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Abstract: In this study, the high-temperature thermal deformation behavior of TA4 alloy was 
investigated through thermal compression experiments. The effects of deformation temperature and 
strain rate on rheological stress were analyzed by examining the variations in stress-strain curves 
under different conditions and establishing a constitutive equation based on the dynamic material 
theory model. The prediction accuracy of the developed constitutive model was evaluated, yielding 
a correlation coefficient of 0.9612 between predicted and experimental values, an average absolute 
percentage error of 8.7210%, and an average root mean square error of 11.0635 MPa. Thermal 
processing diagrams were established and plotted to analyze the optimal processing zone and the 
destabilization zone under different strains. The optimal processing zones at different strains are 
obtained from the thermal processing diagrams, which are 1040~1133K, 0.01~0.7s-1 at a strain of 0.9, 
940~1000K, 0.01~0.04 s-1 at a strain of 0.6, 940~1000K, 0.01~0.08s-1 at a strain of 0.3, 940~1000K, 
0.01~0.08s-1 at a strain of 0.3. Additionally, the thermal deformation mechanisms of TA4 alloy under 
varying deformation parameters were analyzed using EBSD characterization. The results indicate 
that the primary deformation softening mechanisms include dynamic recovery (DRV) at low 
temperatures and high strain rates, dynamic recrystallization (DRX) at high temperatures and high 
strain rates, and DRX at low strain rates. 

Keywords: TA4 alloy; Hot deformation behavior; Hot processing map; Thermal deformation 
mechanism; EBSD  
 

1. Introduction  
Titanium, known as the "third metal" after iron and aluminum due to its abundant reserves in 

the Earth's crust, has garnered significant attention. Titanium alloys, owing to their excellent 
comprehensive properties such as high specific strength, low density, low thermal expansion 
coefficient, high biocompatibility, and high corrosion resistance, are widely used in aerospace, 
petrochemical, automotive, shipbuilding, and biomedical fields[1-3]. In recent years, titanium alloys 
have gained strong momentum in the civil market, particularly as materials for consumer electronics. 
They have already been commercialized in electronic fabrication and aerospace industrial 
applications. 

During the hot deformation process, the machinability of titanium alloys is influenced by both 
deformation parameters and material microstructure. Therefore, selecting appropriate deformation 
parameters such as strain rate, strain, and deformation temperature is crucial for the processing and 
mechanical performance of the final product[4,5]. These parameters interact with each other and 
jointly influence the hot mechanical processing of titanium alloys[6]. A constitutive model can be 
developed to represent the relationship between stress and strain under different loads, as well as to 
predict the hot processing performance under various deformation parameters. Additionally, the use 
of hot processing maps allows for a more accurate determination of the material's processing 
window, providing guidance for the optimization of deformation parameters during hot processing. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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Yu et.al[7] conducted high-temperature compression experiments on near-α titanium alloys, 
studying their high-temperature deformation behavior, microstructural evolution, and hot 
processing maps. Wang et.al [8] used isothermal compression testing on Ti-55511 titanium alloy to 
investigate the effects of various hot deformation parameters on the alloy's properties and 
microstructural evolution. Lu  et.al [9] analyzed the flow stress-strain curves of TA10 titanium alloy 
under different strain rates and temperatures and developed a high-temperature plasticity 
constitutive equation for pure titanium alloy based on a hyperbolic sine Arrhenius equation. 
Furthermore, the microstructural evolution behavior during processing, such as dynamic 
recrystallization and dynamic recovery, inevitably impacts the machinability of the final product. 
Therefore, studying the influence of different deformation parameters on microstructural evolution 
during hot processing is essential for further exploring suitable manufacturing processes for TA4 
titanium alloy[10,11]. 

Over the past few years, our group have explored a diverse range of alloy systems, including, 
but not limited to, nickel-based superalloys and aluminum alloys[12-20]. In this study, the high-
temperature deformation behavior of TA4 titanium alloy was investigated through high-temperature 
compression tests. A high-temperature plasticity constitutive equation was developed using the 
hyperbolic sine Arrhenius equation and the dynamic material theory model, and hot processing maps 
were generated across various strain levels. The predictive accuracy of the constitutive equation was 
quantitatively evaluated using correlation coefficients (R), mean absolute percentage error (MAPE), 
and root mean square error (RMSE). Additionally, the constitutive equation and hot processing maps 
were applied to identify and mitigate potential processing defects during the hot working of TA4 
alloy. Furthermore, the influence of titanium alloys on microstructural evolution, including dynamic 
recrystallization and dynamic recovery under different processing parameters, was also examined. 

2. Materials and Methods 

The experimental material used in this study is commercial-grade TA4 titanium wire, supplied 
by Puying Metal Materials Technology Co., Ltd. The wire underwent multiple vacuum remelting, 
followed by forging and high-line rolling. TA4 titanium alloy is an α-type titanium alloy, and after 
annealing, its microstructure consists predominantly of equiaxed α phase, with a small amount of β 
phase (dark regions) present at the grain boundaries. Figure 1 illustrates the original microstructure 
of the alloy, which is largely recrystallized, featuring equiaxed α phase with a relatively uniform 
grain size, averaging approximately 10 μm. Table 1 presents the elemental composition and content 
of the TA4 titanium alloy used in the experiment. 

