (body-centered
cubic) to « (hexagonal close packed) and from f to o (orthorhombic)

plays a crucial role in improving the properties of titanium alloys.
Further, the grain size of p phase is an important variable that affects the
deformation mechanism and behavior. Therefore, adjusting the grain
size of B phase is crucial to optimize the properties of metastable f ti-
tanium alloy. However, since the body-centered-cubic structure with
low packing density shows a higher diffusion rate at high temperature, it
is difficult to refine the grain size. The common methods to prepare
fine-grained metallic materials include severe plastic deformation and
cold rolling plus annealing [8] [-] [11]. However, the severe plastic
deformation is difficult for large scale fabrication. In steels and some
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titanium alloys, the stress-induced martensite transformation and its
reverse transformation (SIMRT) is an efficient method for refining grain
size to improve properties [12]. Schino et al. proposed that the combi-
nation of cold rolling and annealing process to prepare ultrafine grained
austenitic stainless steel should satisfy the following two conditions: (1)
During the cold rolling process, all metastable austenite needs to be
transformed into martensite; (2) Reverse phase transformation anneal-
ing must be carried out under low temperature conditions to prevent
grain growth [13]. Ma et al. successfully prepared austenitic steel with a
grain size of 100 nm through repeated cold rolling and annealing, and
found that its mechanical properties were greatly improved [14].
Compared with severe plastic deformation, it is simpler and more
convenient to use SIMRT to refine the grain size by cold rolling and
annealing. It provides a way to refine the metastable BCC titanium alloy
with martensitic transformation. Metastable  Ti-30Zr-5Mo alloy has
similar characteristics to metastable austenitic steel, in which the
abundant transformation from f to o martensite occurs during defor-
mation. Therefore, it is promising to refine Ti-30Zr-5Mo alloy through
cold rolling and annealing by SIMRT.

The stress-induced martensite transformation in metastable p Ti al-
loys generally manifests a typical double yielding or strain plateau re-
gion in the engineering stress-strain curves [12,15]. The dominant factor
that affects the double yielding or strain plateau region is the trigger
stress (TS) for the stress-induced martensite transformation [16]. Ac-
cording to the Conside’re criterion, the high uniform elongation requires
the high work hardening during tensile deformation. In order to obtain
excellent combination of strength and ductility in metastable f titanium
materials with different grain size, it is significant to explore the influ-
encing factors on the trigger stress and work hardening rate.

Hall-Petch coefficient (k) is an important parameter in Hall-Petch
relationship which describes the boundaries hardening effect. Howev-
er, most of Hall-Petch coefficient is deduced in the alloys with disloca-
tion slip. In metastable titanium alloys, the deformation mechanisms
vary with changing the p stabilizing elements. Besides the initial grain
size difference, the dynamic refinement occurs during the following
phase transformation or twinning. Kai Yao et al. established a static and
dynamic Hall-Petch relationship for the change in Hall-Petch coefficient
caused by twinning [17]. However, the twin boundaries can be assumed
as grain boundaries as the matrix and twin have the same crystal
structure with different misorientations. And the results show that the
Hall-Petch coefficient (k) for twinning is larger than that for dislocation
slip. It is crucial to find the Hall-Petch coefficient (k) for martensitic
transformation and interpret if it varies during the deformation as the
phase boundaries are different from twin boundaries and grain bound-
aries due to the crystal structure difference.

In this study, Ti-30Zr-5Mo materials with different grain sizes in a
large range were prepared through SIMRT and simple heat treatments.
The change of trigger stress and work hardening ability of Ti-30Zr-5Mo
materials with different grain sizes were analyzed by calculating the
Hall-Petch coefficient (k) combined with the Crussard-Jaoul (C-J)
analysis. The effect of grain size on deformation behavior in the
Ti-30Zr-5Mo materials with different grain sizes at room temperature
was revealed.

2. Materials and methods
2.1. Materials

Ti-30Zr-5Mo alloy was triply melted by consumable vacuum arc-
melting sponge Ti, sponge Zr, and Ti-32Mo master alloy. The ingot
was homogenized at 1100 °C for 6 h in vacuum and then forged at
1100 °C and air cooled to room temperature. Differential scanning
calorimetry (DSC, Netzsch STA449F3) measurements were carried out
at 20 °C/min. According to the DSC results, as shown in Fig. 1, the ato
phase transformation temperature of Ti-30Zr-5Mo alloy was deter-
mined to be approximately 700 °C. To obtain body-centered-cubic
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Fig. 1. DSC curve of the Ti-30Zr-5Mo alloy.

Ti-30Zr-5Mo materials with different p grain sizes, different heat
treatment processes were conducted, as shown in Fig. 2a. The samples
were solution treated at varied temperatures (700-950 °C) in § phase
region with different annealing times (30-60 min) in vacumm and fol-
lowed by water quenching. SIMRT was used to obtain finer grain sizes.
The ingots were cold rolled with a reduction ratio of 30%, and then
solution treated at 700 °C for 2 min. The above process is one loop, and
all the processes are shown in Fig. 2b.

