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Abstract: Dynamic recrystallization (DRX) is of great significance for refining grains, improving  
mechanical properties, and obtaining high-quality products during thermomechanical deformation. 
This paper studies the DRX behavior of low carbon steel within the temperature range of 
900℃~1100℃ and the strain rate of 0.01s!"~1s!" based on the Gleeble-3800 thermal-simulation 
experimental machine and establishes a DRX kinetic model suitable for different strain rates. The 
established model is embedded in the DEFORM-3D simulation software to simulate the DRX 
behavior of high-temperature plastic deformation of the material and to study the influence of the 
deformation amount, deformation temperature and strain rate on the deformation inhomogeneity of 
the material. The results show that under the strain rate of 0.01s!", the 2/5 position from center to 
surface corresponds to the preset strain, and under the strain rate of 0.1s!"~1s!", the 1/2 position 
from center to surface corresponds to the preset strain, and the importance of the sampling position is 
proved in combination with the DRX behavior. This paper establishes a sampling theory that describes 
the position corresponding to the preset deformation amount, and it is important for guiding 
subsequent microstructural characterization experiments to reveal the DRX behavior of materials 
during thermomechanical deformation. 
Keywords: thermomechanical deformation; Dynamic recrystallization; Deformation inhomogeneity; 
Physical simulation; Numerical simulation 
 
1. Introduction 

 In the process of thermomechanical deformation of metal materials, dynamic recrystallization is 
a critical mechanism of microstructure evolution, and a detailed understanding of the entire process is 
helpful to determine the optimal forming conditions for materials [1-3]. The high-temperature 
deformation experiment of metal samples by thermal simulation experimental machine provides data 
support for establishing the constitutive and dynamic recrystallization models. It is a common method 
to analysis materials' microstructure and mechanical properties in actual forging, rolling and 
thermomechanical treatment [4-6]. The flow behavior of materials during thermal deformation is 
complex. Both hardening and softening processes are significantly affected by temperature and strain 
rate[7]. An in-depth understanding of the flow behavior of metals and alloys under hot deformation 
conditions has important implications for the design of thermomechanical machining.Therefore, the 
functional relationship among flow stress, deformation temperature, and strain rate during high 
temperature deformation needs to be determined by the constitutive model. At present,the Johnson-
Cook model[8] and the Arrhenius model[9] are representatives.These models have the advantages of 
less material constants, convenient use, and are suitable for practical production applications. It is the 
research method that most scholars prefer in recent years. The Johnson-Cook constitutive model is 
mainly used in engineering fields such as explosion,impact and stamping under large strain, high 



 

 

strain rate, and high-temperature environment. The Arrhenius model is suitable for most metal 
materials under high-temperature deformation,and has high accuracy. Qian et al. [10] established the 
Advanced Ma-Wang model for the extreme deformation process in the cold spraying process, 
considering the joint effects of thermal activation and dislocation resistance mechanisms, which can 
predict the flow behavior of materials when the strain rate is less than 109. The constitutive model 
plays an important role in describing the flow behavior of materials. Each constitutive model has its 
corresponding applicable environment, and the appropriate constitutive model can be better predicted 
according to the different research contents. For dynamic recrystallization, by calculating the work 
hardening rate of 300M steel, Li et al. determined the critical strain for dynamic recrystallization, 
studied the effect of temperature on the dynamic recrystallization process, and established the 
corresponding kinetic equation [11]. Chen et al. studied the dynamic recrystallization (DRX) behavior 
in 42CrMo steel through physical simulation experiments, discussed the effects of deformation 
temperature, strain rate and initial austenite grain size on the dynamic recrystallization behavior, and 
established the DRX kinetic equations to predict DRX-induced softening behavior [12]. Wang et al. 
studied the DRX behavior of Inconel 740 superalloy through isothermal compression experiments and 
constitutive models and obtained the evolution law of flow stress, grain size and DRX fraction during 
hot deformation at constant strain rate [13]. Considering the influence of temperature, strain and strain 
rate on the flow stress of Nb-containing 316LN material, Li et al. established an improved Arrhenius 
constitutive model and combined OM, EBSD, TEM and other characterization methods to clarify the 
microstructure evolution and dynamic recrystallization mechanism of the material [14]. Xu et al. 
determined the activation energy of DRX and Z parameters by regression analysis of X70 steel stress-
strain data and modified the Avrami model [15]. Chen et al. created a DRX kinetic model of 40Cr 
steel based on uniform deformation conditions through a modified Avrami model [16].Wu et al. 
studied the DRX nucleation mechanism and microstructure evolution law of FGH96 high-temperature 
alloy during hot compression based on experimental data and microstructure characterization and 
analyzed the effect of deformation conditions on the strain and DRX distribution of hot forged 
samples by combining numerical simulation techniques [17]. 

