Superplastic deformation behavior of ultra-fine-grained Ti-1V4Al- 3Mo alloy: constitutive modeling and processing map
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Abstract
This paper studies the superplasticity of conventional sheets of Ti-1V-4Al-3Mo (α+β) alloy. The flow
behavior was investigated in a temperature range of 775 °C–900 °C and a constant strain rate range of
2×10−4–5×10−3 s−1 via uniaxial tensile tests. The microstructure evolution during the superplastic
deformation was analyzed. The results revealed that, the flow behavior of Ti-1V-4Al- 3Mo (α+β)
alloy is characterized by strain softening phenomena. The experimental stress-strain data were used to
build a power law constitutive model. A processing map, which shows the safe and unsafe regions of
deformation, was also constructed for the studied alloy. The optimal deformation regime was attained
at a temperature of 875 °C and strain rate of 1×10−3 s−1 which provided a β phase fraction of 52%.
Equiaxed fine-grained α and β structure with size of 2–3 μm as well as dislocation activity inside the
α-grains were identified in the optimum deformation regime.

1. Introduction
Due to their excellent combination of physical and mechanical properties, titanium alloys are suitable
for a wide range of industrial applications. The application fields include military industry, chemical
industry, aerospace, biomedical, energy production, marine industry, architecture etc [1, 2]. However,
one of the main limitations of titanium alloys is their poor formability at room temperature.
Superplastic forming (SPF) gives a possibility to produce complex titanium alloy parts under low
flow stresses in a single forming operation at elevated temperature. SPF minimizes manufacturing
cycle, the amount of joints, component weight and residual stress [1, 3–5]. Mathematical modeling

facilitates the understanding of the complex behavior of titanium at elevated temperatures. The
models estimate the relationships which exist between flow stress, strain rate, strain and temperature.
Many studies have focused on the superplastic properties and modeling of superplastic deformation
behavior of Ti-6Al-4V alloy [6–15] and only few papers describe these phenomena in Ti-1V-4Al3Mo alloy [16, 17]. The differences in the deformation behavior of Ti-6Al-4V and Ti-1V-4Al-3Mo
alloys are shown in [16]. Strain hardening is typical for stress-strain behavior of Ti-6Al-4V alloy,
while strain softening dominates in Ti-1V-4Al-3Mo alloy. Temperature compared to strain rate, has a
stronger influence on the strain hardening and elongation values of this alloy as shown by the Taguchi
method [16]. The Arrhenius-type constitutive equation via hyperbolic-sine law successfully predicts
the superplastic flow behavior of the alloy with correlation coefficient between the tested and
predicted values (R) being 96.3% [17]. Therefore, more studies are required to successfully
understand the superplastic deformation behavior of Ti-1V-4Al-3Mo alloys. Prasad et al [18]
proposed processing maps, which are widely utilized for adjusting processing factors and governing
microstructure during thermomechanical treatment. Based on dynamic materials model (DMM), in
which the workpiece works as a dissipater of power, the processing maps can be constructed [19–23].
In the DD Mmodel, a total power P comprises of two parts:Gand J.Grepresents the power which is
transformed totemperature increase. The J relates to the dissipated power via microstructure
evolution, such as recovery, recrystallization and cavitation phenomena [24].
This study aims to investigate the superplasticity of a conventionally processed Ti-1V-4Al-3Mo alloy
sheets. The true stress-strain data at constant strain rates were used to develop the constitutive model
for predicting the superplastic flow behavior. A processing map was also introduced to identify the
safe and un-safe regions of the superplastic deformation. The strain induced microstructure changes
were analyzed in order to explain the effect of strain, strain rate and temperature on the superplastic
behavior of the studied alloy.