2.2. Experimental methods

Tensile specimens with a total length of 40 mm, gauge a length of 13
mm, a width of 3 mm, and a thickness of 1.5 mm were prepared by
electrical discharge wire cutting. The SHIMADZU AG-XPLUS 100 KN
tensile testing machine was used for tensile tests at room temperature
with a strain rate of 3 x 10™ s’1. Three samples of each grain size were
prepared to minimize errors. Before optical microscopy observation
using an optical microscope (OM, ZESS AXIO), the materials were me-
chanically polished and then chemically etched using a solution of 3.5
pct hydrofluoric acid (HF), 10 pct nitric acid (HNO3) and 86.5 pct
distilled water (H20). The phase constitutions of the tensile materials
before and after deformation were determined by X-ray diffractometer
(XRD, Smart Lab). The samples after deformation for XRD acquisition
are taken near the fracture of the tensile specimens after fracture. In
order to compare the amount of the martensitic transformation quan-
titatively, the sample size kept uniform. In-situ tensile tests in scanning
electron microscopy (SEM, JEOL JSM-7001F) and electron back-
scattered diffraction (EBSD, Oxford instrument Symmetry) systems
were used to analyze the microstructural evolution of materials during
tensile deformation.

3. Results
3.1. Microstructure

Fig. 3 is the optical micrographs of the Ti-30Zr-5Mo materials
subjected to different processing routes. All materials are comprised of
equiaxed grains with different grain sizes. Since the heating tempera-
tures are above the p transus temperature, the a phase is completely
transformed into the p phase. The grain size (grain diameter) is refined
from 475 to 136 pm (Fig. 3a and b) as the temperature decreases from
950 to 750 °C for 60 min. After heat treatment at 950 °C for 60 min, the
average grain size of p phase is 475 pm. After heat treatment at 850, 800
and 750 °C, the refinement rates are 36.8%, 53.7% and 71.4%, and the
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Fig. 2. Schematic illustration of (a) solution treatment process and (b) SIMRT process applied to the Ti-30Zr-5Mo alloy for grain size refinement.
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Fig. 3. OM micrographs of the materials after annealing at (a) 950 °C, (b) 750 °C for 60 min, at 700 °C for (c) 60 min and (d) 30 min, and after SIMRT processing for

(e) 1 loop, (f) 2 loops.

average grain sizes are 300, 220 and 136 pm, respectively. This provides
a large span of grain size control. To refine the grain size further, average
grain sizes of 70 and 113 pm (Fig. 3c and d) are obtained by heating at
700 °C for 30 and 60 min, respectively. After heat treatment at 700 °C
for 60min., the average grain size of p phase is 113 pm, and with the time
decreasing to 50, 40 and 30 min, the grain size of p is refined to 108, 85
and 70 pm, respectively, compared with the material with grain size of
113 pm, the refinement rates are 4.4%, 24.8% and 38.1%, respectively.
This shows that the grain size of Ti-30Zr-5Mo metastable f titanium
alloy can be manipulated by simply controlling the heat treatment pa-
rameters. Combined with SIMRT, the average grain size decreases from
300 to 6 pm (Fig. 3e-f) with increasing number of loops from 0 to 2. X.J.
Jiang et al. [12] also reported that grain size refinement was achieved
using a multiloops of deformation with low strain and annealing. It is
confirmed that SIMRT is an effective way for grain refinement in
metastable f alloys.

Fig. 4 shows the variation curves of the f} grain size with temperature
and annealing time for Ti-30Zr-5Mo alloy. It is obvious that tempera-
ture is more effective for the grain coarsening. As the temperature in-
creases, the grain size increases and tends to grow exponentially. The
grain size increases with increasing annealing time; when the annealing
time is within 30-50 min, the grain size grows faster; however, when the
annealing time exceeds 50 min, the grain growth rate slows down.

The crystallographic orientation has significant effect on the defor-
mation mechanism and mechanical properties. The pole figure of the
EBSD is presented to analyze the texture density of Ti-30Zr-5Mo alloy
with different grain sizes, as shown in Fig. 5. In Fig. 5 (a), the orientation
is randomly distributed in 6 pm material, the maximum polar densities
in {100}, {110} and {111} poles are 5.58, 3.88, 4.14, respectively,
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Fig. 4. Dependence of grain size on annealing temperature and annealing time.

indicating the texture in this region is weak. The scattered poles can be
observed in 15 pm material shown in Fig. 5 (b), and the maximum polar
densities are in {100}, {110} and {111} poles are 8.85, 5.78, 7.62,
respectively, demonstrating some weak texture in this region. For the
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Fig. 5. EBSD analysis revealing the texture strength of the Ti-30Zr-5Mo alloy materials with different grain size (a) 6 pm (b) 15 pm (c) 136 pm.

115 pm material shown in Fig. 5 (c), the pole distributions are fairly
random, and the maximum polar density are merely 2.76, 2.04, and
2.43, respectively, imply the weak texture in this region. Therefore, the
effect of crystallographic orientation difference between the materials
with different grain size can be ignorable in this study.

