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Abstract Isothermal compression of TC4 alloy was per-

formed on a Thermecmaster-Z simulator at the deformation

temperatures ranging from 1093 to 1243 K, the strain rates

ranging from 0.001 to 10.000 s-1 and a maximum strain of

0.8. The experimental results show that the flow stress

increases with the decrease in the deformation temperature

and the increase in the strain rate. The apparent activation

energy for deformation is much lower at lower strain rates

than that at higher strain rates. The flow stress model

considering strain compensation was established. The

average relative error between the calculated flow stress

and experimental results is about 7.69%, indicating that the

present model could be used to accurately predict the flow

stress during high temperature in a ? b phase field of TC4

alloy.

Keywords TC4 alloy; Isothermal compression; Model;

Flow stress

1 Introduction

It is widely accepted that the flow behavior of metallic

materials in high-temperature deformation is quite complex

[1–5]. Hot deformation is an effective and key solution for

the forming of metallic components; hence, the constitutive

equation that describes the correlation of flow stress with

processing parameters such as strain, strain rate and

deformation temperature is necessary to predict the

dynamic flow behavior and optimize the deformation

process of metallic materials [6–9]. In the past several

decades, a great number of constitutive models, including

empirical-, semiempirical-, phenomenological- and physi-

cal-based models, have been proposed to describe the

relationship between the flow stress and the processing

parameters. Liu et al. [10] analyzed the relationship

between the flow stress and Zener–Hollomon parameter

during the isothermal compression of Ti–5Al–5Mo–5V–

1Cr–1Fe alloy via an exponent function. Pilehva et al. [11]

developed a constitutive model to predict flow stress during

high-temperature deformation of Ti–6Al–7Nb biomedical

alloy in a ? b phase field via a hyperbolic sine Arrhenius-

type relationship. Niu et al. [12] developed a fuzzy neural

network model for acquiring the flow stress model during

the isothermal compression of 300 M steel.

TC4 alloy is classified as a ? b titanium alloy and has

high strength to low weight ratio, high mechanical prop-

erties, good formability and excellent corrosion resistance,

which make it be an ideal material in aviation, aerospace,

marine and automotive industries [13–16]. It is generally

understood that the flow behavior of TC4 alloy is sensitive

to processing parameters such as deformation temperature

and strain rate in high-temperature deformation [17–19].

Up to now, a number of constitutive models in terms of the

different theories have been proposed to describe the flow

stress of TC4 alloy. Ding and Guo [20] developed a model

coupling the physical principles of dynamic recrystalliza-

tion and the cellular automaton method to calculate the

flow stress in b phase field of TC4 alloy. Shafaat et al. [21]

associated Sellars equation with Johnson–Mehl–Avrami–

Kolmogorov equation to model the flow stress in a ? b
phase field of TC4 alloy. Porntadawit et al. [22] determined

constitutive models of TC4 alloy based on the hyperbolic

sine equation, the Cingara equation and Shafiei and
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Ebrahimi equation. Kotkunde et al. [23] developed four

models, including Johnson–Cook, Fields–Backofen, Khan–

Huang–Liang and mechanical threshold stress, to simulate

the flow stress of TC4 alloy at low strain rates and elevated

temperatures. Luo et al. [24] established a model for flow

stress in isothermal compression of TC4 alloy via a fuzzy

neural network. Reddy et al. [25] developed a model for

predicting flow stress via neural network. Luo et al. [26]

developed a physically based model, in which the dislo-

cation density and grain size of matrix phase are taken as

internal state variables to predict the flow stress in the

isothermal compression of TC4 alloy. It is worth noting

that the effect of the strain on the flow behavior in a ? b
phase field of TC4 alloy has not been considered. It is

extremely significant to accurately describe the flow

behavior of TC4 alloy and develop a constitutive model

considering the influence of strain so as to simulate exactly

and further optimize the deformation process [27].

Consequently, the objective of this study is to establish a

suitable constitutive model for describing flow behavior in

a ? b phase field of TC4 alloy. And, the general flow

characteristics in the isothermal compression of TC4 alloy

were investigated. The effects of the processing parameters

including deformation temperature and strain rate on the

flow stress were analyzed. A comprehensive model for

describing the relationship between flow stress, deforma-

tion temperature, strain rate and strain was proposed, and

the calculated flow stress was ultimately compared with the

experimental results.

2 Experimental

The chemical composition (wt%) of as-received TC4 alloy

is listed in Table 1. The heat treatment prior to isothermal

compression of TC4 alloy was performed at a heating

temperature of 1023 K for 1.5 h and cooling in the air to

room temperature. The b-transus temperature of TC4 alloy

is about 1263 K.

The cylindrical compression specimens with a diameter

of 8.0 mm and height of 12.0 mm were machined from the

as-received TC4 alloy, and the cylinder ends were grooved

for retention of glass lubricants in isothermal compression

of TC4 alloy. The isothermal compression was conducted

on a Thermecmaster-Z simulator at the deformation tem-

peratures of 1093, 1123, 1143, 1163, 1183, 1203, 1223,

1233 and 1243 K, the strain rates of 0.001, 0.010, 0.100,

1.000 and 10.000 s-1 and a maximum strain of 0.8. The

specimens were heated to the deformation temperature and

held for 3 min prior to compression to obtain a uniform

temperature in the TC4 alloy specimens. The flow stress

was recorded as a function of strain at each deformation

temperature and strain rate in the isothermal compression

of TC4 alloy.