Table 1. Chemical composition of the TA4 titanium alloy (%,wt). 

Fe C N H H Ti 

0.15 0.05 0.007 0.0021 0.0021 Bal. 
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Figure 1. Microstructure of the TA4 titanium alloy. 

High-temperature compression tests were conducted using a Gleeble-3800 thermo-mechanical 
simulator. The samples used in the experiments were TA4 alloy rods with dimensions of ϕ8.0 mm × 
ϕ12.0 mm. The experimental procedure is shown in Fig 2. The deformation temperatures of the 
samples were set at 660°C,710°C, 760°C, 810°C, and 860°C, with a deformation degree of 60%. The 
deformation rates were 0.01 s⁻¹, 0.1 s⁻¹, 1 s⁻¹, and 10 s⁻¹. During the experiment, the samples were 
heated at a rate of 10°C/s to the specified compression deformation temperature and held at that 
temperature for 3 minutes to ensure uniform temperature distribution within the sample. The sample 
was then compressed to 60% strain at the specified constant strain rate, and water cooling was 
applied after the compression. At the end of the experiment, the load and displacement during 
compression were recorded by the analog testing machine through the force sensor and displacement 
sensor, and the stress-strain curve was generated. 

To minimize the influence of friction on the experiment, lubricant was applied to both ends of 
the sample in contact with the Gleeble-3800 simulator, and graphite sheets were attached. 
Additionally, the chamber was vacuumed and protected with gas before the experiment. To maintain 
uniform temperature during the entire high-temperature compression process, a pair of S-type Pt/Rh 
thermocouples were spot-welded at the midpoint along the height of the sample. The force and 
displacement sensors in the simulator actively collected the load and displacement during 
deformation, and the internal program automatically converted these measurements into true stress-
true strain curves. 

 

Figure 2. Heat compression experimental process. 
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3. Results 

3.1. Flow Stress Behavior 

The mechanism of titanium alloy hot deformation is typically observed through true stress-
strain curves. The true stress-strain curves of TA4 titanium alloy under different deformation 
conditions are shown in Figure 3. From the figure, it can be observed that the flow stress of TA4 
titanium alloy generally increases rapidly at first and then stabilizes under different stress-strain 
curves. This is because, in the initial stage of compression, the alloy undergoes intense work 
hardening, leading to a rapid increase in flow stress, which is reflected in the continuous rapid 
increase in flow stress on the stress-strain curve. As compression time increases, softening 
mechanisms such as dynamic recovery and dynamic recrystallization begin to take effect. When a 
stable state is reached, these two effects counteract each other, resulting in the flow stress 
stabilizing[21,22]. 

  

  

 

Figure 3. When the strain rate is between 0.001s-1 and 10s-1, the true stress-strain curves of TA4 alloy at different 
deformation temperatures are as follows: (a)933K，(b) 983K，(c) 1033K，(d) 1083K，(e) 1133K. 
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Figure 4 shows the peak stress values of TA4 titanium alloy at different deformation parameters, 
in which it can be seen that the peak stress of the material decreases significantly with increasing 
deformation temperature and decreasing strain rate. At 933 K, the peak stress increases from 110.42 
MPa at strain rate 0.01s-1 to 235.27 MPa at 10s-1 , which is an increase of 113%; at 983 K, the peak stress 
increases from 73.64 MPa at 0.01s-1 to 214.28 MPa at 10s-1 , which is an increase of 190%; at 1033 K, the 
peak stress increases from 47.57 MPa at 0.01s-1 to 192.26 MPa at 10s-1, an increase of 304%; at 1083 K, 
the peak stress increases from 38.32 MPa at 0.01s-1 to 151.89 MPa at 10s-1, an increase of 296%; at 1133 
K, the peak stress increases from 38.32 MPa at 0.01s-1 to 151.89 MPa at 10s-1, an increase of 296%; at 
1133 K, the peak stress increases from 38.32 MPa at 0.01s-1 to 151.89 MPa at 10s-1, an increase of 296%. 
at 1133 K. The peak stress increases from 38.32MPa at 0.01s-1 to 151.89MPa at 10s-1, an increase of 
340%. From the analysis, it was found that firstly, the strain rate is proportional to the peak stress at 
the same deformation temperature. This is because the compression time of the material becomes 
shorter when the strain rate increases. When the deformation time of the material is not enough to 
allow the softening mechanisms such as dynamic restitution and dynamic recrystallization within 
the alloy to be fully activated, this is manifested by an increase in peak stress. Secondly, at lower 
temperatures (below 1033 K), the increase in peak stress with increase in strain rate is relatively 
modest, 113% versus 190%, respectively. This indicates that the change in strain rate at low 
temperature has less effect on the heat distortion process of TA4 titanium alloy. At higher 
temperatures (above 1033 K), the increase in peak stress rises to 304%, 296% and 340%. This indicates 
that the thermal deformation process of the material becomes more sensitive to the strain rate with 
increasing temperature. This is due to the fact that the higher the deformation temperature of the 
alloy, the higher the dislocation activity of the alloy, resulting in a higher deformation storage energy. 
At the same time, the nucleation and growth of dynamically recrystallized grains are more rapid with 
increasing temperature, leading to an increase in the softening mechanism of the alloy and a 
consequent decrease in its resistance to deformation. 