3.2. Mechanical properties

Fig. 6 (a) shows the engineering tensile stress (s)—-strain (e) curves of
Ti-30Zr-5Mo materials with different p grain sizes. All the curves show
a typical double yielding phenomenon, which is commonly associated
with stress-induced martensitic transformation. Further, an abnormally
high trigger stress is observed when the grain size is smaller than 15 pm.
The curves can be divided into four stages according to the slope change
[18,19]. The trigger stress of the transformation from p phase to o phase
can be defined as the intersection of the stress value corresponding to the

stage I tangent and stage II tangent. It fluctuates between 211 + 6 and

Table 1
Tensile mechanical properties of Ti-30Zr-5Mo materials with various grain
sizes.

Grain Yield Trigger Ultimate TS/ Elongation
size strength stress (TS, tensile strength ~ UTS (%)
(pm) (YS, MPa) MPa) (UTS, MPa)

6 866 + 3 464 + 12 976 £ 6 0.47 22+ 3.2
15 849 + 30 427 + 33 974 + 13 0.44 21+ 0.6
70 680 + 2 215+ 17 867 + 5 0.25 27 £2.8
113 639 + 23 253 +18 823 + 29 0.31 33+1.7
136 646 + 8 257 +7 829+ 6 0.31 31+5.1
220 628 £ 6 265 + 11 828 +1 0.32 34 £0.7
300 617 £15 211+ 6 790 + 19 0.27 23 +£4.7
474 574 + 14 235+ 2 784 + 10 0.30 31+1.4
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Fig. 6. (a) Engineering stress—strain curves of the Ti-30Zr-5Mo materials with various grain sizes and (b) grain size effects on the ultimate tensile strength and

trigger stress of the alloys.
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464 + 12 MPa in the materials with grain size ranging from 6 to 474 pm
as shown in Table 1. The variation in the trigger stress under different
grain sizes is illustrated in Fig. 6 (b). In the region at stage III, which
represents elastic deformation of the o phase and p phase, a 0.2% proof
stress (yield strength: YS) is obtained and shown in Fig. 7. The yield
strength and ultimate tensile strength (UTS) increase from 574 + 14 to
866 + 3 MPa, respectively and from 784 + 10 to 976 + 6 MPa,
respectively with decreasing grain size.

In addition, the ductility of the Ti-30Zr-5Mo alloy fluctuates with
decreasing grain size. Fig. 7a shows that the elongation to fracture of the
Ti-30Zr-5Mo alloy remains 30%-34% when the grain size is refined
from 474 to 113 pm, except for the 300 pm material. However, with the
grain size refining to 6 pm, the elongation of the alloy decreases from
34% to 21%. The phase transformation and twinning can close cracks,
relieve stress concentration during deformation, and lead to an
enhancement of ductility [20]. Therefore, Ti-30Zr-5Mo alloy has
excellent elongation to fracture no less than 21%. On the other hand, as
the grain size decreases from 113 to 6 pm, the § grains are segmented by
the o martensite laths into smaller domains with increasing the strain,
which reduce the ability to accommodate dislocations. Although higher
work hardening ability is obtained in 6 pm material, the refinement
hardening increases the flow stress, which makes intersection of work
hardening curve and true stress-strain curve at smaller strains, thereby
weaken the plastic instability. Thus, the elongation of the Ti-30Zr-5Mo
alloy shows a decreasing trend as the grain size decreases to 6 pm.

The strength-ductility index (SDI) is defined as (UTS-YS) x Plastic
strain, which is generally used to evaluate the increase in toughness of
materials [21]. For a better comparison, the SDI values are illustrated in
Fig. 7. As seen in Fig. 7 (a), the large SDI values (over than 220 MPa) can
be obtained for medium grained materials (the grain sizes in the range of
113-220 pm). The Ti-30Zr-5Mo material with grain size of 113 pm
achieves the largest SDI value of 252 MPa. Compared with other
metastable f titanium alloys [1,22-24], it is only lower than that of the
Ti-15Mo-0.10 alloy with twinning during deformation.

3.3. Work hardening behavior

Fig. 8 (a) shows the work hardening rate (do/de) curves of the
Ti-30Zr-5Mo materials with different grain sizes. They can be divided
into four stages: (I) Elastic deformation region, where the strain hard-
ening rate curves decrease rapidly; (II) Strain hardening rate increasing
region; (III) Strain hardening rate decreasing region, which forms a
“Hump” with the second region; and (IV) Necking and fracture region.
The strength, ductility, toughness and deformability of materials are
intimately related to strain hardening characteristics, and the content of
martensite also leads to a higher work hardening ability [25]. In Fig. 8
(a), the stage I corresponds to the dynamic softening effect due to the o
martensite transformation, which means low work hardening rate. With
the decrease of grain size, the minimum work hardening rate of the
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Ti-30Zr-5Mo alloy materials decreases from 1.86 GPa (474 pm) to
—0.71 GPa (6 pm). In the stage II , the work hardening is dominated by
the strengthening effect of o martensite phase, at which time the work
hardening rate increases. The maximum work hardening rate of the
Ti-30Zr-5Mo materials increases from 7.83 GPa (474 pm) to 13.6 GPa
(6 pm) with the decrease of grain size. In the stage III, the behavior of
materials begins to resemble that of single-phase materials again, which
means the work hardening rate begins to decrease. In other materials
with similar work hardening rate curves, there is also a work hardening
behavior in which the rapid decrease reaches the minimum value, then
reaching the maximum value and finally to necking. Therefore, the work
hardening behavior of the Ti-30Zr-5Mo materials is enhanced with the
decreasing of grain size.