In the actual thermomechanical deformation process, the friction between the contact surface of 
the indenter and the sample changes the unidirectional compressive stress state leading to a bulging 
state of the sample, i.e., the phenomenon of deformation inhomogeneity, resulting in large differences 
in the microstructural characterization and mechanical properties at different locations of the sample. 
Existing studies in microstructural characterization when the observation surface is taken directly 
from the center of the compressed sample cannot accurately reflect the actual situation [18-20]. 
Therefore, it is important to clarify the error between the actual deformation conditions of the physical 
simulation and the preset deformation conditions for the accuracy of the physical simulation. 

With the continuous development of numerical simulation technology, it has been widely used in 
thermomechanical processes in recent years. Embedding the intrinsic structure model based on 
physical simulation into numerical simulation can provide a theoretical basis for designing and 
optimizing the hot deformation process [21-23]. Ji et al. established a dynamic recrystallization model 
based on the JMAK model through the flow stress curve of 33Cr23Ni8Mn3N steel. The results of the 
compressed samples' longitudinal section central microstructural characterization were compared with 
the numerical simulation results for verification [24]. Zhao et al. analyzed the distribution of effective 
strain and strain rate on the longitudinal section of the sample after deformation by numerical 
simulation method to reveal the quantitative relationship between effective strain, strain rate and 
preset strain in the surface and center [25]. Sui et al. considered the influence of the height-diameter 



 

 

ratio of the sample on the deformation uniformity. They found a height-diameter ratio favorable for 
metallographic experiments [26]. Ye et al. analyzed the effect of the friction coefficient between the 
indenter and the sample on the degree of deformation inhomogeneity by numerical simulation 
methods, revealing that different friction coefficients have little effect on the location on the central 
axis of the longitudinal section of the sample equal to the preset strain [27]. Although there have been 
some publications on the study of sampling methods for physical simulations in recent years, these 
studies have not considered the effect of theoretical and practical sampling locations on the dynamic 
recrystallization of materials under the combined effects of different deformation amounts, 
deformation temperatures and strain rates. 

In this article, based on the results of physical simulation experiments, the strain rate is 
considered to describe in different stages to optimize the DRX kinetic model. The effects of different 
deformation amounts, deformation temperatures and strain rates conditions on the strain distribution 
of the experimental steel are studied by numerical simulation methods. Combined with the dynamic 
recrystallization volume fraction in the corresponding cross-section zone, the gap between the actual 
sampling location and the theoretical sampling location of the physical simulation process is clarified, 
which can provide theoretical guidance for material physical simulation, microstructural 
characterization and performance evaluation. 
2. Experimental procedures  

The experimental material in this paper comes from a commercial hot-rolled low-carbon steel 
strip. The chemical composition of the experimental steel is shown in Table 1. The φ10×15mm 
cylindrical sample was processed from the hot-rolled strip by wire cutting method. The single-pass hot 
compression experiment was performed using a Gleeble-3800 thermal-simulation experimental 
machine. Before the start of the experiment, the sample needs to be ground and polished to ensure 
surface smoothness, and a K-type thermocouple is welded to the sample's axial center to measure the 
sample's temperature change law during the experiment. Due to the increase of friction between the 
contact surface between the sample and the indenter during the hot compression process, the difficulty 
of metal flow on the sample's surface is increased, resulting in deformation inhomogeneity and 
expansion. To reduce the effect of friction on the stress state, tantalum sheets coated with 
molybdenum disulphide high-temperature lubricant were placed at both ends of the sample. Inserting 
a graphite sheet enhances the conductivity, makes the temperature of the sample axis uniform and 
eliminates the axial temperature gradient.  