 

Figure 4. Peak stresses of alloys at different deformation conditions. 

3.2. Derivation of the Constitutive Equation 

To study the relationship between stress, strain, and temperature during the deformation of 
metallic materials, a constitutive equation must be developed for the material. The Arrhenius model 
is commonly used to construct the constitutive equation for the hot deformation behavior of titanium 
alloys. This hyperbolic sine constitutive model is not only widely applicable but also offers high 
predictive accuracy. Considering these factors, this model was selected to construct the constitutive 
equation for TA4 alloy at a strain of 0.5. The mathematical expression of this equation consists of 
three equations, as shown in Equation (1)[23-25]:  
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𝜀̇ =

⎩
⎪
⎪
⎨

⎪
⎪
⎧𝐴ଵ𝜎௡భexp (−

𝑄

𝑅𝑇
)    (𝛼𝜎 < 0.8)

𝐴ଶexp (𝛽𝜎)exp (−
𝑄

𝑅𝑇
)    (𝛼𝜎 > 1.2)

𝐴ଷ[sinh (𝛼𝜎)]௡మexp (−
𝑄

𝑅𝑇
)    (𝑓𝑜𝑟 𝑎𝑙𝑙)

              (1) 

In Eq. (1), 𝜀̇ is the strain rate; σ can represent the peak stress, steady state variable rheological 
stress, or the rheological stress of the specified strain; 𝑛ଵ、𝑛ଶ are temperature-independent stress 
indices; 𝐴ଵ , 𝐴ଶ , 𝐴ଷ , and 𝛽 are material constants that are also temperature-independent; Q is the 
apparent activation energy of thermal deformation at different temperatures; T is the thermodynamic 
temperature at absolute temperature; R is the gas constant in the ideal state; α is a parameter 
characterizing the pressure level, and the relationship with other parameters is 𝛼 = 𝛽/𝑛. 

It has been shown that the third equation is usually used to construct the eigenequations for 
different stress conditions. The hyperbolic sine form was proposed by Sellars and Mc Tegart, which 
can express the eigenequations more accurately under different stress conditions. It is well adapted 
for use and widely used, and is expressed as follows: 

𝜀̇ = 𝐴ଷ[sinh(𝛼𝜎)]௡మ exp ൬−
𝑄

𝑅𝑇
൰                  (2) 

The Zener-Hollomon parameter Z[26], which expresses the relationship between the strain rate 
𝜀̇ and the absolute temperature T, was used as follows: 

𝑍 = 𝜀̇𝑒𝑥𝑝 ൬
𝑄

𝑅𝑇
൰                         (3) 

According to equations (2) and (3): 

𝑍 = 𝐴ଷ[sinh(𝛼𝜎)]௡                       (4) 
Equation (4) where Z is the deformation rate factor for temperature compensation. The meanings 

of the other letters have been pointed out above. 
According to the definition of hyperbolic sine function has: 

sinhିଵ(𝛼𝜎) = ቂln (𝛼𝜎) + ((𝛼𝜎)ଶ + 1)
ଵ
ଶቃ             (5) 

According to equations (3), (4), and (5), it can be obtained: 

𝜎 =
1

𝛼
ln ൞൬

𝑧

𝐴ଷ
൰

ଵ
௡మ

+ ൥൬
𝑧

𝐴ଷ
൰

ଶ
௡మ

+ 1൩

ଵ
ଶ

ൢ               (6) 

The natural logarithm can be obtained by solving for each side of equation (1): 

𝑙𝑛𝜀̇ = 𝐴ସ + 𝑛ଵ𝑙𝑛𝜎                       (7) 

𝑙𝑛𝜀̇ = 𝐴ହ + 𝛽𝜎                        (8) 

𝑙𝑛𝜀̇ = 𝑛ଶ𝑙𝑛[𝑠𝑖𝑛ℎ(𝛼𝜎)] + 𝐴଺                 (9) 
The steady state stress and strain rates during deformation were taken, and according to Eq. (7) 

and Eq. (8), the least squares method was adopted for the linear regression process, and the 
relationship between 𝑙𝑛𝜎 − 𝑙𝑛𝜀̇  and 𝜎 − 𝑙𝑛𝜀̇  was plotted with the help of Origin data analysis 
software, and the results are shown in Figure 5[27]. The fitting results show that the linear correlation 
coefficients of 𝑙𝑛𝜎 − 𝑙𝑛𝜀 ̇ curves at 1083K and 1133K and 𝜎 − 𝑙𝑛𝜀 ̇ curves at 1033K and 1083K are all 
greater than 0.99, indicating a good fitting reliability. 