Usually, in order to discuss the work hardening behavior of metals,
the empirical equations and the analyses based on these equations are
used. Among these most popular are Hollomon analysis, and Crus-
sard-Jaoul (C-J) analysis based on Ludwik and Swift equations, popu-
larly known as differential C-J (Dcy) and modified C-J (Mc_y)
techniques, respectively [26]. In titanium alloys, D¢_j analysis (i.e., In
(do/de) vs. In €) is useful for showing the relative changes in the work
hardening behavior over a range of strains, especially in materials that
exhibit microstructural evolutions (i.e., mechanical twinning and
martensite transformation) during deformation [27,28]. In this analysis,
a change in the slope of a line segment in C-J curve is dependent on the
strengthening mechanism and the material type. Concerning strength-
ening mechanism, a very low slope of a line segment in C-J plot in-
dicates a relatively rapid decrease in the work hardening rate with
increasing strain or a high rate of dynamic recovery. Conversely, when
the slope of a line segment in the C-J plot shows a larger value, it in-
dicates that there is a relatively slow decrease in the work hardening rate
(e.g., as a result of the strengthening effect due to formation of
martensitic transformation or twinning).

In Fig. 8 (b), the work hardening characteristics of the materials with
grain sizes of 15, 113, 200 and 300 pm is shown in C-J type plots, which
is obtained from the following equation :

In (d()’/d€> =In(kn) + (n—1)lne (€Y

where n and k are the work hardening exponent and material constant,
respectively. n is useful for showing the variations in the work hardening
behavior. The values of plastic strain (¢, €y, and epp) of each stage, the
slopes (ny, nyy and nyyp) of each stage and the transition strains (ey_y;, and
er_m) between the stages of each curve base on the C-J analysis are
listed in Table 2.

Fig. 8 (b) and the detailed information in Table 2 show that at the
first stage with nj ranging from —1.83 to —7.24, the nj value decreases
with decreasing the grain size. The coarse-grained materials have the
highest value of —1.83. This indicates that the work hardening of fine-
grained material at stage I is lower (i.e., a relative rapid decrease in
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Fig. 7. (a) SDI values of the Ti-30Zr-5Mo materials with various grain sizes and (b) comparison of the SDI values of studied materials and other metastable f ti-

tanium alloys [1,22-24].
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Table 2

The values of true strain (e;, ey and ¢y;1), work hardening exponent (ny, ny; and nyy;) at each stage and the transition strains (1. and y1.111) between the deformation stages

of Ti-30Zr-5Mo materials with different grain sizes obtained from the C-J analysis.

Grain size (pm) Stage I e11 Stage II 1111 Stage III

€1 ny €1 ny € nyp
15 0.006 —7.24 0.01 0.030 2.63 0.07 0.119 —2.50
113 0.005 —6.94 0.006 0.023 2.01 0.07 0.122 -1.38
200 0.0038 —5.96 0.006 0.024 1.98 0.05 0.091 -1.14
300 0.0045 -1.83 0.01 0.021 1.60 0.05 0.084 —0.94

the work hardening rate) compared to the coarse-grained materials.
They are complying with the work hardening rates shown in Fig. 8 (a).
This is considered to related to the dynamic softening of stress-induced
martensite transformation [29]. In all the materials with different grain
sizes, the n values in stage II are larger than stage I and become positive,
which indicates the increase of work hardening rate. This means that the
hardening effect caused by the stress-induced phase transformation in
the materials are larger than the softening effect. The fine-grained ma-
terial has the largest value, indicating the work hardening of
fine-grained material at stage II is higher (i.e., a relative increase in the
work hardening rate) than those of coarse-grained materials. This is also
consistent with the work hardening rate shown in Fig. 8 (a). The 6 ym
material exhibits the largest work hardening value of 13.6 GPa. In stage
111, the n value become negative again, and the n value increases with
increasing the grain size, similar to that in Stage I. However, the n value
is larger than in stage I, indicating the decreasing the work hardening
rate in stage III is slower than in stage I, The deformation behavior is
analogous to the deformation in single phase [27,30], the slow decrease
stems from the stress-induced o phase.

Additionally, the onset of stress-induced o' phase transformation in
the coarse- and fine-grained materials is detected at plastic strain of 0.01
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(e It means that the initiation of Stage II in all the materials are
similar, which evidencing that the deformation-induced phase trans-
formation in the present alloy occurs before macro yielding by slip. The
grain size has little effect on the critical plastic strain for deformation-
induced phase transformation.