The hot compression experiments are as follows: all samples are heated to 1150℃ and held for 3 
min at a heating rate of 10℃/s in a high-purity argon atmosphere to obtain a uniform austenite 
structure. Samples are then cooled to the deformation temperature at a rate of 5℃/s and held for 60 s 
to eliminate the temperature gradient. All samples are deformed by 55% at four different strain rates 
(0.01s!" , 0.1s!" , 0.5s!"  and 1s!" ), corresponding to a true strain of 0.8. Finally, samples are 
quenched and cooled to room temperature. The Gleeble-3800 thermal-simulation experimental 
machine automatically saves the material stress-strain experimental data, and the specific 
experimental procedure is shown in Fig. 1. 



 

 

 
Fig.1. Experimental procedure. 

 
Table 1. Chemical composition of the experimental steel (wt.%) 

C Si Mn P S Cr Ni Mo N Fe 
0.023 0.59 1.49 0.027 0.001 16.7 10.13 2.05 0.035 bal. 

3. Result and discussion 
3.1 DRX behavior analysis  
3.1.1 The flow stress curve analysis 

The flow stress curves from different deformation conditions are obtained through experiments, 
as shown in Fig. 2. Under the strain rate of 0.01s!"	and 0.1s!" , the flow stress curve shows 
significant peak within the deformation temperature range of 900℃~1100℃, indicating that the 
material occurred significant dynamic softening behavior during hot compression, and the peak stress 
and peak strain increased with the decrease of deformation temperature. With the gradual increase of 
strain rate, the dynamic softening behavior requires higher deformation temperature conditions. 



 

 

  
Fig. 2. Flow stress curves at different strain rates: (a) 0.01s!", (b) 0.1s!", (c) 0.5s!", (d) 1s!". 

3.1.2 DRX critical condition 
This study adopted the method of determining the critical point of DRX proposed by Poliaki and 

Jonas [28-30]. At the beginning of deformation, the work hardening rate decreases linearly with 
increasing stress. With the increase of stress, the material undergoes dynamic recovery, which leads to 
a gradual flattening of the work-hardening rate under the combined effect of dynamic reversion 
softening and work-hardening. An inflection point appears in the work hardening rate θ - stress σ 
curve, which is the critical point for dynamic recrystallisation (σ=σc). The stress at the critical point is 
defined as the critical stress where dynamic recrystallization occurs, and its corresponding strain on 
the flow stress curve is the critical strain εc. Fig. 3 shows the work hardening rate curves at different 
strain rates.s at different strain rates.The position of the corresponding inflection point in the work 
hardening rate θ-stress σ curve is the critical point where work hardening begins to change to dynamic 
softening, and the stress at the critical point is defined as the critical stress where dynamic 
recrystallization occurs, and its corresponding strain on the flow stress curve is the critical strain 𝜀#. 
Fig. 3 shows the work hardening rate curves at different strain rates. 



 

 

  

  
Fig.3. Work hardening rate curves at different strain rates: (a) 0.01s!", (b) 0.1s!", (c) 0.5s!", (d) 

1s!". 
Fig. 4 shows the critical strain 𝜀# and the peak strain 𝜀$ under different deformation conditions. It 

can be analyzed that the critical strain	𝜀# and the peak strain	𝜀$ decrease with the decrease of strain 
rate and the increase of deformation temperature. It is also verified that low strain rate and high 
deformation temperature can promote the occurrence of DRX behavior. It can be seen from Fig. 5 that 
there is a linear relationship between them: 𝜎# = 0.846𝜎$, 𝜀# = 0.33𝜀$. 



 

 

  
Fig.4. Characteristic parameters of DRX behavior of materials under different deformation conditions: 

(a) critical strain 𝜀#, (b) peak strain	𝜀$. 

  
Fig. 5. (a): Linear relationship between critical stress	𝜎# and peak stress	𝜎$, (b): Linear relationship 

between critical strain 𝜀# and peak strain 𝜀$. 
3.1.3 Zener-Hollomon model 

An in-depth understanding of the rheological behaviour of metals under thermal deformation 
conditions is important for the design of thermal processing processes. The constitutive model is a 
function of the rheological stresses in the high temperature deformation process and the deformation 
temperature and strain rate, which can describe the basic information of the thermal deformation 
process of metallic materials and provide theoretical guidance for the actual thermal processing 
process, thus improving the organisation and properties of materials. 