Taking the average value of the inverse of the slope of the fitted straight line in Figure 5(a) for 
1083K and 1133K as 𝑛ଵ, there is 𝑛ଵ=4.9046; taking the average value of the inverse of the slope of the 
fitted straight line in Figure 5(b) for 1083K and 1133K as 𝛽,there is 𝛽=0.0492MPa-1; and according to 
the definition of α, we can get 𝛼 = 𝛽/𝑛 = 0.0101MPିଵ. 
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Figure 5. The relationship between rheological stress and strain rate of TA4 alloy. 

(a)ln 𝜎 − ln 𝜀̇ (b) 𝜎 − ln 𝜀̇ 

The strain stress and strain rate at different deformation temperatures were substituted 
according to Eq. (9), and the linear regression was fitted by the least-squares method, and the 
ln [sinh (𝛼𝜎)] − 𝑙𝑛𝜀̇ relationship was plotted with the help of Origin data analysis software, as shown 
in Figure6. The fitting results show that the linear correlation coefficients of the ln [sinh (𝛼𝜎)] − 𝑙𝑛𝜀̇ 
curves at 1033 K, 1083 K, and 1133 K are all greater than 0.99, indicating that the double logarithmic 
relationship between the high-temperature deformation rheological stresses and the strain rate 
satisfies the linear relationship better; The results show that the relationship between rheological 
stress and strain rate of TA4 alloy at high temperature constant deformation temperature can be 
described by hyperbolic sine relationship. 

A certain temperature range, assuming constant Q at the same strain rate, is obtained according 
to (9): 

ln[sinh(𝛼𝜎)] = 𝐴଻ +
𝐴଼

𝑇
                   (10) 

The strain rate 𝜀̇ , the stress σ and the calculated α value were brought into Eq. (10), while the 
least squares method was taken for the linear regression treatment to plot the ln[sinh (𝛼𝜎)] −

ଵ

்
 

relationship, as shown in Figure 5. The fitting results show that the linear correlation coefficients of 
the ln[sinh (𝛼𝜎)] −

ଵ

்
 curves are greater than 0.99 at all strain rates, indicating that the relationship 

between the rheological stress and the temperature of TA4 alloy at high temperature and constant 
strain rate can be described by the hyperbolic sine relationship. 

 

Figure 6. (a)ln[sinh(ασ)] − 𝑙𝑛𝜀̇ fit curve; (b) ln[sinh(ασ)] −
ଵ

୘
 fit curve. 

Taking the natural logarithm of the derivative on both sides of the third equation of Eq. (1), the 
high-temperature deformation activation energy equation can be obtained as follows. 
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𝑄 = 𝑅 ቊ
∂(ln𝜀̇)

∂ ln[sinh(𝛼𝜎)]
ቋ

்

ቐ
∂ ln[sinh(𝛼𝜎)]

∂ ቀ
1
𝑇ቁ

ቑ

ఌ

              (11) 

According to the previous calculations, the three terms on the right side of Eq. (11) are the gas 
constant in the ideal state, the inverse of the slope of the ln[sinh(ασ)] − 𝑙𝑛𝜀̇  curve at a certain 
temperature, and the slope of the ln[sinh(ασ)] −

ଵ

୘
 curve at a certain strain rate, and the values of the 

latter two are 3.9634 and 9.1436, respectively. Substituting into Eq. (11) yields the value of the 
deformation activation energy Q as 301 KJ/mol. 

Taking the logarithm of both sides of Eq. (4) can be obtained: 

𝑙𝑛𝑍 = 𝑙𝑛𝐴 + 𝑛ln[sinh(𝛼𝜎)]                   (12) 
The obtained average deformation activation energy Q value, strain rate and deformation 

temperature were substituted into Eq. (12), and the plot of 𝑙𝑛𝑍 − ln[sinh (𝛼𝜎)] relationship plotted 
by linear regression using the least squares method is shown in Figure 7. Since the linear correlation 
coefficient between the variables of the relationship plot is greater than 0.98, the stress index n can be 
expressed by the slope of this fitted curve, and lnA can be expressed by the intercept. The data 
processing can get 𝑛 = 4.2924 and 𝐴 = 1.9653 × 10ଵସsିଵ. 

Combined with the above calculation results, all the material parameters for constructing the 
constitutive equation of TA4 alloy have been found out, which are: stress level factor 𝛼 =

0.0101MP𝑎ିଵ, activation energy of deformation 𝑄 = 301KJ/mol, stress exponent 𝑛 = 4.2923, and 
structure factor 𝐴 = 1.9654 × 10ଵସ𝑠ିଵ, respectively. Substituting the above parameters into Eq. (2), 
the eigenstructural equation for a strain of 0.5 temperature range of 933-1133 K can be found as: 

𝜀̇ = 1.9654 × 10ଵସ[𝑠𝑖𝑛ℎ(0.0101𝜎)]ସ.ଶଽଶଷ exp ൬
−301000

𝑅𝑇
൰      (13) 

 

Figure 7. Relationship diagram of lnZ − ln[sinh (ασ)] TA4 alloy. 