Figure 1. Geometry of the specimen used for the hot uniaxial tensile constant strain rate test

2. Materials and experimental test
A conventionally processed sheet of Ti-1V-4Al-3Mo alloy was investigated via uniaxial tensile tests
at constant strain rate in a temperature-strain rate range of superplasticity using a Walter-BayLFM
100 test machine [25]. Dog-bone type test samples were cut in the sheet rolling direction. The sample
size and geometry are shown in figure 1. The experimental stress-strain data from the uniaxial tensile
test at constant strain rate were used to extrapolate the power law Arrhenius type constitutive model
for predicting the flow behavior of the studied alloy. The processing map indicating the efficiency of
the power dissipation and the unstable deformation regions were constructed via the methods
described in [18, 24]. Microstructure analysis was done for the tested samples after a strain of 1.1 in a
strain rate range of 2×10−4 s−1–1×10−3 s−1 and a temperature range of 775 °C–875 °C. The samples for
microstructure studies were water quenched from the tested temperature immediately after
deformation. The samples were mechanically grinded using SiC papers up to 2400 pp. The grinded
samples were polished using MDChem Cloth with 0.04 μm Collodial Silica suspension lubricant. The
polished samples were etched in Kroll’s reagent and then washed using ethanol in an ultrasonic bath.
A Tescan-VEGALMH scanning electron microscope (SEM) was used for the microstructural
analysis. For TEM analysis, 3mm diameter disc-shaped samples were electrochemically polished and
examined via JEOL JEM-2000 EX microscope.

3. Results and discussions
3.1. Constant strain rate tests results
Figure 2 shows the stress-strain dependences at the studied strain rates and temperatures. The flow
behaviour in a strain range of 0.1-1.0 was characterised by strain softening at 775 °C–875 °C (figures
2(a)–(e)). Stable flow with constant stress values was observed at 875 °C and 2×10−4 s−1 (figure 2(e)),
as well as 900 °C and 1×10−3 s−1 (figure 2(f)). The peak stress value increased with decreasing
temperature and increasing strain rate. The experimental data were utilized for constructing the power
law constitutive model. Figure 3 shows the strain hardening coefficient at different strain rates and
temperatures. The negative value of strain hardening coefficient (n) means the material is
characterized by softening. At 775 °C and 2×10−3 s−1, the n value was minimum (−0.6) which is
indicative of a high strain softening effect. At all tested strain rates, the n increases with increasing
temperature. The strain hardening was close to zero at a temperature of 875 °C–900°C, which is also
indicative of the stable flow behavior of the studied alloy.

Figure 2. Stress-strain rate at different strain rates and temperatures (a) 775°C, (b) 800 °C, (c) 825°C,
(d) 850°C, (e) 875°C, and (f) 900°C

Figure 3. Strain hardening coefficient (n) dependence versus temperature at different strain rates

3.2. Modeling experiments
At elevated temperature, Zener-Holloman parameter (Z) and exponent equation describe the relation
between the flow stress, deformation temperature and strain rate as shown in equations (1), (2) [26,
27]. The power law was used to construct a simple model for predicting the flow behavior of the
studied alloy. The power law has also been used in some works to describe the low stress values at
superplastic temperatures [28].

where,

, σ, T, are the strain rate in s−1, the flow stress in MPa and the temperature in K, respectively.

A and n1 are the material constants.Q is an effective (apparent) activation energy of deformation in KJ
mol−1, R=8.314 J/(mol K) is a universal gas constant.

3.2.1. Power law model constants determination
The obtained experimental stress-strain data (figure 1) are deployed for determining the power law
model constants. The detailed procedures of computing these constants at a strain of 0.4, are
explained as follows:

Figure 4. The plots of (a) ln - lnσ; (b) ln -σ.
Table 1. The computed values of the constants of power law model

Taking the natural logarithm of both sides of (equations (2), (3)) can be obtained

The Q (equation (4)) can be obtained by taking the partial differentiation of equation (3)

Figure 4 shows the linear plots of ln - lnσ (figure 4(a)), ln - σ (figure 4(b)). The values of n1, ln (A)
and Q were computed as the average values of the slopes of the ln - lnσ and ln -σ plots, respectively
(figures 4(a), (b)). According to the power law function, the values of the strain rate and flow stress
can be expressed as following (equations (5) and (6)).

3.2.2. The dependence of material constants on strain
At a strain range from 0.1 to 1.0, the material constants n1,Q and A were computed to address the
effect of strain on the material constants values. The procedure to determine the solution of these
constants is like that at strain of 0.4. Figure 4 shows the dependence of material constants versus
strain ε. The influence of strain on the material constants was regressed by 5th order polynomial
fitting method, which provided minimum error levels. The material constants were significantly
affected by the strain at all tested conditions. The fitted equations were expressed by equation (7). The
regressing coefficients of each equation are listed in table 1.