Under the condition of high-temperature plastic deformation, the relationship between flow 
stress, strain rate and temperature can be expressed by the hyperbolic sine form of hot deformation 
activation energy Q and temperature T proposed by Sellars and Tegart [30-33] : 
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𝜀̇ = 𝐴𝐹(𝜎) 𝑒𝑥𝑝 9−
𝑄
𝑅𝑇>		

(1)  

where F(𝜎) has three forms under different stress conditions, as shown in Equation 2. 

𝐹(𝜎) = ?
𝜎%!(𝛼𝜎 < 0.8)

𝑒𝑥𝑝(𝛽𝜎) (𝛼𝜎 ≥ 1.2)
[𝑠𝑖𝑛(𝛼𝜎)]%(𝑎𝑙𝑙	𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠)

(2)  

where	𝜎 is the stress, 𝑄	is the activation energy of hot deformation, which reflects the difficulty 
of dynamic recrystallization during thermomechanical deformation of the material,  𝑅  is the gas 

constant（8.314J ∙ mol!" ∙ K!"）, and	𝑇 is the deformation temperature. 𝐴、𝑛"、𝛽、𝑛 are constants 

related to the material. 
The Zener-Hollomon equation can describe the relationship between strain rate and temperature 

[34,35]: 

𝑍 = 𝜀̇ 𝑒𝑥𝑝 9
𝑄
𝑅𝑇> = 𝐴[𝑠𝑖𝑛(𝛼𝜎&)]% (3)  

Substituting Equation 2 into Equation 1 and taking the natural logarithm for both sides of the 
equation, the following equation can be obtained 

𝑙𝑛𝜀̇ = 𝑙𝑛𝐴" + 𝑛"𝑙𝑛𝜎& −
𝑄
𝑅𝑇

(4)  

𝑙𝑛𝜀̇ = 𝑙𝑛𝐴' + 𝛽𝜎& −
𝑄
𝑅𝑇

(5)  

𝑙𝑛𝜀̇ = 𝑙𝑛𝐴 + 𝑛𝑙𝑛[𝑠𝑖𝑛(𝛼𝜎&)] −
𝑄
𝑅𝑇

(6)  

The 𝑙𝑛𝜀̇ − 𝑙𝑛𝜎&  and 𝑙𝑛𝜀̇ − 𝜎&	curves are plotted, as shown in Fig. 6 (a), (b). 𝑛"  and 𝛽 can be 

obtained by linear fitting. The stress level coefficient 𝛼 ≈ (
%!
=0.01058. Differentiating Equation 6, 

𝑄	can be expressed as: 

𝑄 = 𝑅𝑛
𝜕𝑙𝑛[𝑠𝑖𝑛(𝛼𝜎&)]

𝜕1/𝑇
(7)  

𝑛 =
𝜕𝑙𝑛𝜀̇

𝜕𝑙𝑛[𝑠𝑖𝑛(𝛼𝜎&)]
(8)  

By performing linear fitting on 𝑙𝑛𝜀̇ − 𝑙𝑛[𝑠𝑖𝑛(𝛼𝜎&)] at different deformation temperatures, the 
value of 𝑛 is obtained as 4.962, and by linear fitting on 𝑙𝑛[𝑠𝑖𝑛(𝛼𝜎&)] − 1/𝑇, the thermal deformation 
activation energy	𝑄 = 311.729KJ/mol, there is a linear relationship between 𝑙𝑛𝑍 and ln	[𝑠𝑖𝑛(𝛼𝜎&)], 
as shown in Fig. 7, with an intercept of 𝑙𝑛𝐴, so 𝐴 can be obtained as 1.23 × 10"'. Therefore, the 
constitutive equation of the thermal deformation of the material is expressed as: 

ε̇ = 1.23 × 10"'[sinh(0.01058𝜎)]).+,' exp 9
−311729

RT > (9)  



 

 

  

  
 

Fig. 6. Material constants and activation energy of deformation calculation: (a) 𝑙𝑛𝜀̇ − 𝑙𝑛𝜎&, (b) 
𝑙𝑛𝜀̇ − 𝜎&, (c) 𝑙𝑛𝜀̇ − 𝑙𝑛[𝑠𝑖𝑛(𝛼𝜎&)], (d) 𝑙𝑛[𝑠𝑖𝑛(𝛼𝜎&)] − 𝑇!". 