Similarly, the parameter data of Arrhenius model for different strain ranges and different 
deformation conditions can be calculated by the above method, as shown in Table 2. 

Table 2. Arrhenius model parameter. 

material 
Constant 

strain rate 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

α 0.0119 0.0112 0.0107 0.0105 0.0105 0.0105 0.0105 0.0105 
Q 317.1401 320.5820 315.5531 304.7553 295.4912 283.9743 276.3184 272.3312 
n 5.5782 5.1983 4.9145 4.6582 4.4234 4.2371 4.0892 4.0433 

ln A 34.2532 34.7864 34.3312 33.1813 32.1540 30.8460 29.9552 29.4720 

 

However, Bani et.al[28] argued that the important effect of strain on this process should be taken 
into account when analyzing the high temperature deformation of titanium alloys. The results 
showed that strain has a significant effect on the deformation activation energy and material 
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constants (α, n, Q and lnA). Therefore, in order to investigate the intrinsic modeling of titanium alloys 
under different strains, the relationship of strain on deformation activation energy and material 
constants is constructed as a polynomial function as shown in Eq. (14). The effect of strain on the 
constitutive equation is reflected by the application of the polynomial function in the constitutive 
equation. 

⎩
⎪
⎨

⎪
⎧𝛼 = 𝐶଴ + 𝐶ଵ𝜀 + 𝐶ଶ𝜀ଶ + 𝐶ଷ𝜀ଷ + 𝐶ସ𝜀ସ + 𝐶ହ𝜀ହ

𝑄 = 𝐸଴ + 𝐸ଵ𝜀 + 𝐸ଶ𝜀ଶ + 𝐸ଷ𝜀ଷ + 𝐸ସ𝜀ସ + 𝐸ହ𝜀ହ + 𝐸଺𝜀଺

𝑛 = 𝐷଴ + 𝐷ଵ𝜀 + 𝐷ଶ𝜀ଶ + 𝐷ଷ𝜀ଷ + 𝐷ସ𝜀ସ + 𝐷ହ𝜀ହ + 𝐷଺𝜀଺

𝑙𝑛𝐴 = 𝐹଴ + 𝐹ଵ𝜀 + 𝐹ଶ𝜀ଶ + 𝐹ଷ𝜀ଷ + 𝐹ସ𝜀ସ + 𝐹ହ𝜀ହ + 𝐹଺𝜀଺

        (14) 

According to Eq. (14), the correlations of 𝛼 − 𝜀, 𝑛 − 𝜀, 𝑄 − 𝜀 and 𝑙𝑛𝐴 − 𝜀 are plotted, and the 
fitted curves are shown in Figure 8. From the figure, it can be found that the correlation coefficients 
of each fitted curve of strain versus material constants are greater than 0.99, which has a good 
reliability. It indicates that this polynomial function can be used to describe the strain-to-material 
constant relationship during high temperature deformation of titanium alloy. 

    

Figure 8. Fitting the variation curve with α、n、Q and ln A polynomials. 

The data obtained from the experiments were substituted into Eq. (14) and the equations were 
fitted using a nonlinear fitting algorithm to calculate the model material constants, the results of 
which are shown in Table 3. 

Table 3. Polynomial coefficient results for α、Q、n、ln A. 

α Q n ln A 
0.0124 303.5464 6.1858 32.5454 

-0.0017 168.8368 -7.9749 21.0176 
-0.0493 -132.4121 23.8815 -17.9660 
0.1819 -2689.0837 -56.1106 -292.1581 
-0.2362 8011.9761 73.0744 869.1344 
0.1058 -9079.7051 -48.186 -981.0780 

 3772.3889 13.5021 406.9907 
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As a result, the Arrhenius model for strain compensation can be obtained, and the comparison 
between the predicted and experimental values of this model is shown in Figure 9. 

 

Figure 9. Comparison between experimental stress values and predicted stress values（a）933K（b）983K（c）
1033K（d）1083K（e）1133K. 

3.3. Evaluation of the Ontological Model 

In order to be able to accurately evaluate the reliability of the predicted results of this 
eigenequation, it is necessary to analyze the error between the experimental values and the predicted 
values of the eigenequation. Here, the correlation coefficient (R), mean absolute percentage error 
(MAPE) and mean root mean square error (RMSE) are introduced to analyze the error numerically 
with the following expressions[29,30]: 

𝑅 =
∑  ே

௜ୀଵ (𝐸௜ − 𝐸ത)(𝑃௜ − 𝑃ത)

ට∑  ே
௜ୀଵ (𝐸௜ − 𝐸ത)ଶ ∑  ே

௜ୀଵ (𝑃௜ − 𝑃ത)ଶ

               (15) 

𝑀𝐴𝑃𝐸(%) =
௟

ே
∑  ே

௜ୀଵ ቚ
ா೔ି௉೔

ா೔
ቚ × 100%                (16) 
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𝑅𝑀𝑆𝐸 = ඩ
𝐼

𝑁
෍  

ே

௜ୀଵ

(𝐸௜ − 𝑃௜)
ଶ                  (17) 