3 Results and discussion

3.1 Flow stress

The flow stress–strain curves in the isothermal compression

of TC4 alloy at different deformation temperatures are

shown in Fig. 1 [24, 28]. As shown in Fig. 1, the flow

stress in the isothermal compression of TC4 alloy is sen-

sitive to the strain. The flow stress quickly increases with

the increase in strain and reaches a peak, which is followed

by a slight decrease to a steady stress. In general, the steady

plastic flow occurs as a dynamic balance between the

dynamic softening effect and the work-hardening effect in

the isothermal compression occurs. In addition, it is also

observed that the peak flow stress decreases with the

increase in deformation temperature at invariable strain

rate and increases with the increase in strain rate at various

deformation temperatures as shown in Fig. 1. The peak

flow stress of TC4 alloy is the smallest at a deformation

temperature of 1243 K and strain rate of 0.001 s-1.

3.2 Apparent activation energy for deformation

Generally, high-temperature deformation is controlled by

thermally activated process, in which the apparent activa-

tion energy for deformation that describes the activation

barrier of atom transition can represent the workability of

metals and alloys. The apparent activation energy for

deformation can be derived from the kinetic equation

which describes the relationship between flow stress,

deformation temperature and strain rate [11, 29–31].

_e¼Aðsinh arÞn expðQ=RTÞ ð1Þ

where _e is the strain rate (s-1), r is the flow stress (MPa),

Q is the apparent activation energy for deformation

(kJ�mol-1), R is the universal gas constant

(8.3145 J�mol-1�K-1), T is the absolute deformation tem-

perature (K), A, a and n are the material constants.

Taking the natural logarithm of both sides of Eq. (1)

gives in the following.

Table 1 Chemical composition of as-received TC4 alloy (wt%)

Al V Fe C N O H Ti

6.5000 4.2500 0.0400 0.0200 0.0150 0.1600 0.0018 Bal.
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lnsinhar ¼ ln _e
n

þ Q

nRT
� lnA

n
ð2Þ

Thereafter, fixing strain rates and differentiating Eq. (2),

the value of Q can be calculated as follows:

Q ¼ nR
o lnsinhar

o1=T
ð3Þ

In addition, fixing deformation temperatures and

differentiating Eq. (2), the value of n can be expressed as

follows:

n ¼ o ln _e
o lnsinhar

ð4Þ

Based on Eqs. (3) and (4), the apparent activation

energy for deformation can be obtained. It is obvious that

the value of a must be firstly determined so as to calculate

the values of n, Q and A. To begin with, giving some values

of a, the values of n, Q, A and residual sum of squares can

be calculated by fitting experimental data via multivariate

linear regression, respectively. Then, the residual sum of

squares can be expressed as a parabola function of a. The
value of a which makes the residual sum of squares be

minimum is optimal and has been determined to be

0.0075 MPa-1.

Figures 2 and 3 show the variation of flow stress at a

strain of 0.4 with the strain rate and deformation temper-

ature, respectively. It is obvious that the slopes in Figs. 2

and 3 represent the values of n and Q/1000nR. Then, the

value of Q can be calculated. However, it should be noted

that the slopes at the strain rates above 0.100 s-1 are

conspicuously different from those at the strain rates below

0.100 s-1 as shown in Fig. 2. Consequently, the values of

n should be calculated in different strain rate ranges. Then,

the average values of apparent activation energy for

Fig. 1 Selected flow stress–strain curves of TC4 alloy at different deformation temperatures of a 1093 K, b 1143 K, c 1183 K and d 1243 K

Fig. 2 n value evaluation of by plotting lnsinhar versus ln _e
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deformation can be obtained as 538.6 and 875.5 kJ�mol-1

at the strain rates below and above 0.100 s-1, respectively.

Analogously, as shown in Fig. 4, the apparent activation

energy for deformation of TC4 alloy in the strain range of

0.15–0.70 with an interval of 0.05 can be obtained. As

shown in Fig. 4a, b, it is clear that the values of the

apparent activation energy for deformation (Q) at lower

strain rates are much lower than those at higher strain rates,

suggesting that higher strain rates result in more noticeable

work hardening at same strain. Meanwhile, the apparent

activation energy for deformation of isothermally com-

pressed TC4 alloy tends to diminish followed by an

increase with the increase in strain. For the starter, the

results indicate that the softening effect plays an important

role in the smaller strain range. Besides, the microstructural

evolution such as grain refinement of primary a phase with

the increase in strain in the larger strain range may lead to

the increase in the apparent activation energy for

deformation.