 

 

 
Fig. 7.- Relationship between peak stress 𝜎& and Zener-Hollomon parameters. 

According to related studies [36,37], the characteristic parameters of material DRX behavior 
(critical stress 𝜎# , critical strain 𝜀# , peak stress 𝜎$ , peak strain 𝜀$) are quantitatively related to the 
strain rate and deformation temperature based on the Zener-Hollomon model.	 𝜀# = 1.21905 ×

10!)𝑍-.",",.，𝜀$ = 1.00704 × 10!)𝑍-."+..)。 

3.1.4 DRX kinetic model 
Quantitatively describing the change process of dynamic recrystallization from occurrence to 

completion is important to accurately calculate the dynamic recrystallization volume fraction. This 
paper uses the optimized John J. Jonas model to describe the dynamic recrystallization volume 
fraction [38, 39]. 

𝑋/01 =
𝜎23#45 − 𝜎
𝜎678 − 𝜎66

			(10)  

Where	X9:;  is the dynamic recrystallization volume fraction, 𝜎23#45  is the dynamic recovery 
pressure, 𝜎 is the flow stress, 𝜎678 is the dynamic recovery saturation stress, and 𝜎66 is the steady-state 
stress. Where 𝜎, 𝜎66  and	𝜎678  can be obtained from experimental data. 𝜎23#45  can be obtained from 
equation (11): 

𝜎23#45 = h𝜎678' − (𝜎678' − 𝜎<')𝑒𝑥𝑝	(−𝑟𝜀)(11)  

𝜎< is the stress value between the experimental material's initial stress and critical stress, and 𝑟	is 
the dynamic recovery coefficient. The dynamic recovery curve is the softening behavior under the 
combined action of work hardening and dynamic recovery. Before the critical strain, the material 
undergoes the process of work hardening and dynamic recovery. Therefore, between the initial strain 
and the critical strain, the dynamic recrystallization and dynamic recovery curves are the same, and 
the dynamic recovery coefficient 𝑟 can be obtained from equation (12): 

𝑟𝜀 = 𝑙𝑛	(
𝜎678' − 𝜎<'

𝜎678' − 𝜎23#45'
)(12)  

The linear relationship between 𝜀 and	𝑙𝑛	( ="#$%!=&%

="#$%!='()*+%
) is shown in Fig. 8. The dynamic recovery 

coefficient 𝑟 is obtained from the slope of the curve. 



 

 

 
Fig. 8. Linear relationship between 𝜀 and 𝑙𝑛	( ="#$%!=&%

="#$%!='()*+%
) at 1000℃, 1s!". 

The above method obtained the dynamic recovery stress under different experimental conditions, 
and the dynamic recrystallization volume fraction under the experimental conditions was calculated 
according to equation (13). The prediction model of DRX volume fraction under different deformation 
conditions based on the Avrami DRX kinetic model can be expressed as [40,41]: 

𝑋/01 = 1 − 𝑒𝑥𝑝j−𝑏 l
𝜀 − 𝜀#
𝜀$

m
>

n (13)  

The constants b and k are fitting parameters. In Avrami’s equation, particular assumptions 
regarding nucleation and growth result in exact values of these constants. Moreover, the fitting 
parameter soften admit interpretation in terms of the kinetic and microstructural aspects of the 
transformation[42] .To facilitate the fitting to determine the model, the formula is logarithmically 
transformed: 

𝑙𝑛[− 𝑙𝑛(1 − 𝑋/01)] = 𝑙𝑛𝑏 + 𝑘𝑙𝑛 l
𝜀 − 𝜀#
𝜀$

m (14)  

In previous studies, the values of b  and k  were usually obtained by fitting 𝑙𝑛[− 𝑙𝑛(1 −

𝑋/01)]	 and 𝑙𝑛 9?!?)
?,
>  at a constant strain rate to establish a DRX kinetic model and use it to 

approximate the DRX volume fraction at other strain rates. In order to achieve a more accurate 

prediction degree,  𝑙𝑛[− 𝑙𝑛(1 − 𝑋/01)] and 𝑙𝑛(?!?)
?,
)	are fitted for different strain rates, respectively. 