Figure 5. Variation of (a) Q, (b) n1 (m), and (c) ln(A) constants versus true strain (ε)

(7)

The Q and n1 parameters are related to the deformation mechanisms and microstructure evolution.
The effective activation energy Q slightly decreased from 285 to 180 kJ mol−1 with increasing strain
up to 0.8 then dramatically decreased to 55 kJ mol−1 up to strain of 1.0 (figure 5(a)). The Q values for

Ti-6Al-4V, Ti-Al-Mn and Ti-6Al-2Sn-4Zr-2Mo are within the ranges of 300- 330 kJ mol−1 [29–31],
285-180 kJ mol−1 [12] and 298–442 kJ mol−1 [32] respectively. Q values of 250–300 kJ mol−1 at low
strains were obtained in the studied alloy. These Q values are associated with thermally activated
dislocation motion. The Q value decreasing with increasing strain, may be related to the effect of
dynamic recrystallization [31]. Dynamic recrystallization led to the formation of more equiaxed grain
structure and increased grain boundaries thereby simplifying the grain boundaries diffusion and grain
boundary sliding. The behavior of Q and constant ln(A) versus strain was similar (figure 5(c)).
The n1-value increased and m-value decreased with increasing strain to 0.8 then decreased again up
to 1 (figure 5(b)). The strain rate sensitivity index m relates the n1 value as m=1/n1, thus m-value is
inversely proportional to n1. Them-value was varied in a range of 0.3–0.4 and these values may be
attributed to superplastic behavior with deformation mechanisms of grain boundaries sliding and
dislocation motion. The lower m-values at the beginning of the deformation could be attributed to the
partially recrystallized grain structure and decreased grain boundary sliding. However, increasing mvalue at strains more than 0.9 could be as a consequence of complete recrystallization and a
corresponding increase in grain boundary sliding.

3.2.3. Model validation
For verifying the precision of the constructed power law constitutive model, a comparison between
the modeled flow behavior and the obtained experimental flow behavior was done. The accuracy of
the constructed power law constitutive model is appraised via the following terms (equations (8)–
(10)):

where

,

,

,

and N are the experimental data, the modeled flow data, the average value of the

experimental data, the average value of the modeled flow stress and the total number of the data used,
respectively. Figure 6 shows the experimental and predicted flow behavior after power law
constitutive modeling. The correlation between the experimental and predicted flow behavior is

shown in figure 6. The predicted flow stresses have an excellent agreement with the experimental
stresses. The values of R, AARE and RMSE are 97.4%, 6.4% and 3.1, respectively. Therefore, the
flow behavior of Ti-1V-4Al-3Mo alloy can be successfully predicted using the power law constitutive
model.

Figure 6. Comparative plots for the experimental results (lines) and predicted values by simple law
model (symbols) at (a) 800 °C, (b)850 °C, (c) 900 °Cand (d) the correlation between experimental and
fitted flow stress.

Figure 7. Efficiency contours of power dissipation of the deformation of Ti-1V-4Al-3Mo alloy at the
strains of 1.1

4. Processing map analysis
It is known that, materials exposed to hot deformation dissipate the applied power non-linearly [33].
Strain rate sensitivity index (m) is the factor that partitions the applied power between heat and
microstructure evolution. The power dissipation efficiency η and the instability parameter

, which

are related to the work of hot deformation, can be expressed by the strain rate sensitivity m as follows
(equations (11) and (13)) [34–40]:

where both η and ξ values with different temperatures and strain rates can be represented as a threedimensional graph called ‘processing map’. In general, processing maps help us to easily recognize
the proper temperature strain rate hot working range, in which microstructurally ‘safe’ mechanisms,
like a dynamic recrystallization, occur and avoid an unstable flow [19, 34, 41]. According to [14] and
[36], higher values of η are representative of the best hot deformation conditions. Figure 7 shows the
processing map and microstructure evolution at strain of 1.1. In the studied temperature-strain rate
range, the green areas indicate the high η regions, which might be good for superplastic deformation
and the red area indicate unstable deformation region figure 7. The microstructure plays an important
role on both the flow behavior and the stability of the deformation process. A fine and equiaxed
grained structure provides necking free flow and large elongation [42]. The temperature providing 20
to 50% β-phase is optimal for a superplastic deformation [42]. The microstructures after 1.1 strain at
various testing regimes are shown in figure 7 and the microstructure parameters are shown in table 2.
Table 2. The microstructure parameters at various testing regimes and strain of 1.1