In the above equation 𝐸௜  experimental stress value; 𝑃௜  predicted stress value; 𝐸ത is the average 
of experimental and predicted values; N is the total amount of data. In general, the strength of the 
linear correlation between the model predicted data and the experimental measured data can be 
characterized by the correlation coefficient (R). However, for this intrinsic model, it is not always 
valid to rely solely on the correlation coefficient to characterize the correlation between the model 
data and the experimental data. Therefore, the mean absolute percentage error (MAPE) and the mean 
root mean square error (RMSE) need to be calculated here to accurately characterize the accuracy of 
the eigenequations with unbiased statistical parameters. In order to explore the generalization ability 
of the proposed model, the corresponding MAPE and RMSE values were calculated and the linear 
relationship between the experimental values of the flow stresses and the predicted values of the 
model were plotted as shown in Figure 10. 

From the figure, it can be seen that the MAPE and RMSE values of the model are 8.7210% and 
11.0635 MPa, respectively. The data values at the whole temperature are around the optimal 
regression line, which can indicate that the intrinsic model has a high accuracy. This indicates that 
the developed TA4 Arrhenius eigen structural equation has good accuracy and its correlation is high 
enough to be used in the calculation of deformation resistance for the actual rolling process[31]. 

 

Figure 10. The correlation between experimental and predicted values. 

3.4. Creation and Analysis of Thermal Processing Diagrams 

In actual production, to select the appropriate thermal processing parameters for TA4 alloy, it is 
necessary not only to construct the constitutive equations, but also to establish the corresponding 
thermal processing diagram to visualize the processing and forming properties of the material. The 
hot working diagram can delineate the safety zone and rheological instability zone of plastic 
processing, which can provide guidance for the selection of hot working process parameters and the 
control of microstructure and properties of metal materials. 

Based on Prasad’s[32] instability criterion criterion and its dynamic material model, the external 
energy P is mainly consumed in the dissipation G required for plastic deformation and the co-
dissipation J required for microstructure evolution, whose expression (18) is given below. 

𝑃 = 𝜎𝜀̇ = 𝐺 + 𝐽 = න 𝜎𝑑𝜀̇
ఌ

଴

+ න 𝜀̇𝑑𝜎
ఙ

଴

             (18) 

Where m is the strain rate sensitivity factor with the following expression (19); η is the power 
dissipation factor of the processed material with the following expression (20). 

𝑚 =
∂ ln 𝜎

∂ ln 𝜀̇
                         (19) 
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𝜂 = 2 ൬1 −
1

1 + m
൰ =

2m

1 + m
                 (20) 

When the material presents an ideal linear dissipative state, the value of the strain rate sensitivity 
index m is 1, at which time the dissipation coefficient J reaches its maximum value 𝐽௠௔௫, expressed 
as: 

𝐽௠௔௫ =
𝜎𝜀̇

2
                        (21) 

Therefore, the energy dissipation rate η can be expressed as: 

𝜂 =
𝐽

𝐽௠௔௫
=

2𝑚

𝑚 + 1
                     (22) 

In the above equation m is the strain rate sensitivity index; η is the energy dissipation rate; ξ is 
the destabilization parameter, when the destabilization parameter is less than 0 to judge the 
occurrence of rheological destabilization, the expression (21) is as follows. 

𝜉(𝜀̇) =
∂ ln ቀ

m
m + 1ቁ

∂ ln 𝜀̇
+ m < 0                 (23) 

Using different strains of the rheological instability parameter ξ value plotted as a contour map 
that is the instability map, and superimposed with the energy dissipation map can be made of the 
thermal processing map. The contour lines in the map represent the values of energy dissipation 
efficiency factor; the shaded area in the map represents the part where the instability parameter ξ is 
less than zero, i.e., the plastic rheological instability region. The thermal processing diagram of TA4 
titanium alloy at different real strains is shown in Figure 11. The destabilization region at strain 0.3 
is, 933~1023K, 0.01~4s-1. At strain 0.6, 933~1023K, 0.02~7s-1. In this strain interval, the destabilization 
zone gradually moves to the high strain rate interval with the increase of strain, but the overall change 
of the destabilization zone is small. Among them, at strain 0.9, 933~1023K, 0.04~10s-1, the area of the 
destabilization zone increased compared to the low strain. With the increase of strain, the area of 
instability is gradually shifted from the location of low strain rate to the area of high strain rate, and 
is gradually extended from the low-temperature region to the high-temperature region. Overall, the 
area of the destabilized region increases with the increase of strain. 

The optimum processing region is divided into two regions: the medium temperature low strain 
region A and the high temperature high strain region B. Region B should be avoided when designing 
the thermal processing parameters due to the high temperature and strain rate required. It can be 
seen that the energy dissipation efficiency factor is closely related to the deformation temperature 
and strain rate, which increases and then decreases with the rise of temperature and strain rate. The 
maximum region of energy dissipation efficiency factor is located in the region of medium 
temperature and low strain rate, and the maximum value is near 0.44. The maximum value is around 
0.44. At a strain of 0.9: 1040~1133K, 0.01~0.08 s-1. If the strain is 0.6, 940~1000K, 0.01~0.04 s-1. At a strain 
of 0.3, 940~1000K, 0.01~0.08 s-1. 
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Figure 11. Hot working diagram of TA4 alloy under different strains (a)ε=0.3(b)ε=0.6(c)ε=0.9. 