Then the DRX kinetic model suitable for different strain rates is established as follows： 
 



 

 

𝑋/01 =
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⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎧ 1 − 𝑒𝑥𝑝 j−0.56l

𝜀 − 𝜀#
𝜀$

m
".@"

n (0𝑠!" < 𝜀̇ ≤ 0.01𝑠!")

1 − 𝑒𝑥𝑝 j−0.629l
𝜀 − 𝜀#
𝜀$

m
'.-"

n (0. 01𝑠!" < 𝜀̇ ≤ 0.1𝑠!")

1 − 𝑒𝑥𝑝 j−0.881l
𝜀 − 𝜀#
𝜀$

m
'.A"

n (0.1𝑠!" < 𝜀̇ ≤ 0.5𝑠!")

1 − 𝑒𝑥𝑝 j−1.141 l
𝜀 − 𝜀#
𝜀$

m
'.,-.

n (0. 5𝑠!" < 𝜀̇ ≤ 1𝑠!")

(15)  

Fig. 9 shows the comparison between the model predicted value and the experimental value of 
the dynamic recrystallization volume fraction. As the deformation temperature increases and the strain 
rate decreases, the dynamic recrystallization volume fraction increases continuously and has a higher 
prediction in the range of 10% to 90%. 

  



 

 

  
Fig. 9. Comparison of predicted and experimental data of the fraction of DRX at different strain 

rates: (a) 0.01s!", (b) 0.1s!", (c) 0.5s!", (d) 1s!". 
3.2 Numerical simulation 
3.2.1 Finite-element model 

Finite element simulation can predict the evolution behavior of microstructure in the process of 
material thermomechanical processing, thus avoiding the drawbacks of the traditional trial and error 
method [43-45]. In this paper, DEFORM-3D software is selected for numerical simulation. In order to 
the accuracy of the simulation results, the hot compression deformation behavior and experiments are 
completed in the same environment and the boundary conditions are also consistent with the 
experimental process. Selecting 1/4 of the geometric model and dividing it into 16,100 brick meshes 
for numerical simulation can improve the calculation accuracy and save time, as shown in Fig. 10. 
The minimum mesh size is 0.16mm. The previously established DRX kinetic model is embedded in 
the DEFORM-3D software through secondary development techniques to study the change in DRX 
behavior of the material during hot compression. Fig. 11 shows the specific simulation flow. 

 



 

 

Fig. 10. Geometric 3D model. 

 
Fig. 11. Flow chart of hot compression simulation. 

3.2.2 Basic characteristics of hot compression deformation 
During the hot compression deformation, the degree of deformation at different locations of the 

sample varies greatly, resulting in an extremely inhomogeneous distribution of strain. 
Generally, the deformation can be divided into three zones according to the size of the 

deformation as shown in Fig.12: the large deformation zone (I), the difficult deformation zone (II), 
and the free deformation zone (III), with the degree of deformation lying between the large and 
difficult deformation zone [46,47].  

 
Fig. 12. Schematic diagram of the deformation zone of the sample. 

Fig. 13(a) is the cloud graph of the strain distribution in different deformation zones under the 
deformation conditions of 1000℃ and the strain rate of	 0.1s!". From the macro morphology, the 
sample after compression shows a drum shape. The distribution law of effective strain is consistent 
with the basic characteristics of thermal compression deformation, mainly manifested in two aspects: 
Firstly, it can be seen from Fig. 13(a) that the distribution of effective strain in the sample is not 
inhomogeneous under the same deformation. The value of the center of the large deformation zone 



 

 