3.4. Deformed microstructure

The volume fractions of the o phase and the P phase of the
Ti-30Zr-5Mo materials with different grain sizes after tensile defor-
mation are calculated from the XRD results. It is obvious in Fig. 9 (a) that
the materials with different grain sizes have distinct o martensite peaks,
indicating a transformation from cubic f phase to hexagonal o phase
during tensile deformation. The peaks of o’{101} and p{110} are sen-
sitive to the volume fractions of the « phase and B phase, and the peak
intensity of «’{101} is significantly higher than that of ${110}. The
volume fraction of the o phase calculated by MDI Jade 6 is presented in
Fig. 9 (b). The content of the o phase fluctuates between 70% and 80%
with decreasing grain size. Therefore, grain size has little effect on the
content of the transformed « phase at room temperature. Furthermore,
because the phase transformation from f phase to o phase is basically

Volume fraction, V,_ /%
— [ b o Ln =) = |
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Fig. 9. (a) XRD spectra and (b) volume fraction of o martensite phase in the Ti-30Zr-5Mo materials with different grain sizes after tensile deformation.
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completing at the end of stage IIl and the volume fraction fluctuates
between 70% and 80%, the strain hardening rate is basically constant at
the plateau region of stage IV, it is inferred that the martensite trans-
formation is effective for improving the working hardening ability to
retard the plastic instability.

4. Discussion
4.1. Refinement of the grain size

Although it is difficult to refine the grain size of materials with BCC
structure due to the higher diffusion rate at high temperature, in this
work, the grain size of body-centered-cubic Ti-30Zr-5Mo materials are
adjusted from 6 to 475 pm by simple heat treatments. Gil et al. [31]
reported that the grain growth rate of alloys followed an exponential
trend with increasing temperature. Generally, temperature is the most
important factor affecting grain growth kinetics and grain boundary
activity, for which the following expressions are available [32]:

B=D,/RT 2)

where B is the grain boundary activity, D, is the grain boundary diffu-
sion coefficient, R is the gas constant, and T is the temperature. The
grain boundary diffusion coefficient can be further expressed as:

Dy =Dy exp(—Q, /RT) 3

Taking logarithms on both sides of the equation simultaneously, the
following equation can be obtained.

InDy=1InDy — RQ_;‘ 4)
where Q, is the diffusion activation energy and D, is the diffusion
constant and R is the gas constant, 8.314 J/(mol-K). As shown in Fig. 10,
the relationship between grain size and temperature of Ti-30Zr-5Mo
alloy can be obtained by fitting the linear relationship between In D, and
T! from Eq. (4) :

D, =1249 - 100 ®)

According to Eq. (5), the diffusion activation energy Q, of
Ti-30Zr-5Mo alloy is 63.9 (kJ/mol) in the selected heat treatment
temperature range. Since grain growth is a thermal activation process,
this activation energy is inversely proportional to the rate of grain

6.3
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5.7
R?=0.97

InD,

54r

51r

4.8 1 1 1 1
8.0 8.4 8.8 9.2 9.6 10.0

107K

Fig. 10. Thermodynamics relationship between grain size (InDg) and heat
treatment temperature (10*/T) of the Ti-30Zr-5Mo alloy.
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boundary movement. Ti-30Zr-5Mo alloy has lower activation energy
compared with TG6 (Ti-5.8A1-4.0Sn-4.0Zr-0.7Nb-1.5Ta-0.4Si-0.06C)
alloy (120.4-212.5 kJ/mol), Til7 (Ti-5Al-2Sn-2Zr-4Mo-4Cr) alloy
(290.5-378.5 kJ/mol), Ti-6Al-4V alloy (166.2 kJ/mol) and TC19
(Ti-6Al-2Sn-4Zr-6Mo) alloy (226.9 kJ/mol) [32,33]. Therefore, the
grain growth rate of Ti-30Zr-5Mo alloy is faster. As the temperature
increases, the rate of atomic diffusion is accelerated, the rate of grain
boundary movement increases sharply with increasing temperature, and
the grain growth rate is also accelerated.

However, varying the annealing time to achieve small-span grain
size can be explained by traditional polycrystalline grain growth theory.
The relationship between grain growth driving force (the chemical po-
tential drop across a grain boundary) Au and grain size d can be quan-
titatively described by Gibbs-Thompson empirical equation [34]:

Au=4Qy/d (6)

where 2 is the atomic volume and y is the interfacial energy. It is
inferred that the smaller the grain size, the higher the driving force of
grain growth. When the annealing time is short, the large number of fine
grains store abundant interfacial energy, providing driving force for
grain growth, the grain size grows faster. However, with increasing the
annealing time, the average grain size increases, and the grain growth
rate dD/dt is positive but decreases steadily with time at a constant
temperature.

In addition, metastable § Ti-30Zr-5Mo alloy has similar properties to
metastable austenitic steel. The grains can be refined by cold rolling and
annealing. The refinement process of metastable austenitic steel is
divided into two steps: (1) transformation of metastable y phase into o
martensite phase by cold rolling, and (2) annealing at proper tempera-
ture, the reverse transformation of o martensite into y phase occurs [14,
35]. During the cold rolling process, different sub-grains and dislocation
cells were formed to adapt to the breakage of geometrically deformed
grains, and the stress-induced o martensite transformation also
occurred, the cold rolling reduction affects the internal defects and the
entropy of deformation system, and then affects the reverse phase
transformation and y phase recrystallization. For titanium alloy, during
the annealing, the proper temperature should be chosen for ensuring the
o' =P reverse phase transformation and avoiding the rapid growth of B
grains due to high diffusion rate at high temperature. In addition, if the
annealing time is too short, the reverse phase transformation process
may be insufficient, but too long time will lead to grain growth.
Therefore, the optimization of cold rolling reduction, annealing tem-
perature and time is crucial for the grain size refinement and need to be
comprehensively considered through experiments. Even with the small
activation energy, the grain size can be refined to 6 pm in Ti-30Zr-5Mo
alloy with the SIMRT effect, confirming that SIMRT is an effective way to
refine the metastable p titanium alloy.