4. Discussion 

It is difficult to elucidate the specific deformation mechanism of TA4 titanium alloy based on the 
stress-strain curves and thermal processing diagrams alone. In order to further investigate the effects 
of different thermal deformation parameters on the thermal deformation mechanism of TA4 titanium 
alloy, its compression samples at different temperatures at the same strain rate (1s-1) and at the same 
temperatures (1033 K) at different strain rates were subjected to EBSD analysis. 

Figure 12 shows the grain size statistics of titanium alloy under different deformation 
parameters. From the figure, it can be seen that the average grain area of the alloy increases 
significantly with the decrease of the deformation rate, from 50.23 μm2 to 89.64 μm2, and the grain 
shape tends to be more isometric. The orientation difference distribution graph indicates the 
proportion of grain boundary orientation angle, and Figure 13 shows the orientation difference angle 
distribution of titanium alloy under different deformation parameters. The blue line in the figure 
represents the large-angle grain boundaries (HAGBs) with dislocation angles greater than 15°, and 
the red line represents the small-angle grain boundaries (LAGBs) with dislocation angle angles 
ranging from 2° to 15°. It can be seen that with the decrease of the deformation rate, the percentage 
of LAGBs decreases significantly from 42. 5% to 29.8%. The original small-angle grain boundaries 
formed by dislocations are transformed into large-angle grain boundaries due to the process of new 
grain generation and growth caused by the prolongation of deformation time with DRX. It is shown 
that the main thermal deformation mechanism of TA4 titanium alloy at low strain rate is DRX. 

In Figure 12, it can be seen that the average grain area of titanium alloy increases with the 
increase of deformation temperature. The average grain area increases slightly from 37.17 μm2 to 
37.77 μm2 when rising from a low temperature of 933 K to a high temperature of 1083 K, and the grain 
shape does not change much. When the heating temperature rises from 1083K to 1113K, the average 
grain area increases significantly from 37.17μm2 to 49.49μm2, and the elongated grains to the 
equiaxial transformation trend. DRX is usually accompanied by significant changes in grain area, 
especially at high temperatures accompanied by grain recrystallization and grain growth process. 
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DRV is the recovery process of the original grains, and the grain morphology remains relatively stable 
in this process. The process of grain morphology remains relatively stable, grain size changes are not 
obvious[33]. In Figure 13 found that when the heating temperature from the low temperature 933K 
to high temperature 1083K when the titanium alloy LAGBs accounted for a slight increase, from 
47.8% to 48.4%. When the temperature increases from 1083 K to 1113 K, the percentage of LAGBs 
starts to decrease, from 48.4% to 40.6%. In the DRX process nascent recrystallized grains only partially 
or even no LAGBs exist, and the boundaries between small grains will be reorganized by atomic 
diffusion during grain growth, resulting in the reduction of LAGBs, and a large portion of the LAGBs 
are generated in the DRV process[34]. This means that the main thermal deformation mechanism 
during the heating of TA4 titanium alloy from low temperature (933K) to high temperature (1083K) 
is DRV, which leads to little change in grain size and a slight increase in the percentage of LAGBs. 
When the temperature is above 1083K, the main thermal deformation mechanism is DRX, resulting 
in a significant increase in grain size and a decrease in the percentage of LAGBs. 

 

Figure 12. Deformed alloy grain sizes: (a) and (f) 1033 K/0.1s-1, (b) and (g) 1033 K/0.01s-1, (c) and (h) 933 K/1s-1, 
(d) and (i) 1083 K/1s-1, (e) and (j) 1133 K/1s-1. 
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Figure 13. Grain boundary ratio of titanium alloy with different parameters: (a)1033K/0.1s-1、(b)1033K/0.01s-1、

(c)933K/1s-1、(d)1083K/1s-1、(e)1133K/1s-1 (f) and (g) size Angle grain boundary ratio. 

To further discuss the thermal deformation mechanism of TA4 titanium alloy, the percentage of 
dynamically recrystallized grains, substructures, and deformed grains in the typical characteristic 
regions of TA4 titanium alloy were counted using the grain orientation spread (GOS) parameter as 
shown in Figure 14. In these microstructures, grains with GOS ≤ 2° are considered as recrystallized 
grains and are marked in blue color. grains with GOS＞7° are deformed grains and are marked in 
red color. grains with  2°＜GOS ≤ 7° are substructured and are marked in yellow color. In Figure 15, 
some equiaxed grains surrounded by HAGBs appear in the low dislocation region, which can be 
identified as recrystallized grains produced by the DRX process in accordance with Figure 14. There 
are also some irregularly shaped grains surrounded by LAGBs, which are sub-structures, and these 
grains are usually caused by the DRV process[35]. 