(P1) and surface edge is the largest, while the value of the center of the difficult deformation zone (P2) 
is the lowest. Secondly, the point tracking technique can analyze the effective strain of each 
deformation zone, as shown in Fig. 13(b). With the increase of compression, the effective strain of 
each deformation zone increases, and the growth rate of the P1 point in the large deformation zone is 
the fastest. The P2 point in the difficult deformation zone has the slowest growth trend, and the growth 
range is not large，which proves that there is no obvious deformation in the difficult deformation 
zone. Although the effective strain increases in all zones with the increase of compression, the growth 
rate in general still maintains the trend of "large deformation zone > difficult deformation zone". With 
the increase of compression, the P1 effective strain variation increases from 0 to 1.20, and the effective 
strain value remains the largest. This feature also confirms that the established multi-field coupled 
finite element model can be effectively used to predict the strain during the hot compression process. 
The inhomogeneous distribution characteristics of the effective strain are mainly due to the inevitable 
friction between the indenter and the sample. The center of the sample and the drum-shaped waist part 
are less effected by the friction force, and the deformation is much easier than the center of the 
surface. 

  
Fig. 13. (a) 0.8 effective strain distribution cloud graph at deformation conditions of  1000℃, 0.1𝑠!", 

(b): effective strain at the center and surface under the trace point. 
3.2.3 Effects of different deformation conditions on the dynamic recrystallization behavior of 
materials 
(1) Influence of deformation amount on XDRX 

Fig. 14 shows the XDRX simulation cloud graphs for different deformation amounts at the 
deformation temperature of 1000℃ and the strain rate is	0.1s!". Fig. 15 shows the simulation curves 
of XDRX in different deformation zones obtained by the tracking point method. Based on the analysis 
of Fig. 14 and 15, there are significant differences in the dynamic recrystallization volume fraction for 
different deformation amounts. With the increase of compression, the XDRX in different deformation 
zone grows, indicating that the increase of deformation facilitates the dynamic recrystallization 
behavior of low carbon steel. For the respective deformation zone, the dynamic recrystallization 
phenomenon appears firstly in the center, and the samples' dynamic recrystallization volume fraction 
and effective strain distribution are consistent. 



 

 

Fig. 14 shows that when the compression amount is 10%, the deformation is smaller and the 
dynamic recrystallization volume fraction of the sample is lower. When the compression amount 
further increases to 20%, the dynamic recrystallization phenomenon starts preferentially in the center, 
and the dynamic recrystallization volume fraction at the P1 point remains the largest, mainly because 
the effective strain in the large deformation zone of the center is higher than the other zones. In 
addition, under the condition of non-external heat exchange, the centre's temperature is slightly higher 
than the other zones, which is more convenient for the dynamic recrystallization phenomenon. When 
the deformation rises to a maximum of 55%, the XDRX in the center of the sample reaches 100%, 
while the dynamic recrystallization in the surface is at a lower level of 30%. 

 

  

  

Fig. 14. Simulation cloud graphs of dynamic recrystallization volume fraction under different 
deformation amounts (1000℃, 0.1s!"): (a) ε=0.10, (b) ε=0.22, (c) ε=0.51, (d) ε=0.8. 



 

 

 
Fig. 15. Dynamic recrystallization volume fraction curves of tracking points in different deformation 

zones (1000℃, 0.1s!"). 
(2) Influence of deformation temprature on XDRX 

Fig. 16 shows the cloud diagrams and tracking point curves of XDRX at deformation temperature 
of 950℃, 1000℃, 1050℃ and 1100℃ and the strain rate of 1𝑠!". When the strain reaches 0.8, the 
samples all occur dynamic recrystallization. The dynamic recrystallization volume fraction 
corresponding to each deformation zone has a positive correlation property with the deformation 
temperature.  

The simulation curves show that when the center of XDRX reaches 100%, the required strain 
gradually decreases as the temperature increases. The reason is that when the deformation amount and 
strain rate are constant, the increase of deformation temperature provides enough energy for the 
occurrence of dynamic recrystallization.  

  



 

 

  
Fig. 16. Dynamic recrystallization volume fraction simulation graph and trace point curve at different 

deformation temperatures (ε=0.8, ε̇ = 1s!"): (a) 950℃, (b) 1000℃, (c) 1050℃, (d) 1100℃. 
(3) Influence of strain rate on XDRX 

Fig. 17 shows the XDRX simulation cloud graph under the strain rate of 0.01s!"~1s!"  and 
deformation temperature of 1000℃. When the sample’s strain is 0.8, XDRX reaches 100% at the center 
P1 at all strain rates. The XDRX at the surface P2 is 85.6% under the strain rate of	1s!" and reaches 
94.2% when ε̇ = 0.01s!" . Therefore, a low strain rate can promote the dynamic recrystallization 
behavior and increase the dynamic recrystallization volume fraction. 