4.2. The yield phenomena in the fine-grained alloys

It is noticed that the shape of the stress-strain curves in 6 pm and 15
pm materials differs from other materials with larger grain sizes. They
show yielding phenomena, especially for 6 pm material. Because the
shape of the stress-strain curve changes when the grain size is refined to
15 pm, we observe the in-situ microstructural evolution during defor-
mation in 15 pm material, as shown in Figs. 11 and 12 using EBSD and
SEM, respectively. It shows that the stress-induced o phase trans-
formation occurs with a strain of 1%, corresponding to the onset of
plastic deformation. Even before reaching the yield point, the stress-
induced « phase can be observed in specific grains, as shown in
Fig. 12. Therefore, we inferred that the stress drop in 6 pm material and
stress plateau in 15 pm material are both related to the stress-induced o
phase transformation.

Although Cottrell atmosphere-like adherence of small solutes to
dislocations is one of the explanations for yielding phenomena, small
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Fig. 12. Engineering stress-strain curves of the 15 pm grain-sized material and In-situ SEM images at different applied deformation stages: (a) 0.0028 strain, (b)

0.015 strain, (c) 0.059 strain and (d) after fracture.

solutes in this study are not assumed as the main reason for stress drop in
6 pm material or stress plateau in 15 pm material. As comparing with the
coarse-grained materials, one or two loops of cold-rolling and solution
treatment are conducted to refine the grain to 15 pm and 6 pm,; the cold-
rolling with a reduction ratio of 30% is done in the air, and time for
solution treatment is within 2 min. Although the oxygen can diffuse to
the matrix during the cold rolling and solution treatment, the slight
reduction ratio and short annealing time prohibit the deeper diffusion of
oxygen. Further, the surfaces with a thickness of more than 100 pm are
removed after solution treatment, which prevents the possible effect of
oxygen-rich surfaces on the tensile deformation behavior; the oxygen
content of 6 pm material analyzed by the chemical method (He carrier
fusion-infrared absorption method) is 0.12% (mass%), same to the
coarse-grained material. Therefore, the effect of interstitial elements
such as oxygen is not the main reason for the yield drop in this study.
Such yielding phenomena are also reported in ultra-fine Cu and IF steel
with low interstitial elements [36,37].

Similar to the dislocation slip mechanism [38], micro-yielding occurs
before macro-yielding; the deformation is non-uniform at the beginning
and starts locally in a portion of the gauge section. The stress at which a
cluster of grains penetrates the surrounding elastic matrix determines
the value of upper yield stress. The cluster size depends on the grain size,

grain size distribution, and orientation distribution of grains in poly-
crystals. The phase transformation initiates in neighboring grains due to
pile up stress concentration from the largest grains in the cluster. Initi-
ating phase transformation across grain boundaries is difficult in smaller
grains in a cluster. The size and distribution of smaller grains control the
size of the cluster and the stress at which deformation spreads. The
cluster size influences the local plastic strain rate at which deformation
spreads. As the average grain size increases, per unit change in the size of
neighboring grains causes less change in the stress. For a given distri-
bution of grain size, a small decrease in the size of neighboring grains
does not require a greater increase in applied stress for the transfer of
martensite transformation in the micro-yield region. In this process, a
slight increase in stress can draw more neighboring grains into the
clusters. Therefore, the size of the initial cluster before spreading is
larger for coarse-grained material. As the cluster grows in the micro
yield region, the stress concentration increases as a function of cluster
size. Considering the random orientation of grains and the number of
dislocation sources per unit volume to be uniform, the micro-yield re-
gion strain varies as d® with grain size and parabolically with applied
stress. Thus, the stress at which the deformation spreads continuously, i.
e., the upper yield stress, is used to be lower for coarse-grained material.
The grain boundaries provide greater capability for dislocation
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absorption or obstables; due to the small grain boundaries area in
coarse-grained material, the velocity of dislocations released at upper
yield is less for coarse-grained material. Johnston-Gillman model (v=
(z/70)") indicates that the velocity decrease corresponds to the decrease
in stress. Therefore, materials with larger grains have lower upper yield
stress and lesser yield drop. With decreasing the grain size, the stress
plateau first appears in 15 pm material, and an obvious stress drop can
be found in 6 pm material.