The maximum efficiency η of 0.41 was attained at the strain rate of 1×10−3 s−1 and temperature of 875
°C. This η-value is close to the typical efficiency value associated with dynamic recrystallization [20,
25, 43]. At this deformation regime, the β phase fraction was 52±4%, and the microstructure was
equiaxed and homogeneous due to successful continuous dynamic recrystallization at the initial stage
of superplastic deformation [25, 43]. A similar grain structure with fine grains of both phases and β
fraction of 44% was observed at low strain rates of (2–6)×10−4 s−1 and at lower temperature of 825 °C.
This regime also provided an increased efficiency and a good superplasticity. Fine, equiaxed and
stable grain structure with increased temperature simplify the grain boundary sliding and its
accommodation by dislocation and diffusion creep which are the superplastic deformation

mechanisms [5, 44–46]. Low strain rate of 2×10−4 s−1 at 87°C led to significant dynamic grain growth,
thereby resulting in an unstable flow and a low efficiency value. The main possible reason of dynamic
grain growth is the migration of grain boundaries during the superplastic deformation that intensified
with increasing temperature [47–49]. The efficiency value related to dynamic grain growth was below
0.2. Current results showed lower efficiency for the dynamic grain growth in the studied deformation
regimes as compared to the typical values attained for hot deformation processes; η=0.3–0.4 [20, 50].
This trend may be attributed to the high sensitivity of superplastic flow to grain size; an important
parameter when considering stability in superplastic flow [31, 36, 42, 43]. The strain of 1.1 at 775°C
with strain rate of 1×10−3 s−1 led to a non-equiaxed inhomogeneous grain structure due to limited
dynamic recrystallization and low diffusivity at low deformation temperature. This may be as a result
of the unstable deformation and a low efficiency (red zone in map). Figure 8 shows the TEM analysis
of Ti-1V-4Al-3Mo alloy after strain of 1.1 and at low temperature of 775 °C and optimal temperature
of 875°C and at strain rate of 1×10−3 s−1. Because of martensitic transformation at rapid cooling of the
β phase, the dislocation structure of the β phase was changed by both the deformation process and the
martensitic transformation. Thus, it was difficult to evaluate the deformation related structural
changes. The dislocation structure of the α-phase confirmed the high dislocation activity at 775°C.
The dislocations activity and dislocation walls were also observed at the optimal temperature of 875
°C, but the number of dislocations was significantly lower.

Figure 8.TEM structure of the Ti-1V-4Al-3Mo alloy after 1.1 strain at 1×10−3 s−1 with strains of 1.1 at
(a) 775°C and (b) 875°C

5. Conclusions
The superplastic flow behavior of Ti-1V-4Al-3Mo alloy was investigated. A power law constitutive
model was developed for predicting the flow behavior of the studied alloy. A processing map was

constructed to indicate the safe and unsafe deformation regions of the studied alloy. Based on the
results, we concluded that:
1. The flow behavior of Ti-1V-4Al-3Mo alloy was predominantly characterized by strain softening
and the strain hardening coefficient (n) was increased from –0.6 to 0.1 with increasing testing
temperature and decreasing strain rate. The maximum elongation was attained at n value close to zero.
2. The predicted flow behavior was in excellent agreement with the obtained experimental flow
behavior of Ti-1V-4Al-3Mo alloy. The values of R, AARE and RMSE are 97.4%, 6.4% and 3.1,
respectively. Therefore, the flow behavior of Ti-1V-4Al-3Mo alloy can successfully predicted using
power law.
3. The processing map exhibits unsafe region with low efficiency at 775°C–800 °C and ≥1×10−3 s−1 as
a result of non-uniform and non-equiaxed grain structure of the alloy at these conditions. High
efficiency and stable superplastic flow were observed at 825 °C/(2–6)×10−4 s−1 and 875°C/(0.8–3)
10−3s−1 with the maximum efficiency at 875°C and 1×10−3 s−1. The grain structure at aforementioned
beneficial regimes was equiaxed, homogeneous and fine with β phase fraction of 44%–52%.
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