It can be found in Figure 14 that the percentage of recrystallized grains increases significantly 
from 18.4% to 36.6% with the decrease of strain rate, and the percentage of substructures decreases 
from 66. 5% to 60. 5%. This indicates that a considerable portion of the substructure is transformed 
into recrystallized grains at this time, and this phenomenon is a hallmark feature of dynamic 
recrystallization. It is also noted that 1033K0.01s-1 is in the optimal processing zone A of Figure 11, 
when the grain size is the largest, the percentage of recrystallization is the largest, and the average 
orientation difference is the lowest value of only 0.49, which indicates that it has a better processing 
performance and is in agreement with the results obtained from the thermal processing diagram. 
When the deformation temperature is gradually increased, the percentage of both recrystallization 
and substructure increases. However, it is worth noting that when the temperature increases from 
933 K to 1083 K, the percentage of recrystallization only increases from 14.1% to 14.4%, and the 
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percentage of substructure increases significantly from 45.9% to 61.8%. And from Figure 15, we see 
that the dislocation dislocation density decreases significantly at this time, the average value changes 
from 1.06 to 0.86, and the KAM value near the grain boundary is larger than that in the grain. This 
indicates that a large number of dislocations generated inside the grains during the deformation 
process are rearranged and reorganized under the influence of DRV to form small-angle grain 
boundaries, which are also known as subgranular boundaries, and the most sub-structures 
surrounded by LAGBs are formed. At the same time, DRV is more likely to affect the dislocations 
inside the grains to slip, climb and annihilate, which leads to a relatively low KAM value inside the 
grains. When the temperature increases from 1083 K to 1133 K, the percentage of recrystallization 
increases from 14.4% to 22%, the percentage of substructure increases from 61.8% to 67%, and the 
percentage of deformed grains decreases from 23.8% to 11%. And the overall dislocation density 
increases at this time, the average value changes from 1.06 to 0.86, and the KAM value inside the 
grain boundary is larger than that near the grain boundary. This indicates that the increase in the 
percentage of recrystallized grains, the formation of new grains at grain boundaries and the 
consumption of dislocations at grain boundaries at high temperatures suggests that dynamic 
recrystallization has occurred near grain boundaries. However, the overall rise in dislocations 
indicates that it is at this point in the process of recrystallized nucleation generation at the initial stage 
of DRX[36]. 

 

Figure 14. Recrystallization, substructure and deformation grain of the alloy with different parameters：
(a)1033K/0.1s-1、 (b)1033K/0.01s-1、 (c)933K/1s-1、 (d)1083K/1s-1、 (e)1133K/1s-1 (f) and (g) the proportion of 
different grain types. 
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Figure 15. KAM distributions: (a) and (f) 1033 K/0.1s-1, (b) and (g) 1033 K/0.01s-1, (c) and (h) 933 K/1s-1, (d) and (i) 
1083 K/1s-1, (e) and (j) 1133 K/1s-1. 

5. Conclusions 

In this paper, isothermal compression tests were carried out on TA4 titanium alloy specimens 
using a Gleeble-3800 thermal simulation testing machine to study the thermal deformation behavior 
of TA4 titanium alloy. By analyzing the strain-stress-strain curves obtained from the tests and using 
the strain-compensated Arrhenius model, the thermo-compression eigenstructure equations and 
thermal processing diagrams of TA4 titanium alloy are constructed. And the following conclusions 
were drawn: 

(1) In the heat deformation behavior, the flow stress of TA4 titanium alloy decreases with the 
increase of the deformation temperature or the decrease of the strain rate, and the stress-strain curve 
in general shows the law of rapid increase and finally stabilization. 

(2) The constitutive equation based on the strain-compensated Arrhenius model was established 
for TA4 titanium alloy. After analyzing, the correlation coefficient between the predicted and 
experimental values of this constitutive model is 0.9612, the average absolute percentage error is 
8.7210%, and the average root-mean-square error is 11.0635 MPa, which indicates that this 
constitutive equation has a better prediction ability for the rheological stresses in the temperature 
interval of 933-1133 K and the interval of strain rate of 0.01-10 s-1 for TA4 titanium alloy. 
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(3) The optimal processing region of TA4 titanium alloy is mainly divided into two regions, in 
which the region with the largest energy dissipation efficiency factor is located in the region of 
medium temperature and low strain rate, with the maximum value of 0.44. The optimal processing 
region with the larger energy dissipation efficiency factor is as follows at different strains: at a strain 
of 0.9: 1040~1133K, 0.01~0.7 s-1. At a strain of 0.6, the optimal processing region is 940~1000K, 0.01~0.04 
s-1. At a strain of 0.3, 940~1000K, 0.01~0.08 s-1. 1000K, 0.01~0.04 s-1. At a strain of 0.3 940~1000K, 
0.01~0.08 s-1. 

(4) The main deformation softening mechanism of TA4 titanium alloy during thermal 
deformation is DRV at low temperature and high strain rate, DRX at high temperature and high strain 
rate, and DRX at low strain rate.  
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