4.3. Static Hall-Petch relation by grain size dependency for martensite
transformation

All studied Ti-30Zr-5Mo materials with different grain sizes exhibit
SIMT. They have similar stress-strain curves, and their trigger stresses
fluctuate between 211 and 462 MPa. The relationship between the
trigger stresses of materials and grain size and Hall-Petch dependence on
grain size in titanium alloys with dislocation slip has been explored in
many researches [17,39]. The grain boundaries are effective barriers for
dislocation slip and the dislocations pile up at the grain boundaries,
which leads to stress concentration at boundaries. If the concentrated
stress exceeds the critical value, the dislocation slip will be activated in
adjacent grains, then macro yielding will occur when y = pv b, where v is
dislocation velocity and b is the Burgers vector, is satisfied. In coarse
grains, large number of dislocations can be accumulated, leading to
greater stress concentration, so the flow stress value required for macro
yielding is lower®*°7). For the model material, Ti-30Zr-5Mo, its
Hall-Petch coefficient (k) reaches 720 MPa pm‘l/ 2 (Fig. 13 (a)). As
shown in Fig. 13 (b), Hall-Petch coefficient (k) in the p Ti alloys were
generally divided into k for dislocation slip, k for twinning, and k for
phase transformation, with lower k values for slip and higher k values for
phase transformation [17,39-42]. The k for phase transformation in the
Ti-30Zr-5Mo materials is much larger than that for dislocation slip.
According to Fig. 11, the martensite o' are regarded to activate before
the macroscopic yielding which is similar to the twinning in the
Ti-15Mo alloy [17], and the occurrence of martensitic transformation
can reduce the stress concentration as other research reported [43]. On
the other hand, o phase is more easily formed in coarse grains shown in
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Fig. 11(a and b), and under the same strain, the Kernel average
misorientation (KAM) value at the «/p phase interface is higher than
that at grain boundaries shown in Fig. 11(c and d). The o//f phase
interface disperses the local stress concentration that should occur at the
B/p grain boundaries. The above factors contribute to the fluctuation of
the trigger stress. Even with fluctuation, grain refinement is effective to
improve the trigger stress of the materials.

The systematic Gibbs free energy changes during SIMT in metastable
B titanium alloys may explain trigger stress fluctuation from thermo-
dynamic perspective. The effect of grain size on trigger stress can be

explained by the equation [44]:
1 [/c? ¢’
3E)-E) @

where AH is the change in enthalpy, T is the test temperature, AS is the
entropy change, (AH — TAS) is the change in chemical free energy in the
process of SIMT, AE,; is the internal elastic energy stored in the p phase
due to formation of o' phase, SE;, is the irreversible work consumed in
overcoming internal frictional resistances to phase boundary movement,
p is the density of the p phase, ¢ is the transformation strain determined
by lattice distortion of o' phase in the direction of stress, Ey and Ej are
the Young’s moduli of the martensite and f phases, respectively, and

1
AG = (AH — TAS) + AE, + 6E;, — Soer

zl,, [(%) - (g—j)] is the elastic energy created due to external stress and
the elastic elongation owing to the difference in elastic moduli of  and o'
phase. Eq. (7) shows that the changes in enthalpy and entropy are in-
dependent of the grain size, so the free energy change during the
martensite phase transformation is not affected by the grain size.
However, as the grain size changes, the friction energy and elastic en-
ergy terms show opposite trends [45]. This is because the average length
and width of the stress-induced martensite depend on the average grain
size of the p phase. The average lath size of the martensite in larger
grains would always be higher than in the small grains. The martensite
size change in the different grain size in the present alloy is clearly
evident in Fig. 13 (b). Since the frictional resistance is proportional to
the volume swept by the interface, i.e., the volume of the SIM, the larger
will be the plate length and width, the smaller will be the total p/o
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Fig. 13. Hall-Petch coefficient (k) of (a) Ti-30Zr-5Mo alloy and (b) other different titanium alloys [17,39-42].



C. Wuetal

interfacial area. For a given volume fraction of martensite, an increase in
grain size results in a decrease in 8Ej; in overcoming the internal friction
resistance. In addition, the internal stress field in the p phase is affected
by the size of martensite phase. For a given volume of martensite, the
decrease in plate size reduces the intensity and size of region, over which
the stress field is generated, hence, AE). As mentioned above, the mean
length and width of martensitic plates are expected to increase with an
increase in grain size. Thus, the larger the grain size will be, the higher
will be the stress field and, hence, the higher the stored internal elastic
energy (AEg). Therefore, AE, increases with an increase in grain size,
whereas SEj;; decreases. For the small grain sizes, §E;, plays a dominant
role in the change in the trigger stress, while in large grains, AE, be-
comes dominant [46]. Further, grain size is also not expected to affect
the modulus or density and, hence, the last two terms in Eq. (7). This is
one of the reasons for the fluctuation of the trigger stress for SIMT with
decreasing grain size in the Ti-30Zr-5Mo alloy.