3.3 Flow stress model

According to the above-mentioned analysis and Eq. (1),

the flow stress of isothermally compressed TC4 alloy in

a ? b phase field can be calculated in the following.

r ¼ 1

a
sinh�1 _e expðQ=RTÞ

A

� �1=n
ð5Þ

It is usually assumed that the effect of strain on flow

stress at elevated deformation temperatures is dispensable

and that it is generally ignored in Eqs. (1) and (5).

However, deformation mechanism varies with the strain,

resulting in the predominant influence of strain on the

apparent activation energy for deformation (Q) [32].

Consequently, the strain should be taken into

consideration for modeling flow stress. The calculated

results of material constants (i.e., n and lnA) are,

respectively, shown in Figs. 5 and 6. As expected, the

effects of the strain on the material constants are also

significant in the whole strain range as shown in Figs. 5

and 6. Meanwhile, the similar phenomenon was also

observed in AZ81 magnesium alloy [33], 7050 aluminum

alloy [2] and Aermet 100 steel [34].

Therefore, in the present investigation, the strain has

been taken into account in order to accurately establish the

suitable flow stress model, in which Q, n and lnA have been

assumed the polynomial functions of the strain as shown in

Eq. (6).

Q ¼ C0 þ C1eþ C2e
2 þ C3e

3 þ C4e
4 þ C5e

5

n ¼ D0 þ D1eþ D2e
2 þ D3e

3 þ D4e
4 þ D5e

5

lnA ¼ E0 þ E1eþ E2e
2 þ E3e

3 þ E4e
4 þ E5e

5

ð6Þ

where Ci, Di and Ei (i = 0, 1, 2, …, 5) are also the material

constants, e is the strain. The polynomial fitting plots are

shown in Figs. 5 and 6. The values of fitting coefficients of

Q, n and lnA for TC4 alloy in different strain rate ranges

are provided in Tables 2 and 3.

Fig. 3 Q value evaluation by plotting lnsinhar versus 1000/T

Fig. 4 Variations of Q with strain in strain rate range of a 0.001–0.100 s-1 and b 0.100–10.000 s-1
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It should be mentioned that the flow stress at the

deformation temperatures of 1093, 1123, 1143, 1163, 1183,

1203, 1223 and 1243 K was used for model fitting and that

at the deformation temperature of 1233 K is chosen to

verify the established model. Figure 7 exhibits the com-

parison between the calculated flow stress and the experi-

mental results. As shown in Fig. 7, the flow stress model

has a higher prediction precision. The average relative

error between the calculated flow stress and the experi-

mental results is about 7.69%, which is much lower than

that obtained by Sellars equation [14] and hyperbolic sine

Fig. 5 Variations of a Q, b n and c lnA with strain in strain rate range of 0.001–0.100 s-1

Fig. 6 Variations of a Q, b n and c lnA with strain in strain rate range of 0.100–10.000 s-1

Table 2 Polynomial fitting results of Q, n and lnA in strain rate range

of 0.001–0.100 s-1

Q coefficients n coefficients lnA coefficients

C0 702.75 D0 3.52 E0 702.75

C1 - 1852.55 D1 1.32 E1 - 1852.55

C2 8380.12 D2 - 23.00 E2 8380.12

C3 - 20,175.16 D3 91.27 E3 - 20,175.16

C4 25,788.74 D4 - 130.31 E4 25,788.74

C5 - 13,201.46 D5 63.20 E5 - 13,201.46

Table 3 Polynomial fitting results of Q, n and lnA in strain rate range

of 0.100–10.000 s-1

Q coefficients n coefficients lnA coefficients

C0 705.43 D0 3.79 E0 70.73

C1 3437.37 D1 32.52 E1 363.77

C2 - 16,858.99 D2 - 149.20 E2 - 1762.85

C3 34,404.46 D3 335.90 E3 3625.90

C4 - 32,837.64 D4 - 366.60 E4 - 3508.40

C5 12,762.06 D5 160.20 E5 1383.28

Fig. 7 Comparison between calculated flow stress and experimental

results at a deformation temperature of 1233 K
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equation [15]. Therefore, it can be concluded that the

present model can be used to characterize the flow behavior

during high-temperature deformation of TC4 alloy in

a ? b phase field.

4 Conclusion

The flow behavior and flow stress model during isothermal

compression in a ? b phase field of TC4 alloy were ana-

lyzed at the deformation temperature ranging from 1093 to

1243 K, the strain rate ranging from 0.001 to 10.000 s-1

and a strain of 0.8. The conclusions are obtained from the

above-mentioned investigation in the following.

The flow stress increases quickly with the increase in

strain and reaches a peak, which is followed by a slight

decrease to a steady stress. It is attributed to the interaction

between the work-hardening effect and dynamic softening

effect during high-temperature deformation. The peak flow

stress decreases with the increase in deformation tempera-

ture at various strain rates and increases with the increase in

strain rate at various deformation temperatures. The strain

has shown a significant influence on the apparent activation

energy for deformation and the material constants. The

apparent activation energy for deformation is much lower at

lower strain rates than that at higher strain rates. The flow

stress model considering strain was established. The average

relative error between the calculated flow stress and the

experimental results is about 7.69%. It is proved that the

present model can be efficiently used to predict the flow

behavior in a ? b phase field of TC4 alloy.
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