4.4. Relationship between deformation-induced phase transformation and
strain hardening rate

To further understand the deformation behavior, the Hall-Petch
relationship between the flow stress and the inverse square root of the
static grain size in the stage II and III is statistically calculated based on
empirical form, as shown in Fig. 14(a and b) [17]. Combining the

Hall-Petch equation (¢ = oo + kd‘%, where o is the constant) [12] with
the stress-strain curves of the Ti-30Zr-5Mo alloy (Fig. 5) and its
Hall-Petch coefficient (k) variation curves in stage II and III (Fig. 14a—
(b)), it can be seen that in the stage II, the Hall-Petch coefficient
continuously decreases with the increase of strain, while the stress in-
creases. Therefore, the inverse square root of the static grain size v
continuously increases with the increase of strain, which means that the
n size (d) decreases, indicating the occurrence of dynamic refinement. In
the stage III, as strain increases, the Hall-Petch coefficient continues to
increase, while the stress also increases with the strain. Therefore, at this
stage, the dynamic refinement effect becomes weaker. As shown in
Fig. 14 (a) in the stage II, the Hall-Petch coefficient of the Ti-30Zr-5Mo
alloy at each strain gradually decreases from 560 to 162 MPa pm''/2,
which also proves that o martensite rapidly grows and penetrates B
grain size in the stage II during this process. In the stage III, the
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Hall-Petch coefficient (k) of Ti-30Zr-5Mo alloy at each strain begins to
increase from 162 to 642 MPa pm™/2, indicating that o martensite has
almost reached saturation during this process.

In addition to grain boundaries, phase boundaries also play a similar
role in the Hall-Petch coefficient (k) of the Ti-30Zr-5Mo alloy with
phase transformation [39]. The obvious formation of « martensite can
also be found in the in-situ SEM images of Fig. 12(a and b). This also
indicates that the variation of the Hall-Petch coefficient (k) is probably
influenced by the o martensite phase interfaces as the flow stress in-
creases. In addition, the o/ martensite in Fig. 12(c and d) again confirms
that the o saturation process occurs in II to III stages of the work
hardening rate curve. As shown in Fig. 15 (a), before the formation of o
martensite, only the p/f grain boundaries hindered the movement of
dislocations. At this time, stress concentration occurred at the p/f grain
boundaries, which induced the formation of o martensite and formed a
longer dislocation free path. As the strain increases, o/ martensite pen-
etrates B grains, the formed o/ phase boundaries hindering the
movement of dislocations shorten the free path of dislocations. When o
martensite is saturated, o martensite becomes the predominant phase of
the grain, and the «/«’ phase boundaries become the main barrier that
hinders the movement of dislocations, resulting in an increase in the free
path of dislocations. To obtain the morphology and distribution of o and
B phase, EBSD analysis of 15 pm material is represented in Fig. 15(b-e).
With the increase of flow stress, besides /B grains boundaries, dislo-
cation movement also can be hindered at the «/p phase boundaries and
geometrically necessary dislocations can be found. As the o phase
widens gradually, the mean free path of dislocations in the p grains
decreases, resulting in a strong work hardening ability at stage II. As the
o phase gradually saturates and the grains are occupied by the o phase,
the increase of dislocation mean free path in the o grain causes the
decrease of work hardening effect in stage IIL

The formation of SIMT during the deformation of fine and coarse
grains can explain the change of work hardening behavior. The fine
grains disperse more local dislocation stress concentration than the
coarse grains and have more grain boundaries and p/« interfacial area
[47-49]. Therefore, assuming grain size is homogenous, there will be
more B/o interfacial area and martensite nucleation in the fine grains
than coarse grains with the increase of applied stress, the boundaries
hardening and stress filed hardening caused by martensite both

Engineering strain, /%

o 5 10 15 15

Fig. 14. Hall-Petch relationship between flow stress and inverse square root of the static grain size in the Ti-30Zr-5Mo alloy at (a) stage II and (b) stage III, and (c)

evolution of Hall-Petch coefficient at each strain in the Ti-30Zr-5Mo alloy.
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contribute the stronger work hardening ability in the fine-grained
material.

5. Conclusions

In this study, a series of Ti-30Zr-5Mo materials with different f§ grain
sizes were prepared through applying cold-working and annealing. The
effect of p grain size on the deformation behavior and mechanical
properties of the alloy was investigated. The main conclusions can be
summarized as follows:

(1) A large p grain size change ranging from 6 to 475 pm has be
prepared by SIMRT and simple heat treatments. The grain size is
more sensitive to annealing temperature than time duration, and
SIMRT is an effective way to refine the metastable p alloy.

(2) All stress-strain curves of the Ti-30Zr-5Mo materials with the
different grain sizes ranging from 6 to 475 pm exhibit double
yielding phenomena. Stress induced o martensitic trans-
formation occurs in all the materials. The grain size has little
effect on the transformed o phase amount.

(3) The Hall-Petch coefficient for martensite transformation of the
Ti-30Zr-5Mo alloy reaches 720 MPa pm''/2, indicating that the
trigger stress is strongly dependent on the grain size.

(4) With the increase of flow stress, the o/p phase boundaries and
o/o’ grain boundaries become effective barriers for dislocation
movement. The variation of the mean free path of dislocations
can cause the variation of work hardening ability and Hall-Petch
coefficient value of the Ti-30Zr-5Mo materials.

(5) The trigger stress can be adjusted between 211 and 464 MPa by
controlling the grain size. Even with a high trigger stress of 464

11

MPa in the material with an average grain size of 6 pm, an
excellent ductility of 21% is obtained. The material with a grain
size of 113 pm shows the excellent comprehensive mechanical
properties with an SDI value of 252 MPa.
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