The high strain rates increase the critical strain, making the initiation of dynamic recrystallization 
difficult. In addition, it takes more time to reach the same deformation amount at low strain rates, 
which provides a long enough time for the dynamic softening behavior. 

  



 

 

  
Fig. 17. Simulation of dynamic recrystallization volume fraction at different strain rates(ε=0.8,  

950℃): (a) 0.01s!", (b)0.1s!", (c) 0.5s!", (d) 1s!". 
3.3 Research on sampling theory under different conditions  
3.3.1 Influence of different strain rate and deformation temperature on sampling position 

Fig. 18(a) and (b) show the strain distribution in the deformation direction for samples under the 
conditions of ε=0.8, ε̇ = 0.01s!"~1s!" , T= 950℃~1100℃ . Fig. 19 shows the distribution of 
sampling points with a distance of 0.125 mm between points.  

Fig. 18 shows that the strain distributions decrease gradually from the center to the surface. At 
low strain rate of 0.01s!", T=950℃~1100℃, the position of the compressed sample corresponding 
to the theoretical strain is about 0.398~0.407 of the distance from the center to the surface. Under the 
strain rate of 0.01s!"~1s!" , T=950℃~1100℃, the sampling position is located in the range of 
0.465~0.512 from the center to the surface. This shows that the main factor of the sampling location is 
the strain rate, and the temperature has little effect on the sampling location.  

Under the conditions of ε̇ = 0.01s!" and ε̇ = 0.1s!"~1s!", the 2/5 position and the 1/2 position 
of the distance from the center to the surface are the sampling point. As shown in Fig. 20, the error 
between the sampling point and the center and the preset strain of 0.8 in the range of 950℃~1100℃ 
was analyzed. Under the conditions of ε̇ = 0.01s!"  and ε̇ = 0.1s!"~1s!" , the maximum errors 
between the central strain and the preset strain of 0.8 are 75% and 55%, respectively. Under the strain 
rate of 0.01s!", the maximum error between the strain at 2/5 of the center and the preset strain of 0.8 
is only 2.5%. Under the strain rate of 0.1s!"~1s!", The maximum error between the strain at 1/2 of 
the center and the preset strain of 0.8 is 8.75%. The error range is always less than 10%, with high 
accuracy. It can be seen that, compared with the traditional sampling of the center of samples after hot 
compression, under the strain rate of	0.01s!", the 2/5 position of the distance from the center to the 
surface corresponds to the preset strain, and under the strain rate of 0.1s!"~1s!",the 1/2 position of 
the distance from the heart to the surface corresponds to the preset strain. 



 

 

  

  
 

Fig. 18. Strain distribution from center to surface at different temperatures and strain rates. 



 

 

 
Fig. 19. Schematic diagram of strain points in the compression direction (1050℃, 1s!"). 

  
Fig. 20. Error analysis under different sampling positions and preset strain of 0.8: (a) ε̇ = 0.01s!", 

T=950℃~1100℃, (b) ε̇ = 0.1s!"~1s!", T=950℃~1100℃. 
3.3.2 Influence of deformation amount on sampling position 

Fig. 21(a) and (b) show the strain distribution in the deformation direction for samples under the 
conditions of ε=0.51, ε̇ = 0.01s!"~1s!", T=950℃~1100℃. The trend of strain distribution is the 
same as that of different temperatures and strain rates, all decreasing gradually from the center to the 
surface. Under the conditions of ε̇ = 0.01s!" and ε̇ = 0.1s!"~1s!", the maximum errors between the 
central strain and the preset strain of 0.51 are 82% and 51%, respectively. Under the strain rate of ε̇ =
0.01s!", the maximum error between the strain at 2/5 of the center and the preset strain of 0.51 is 
9.2%. Under the strain rate of 0.1s!"~1s!", The maximum error between the strain at 1/2 of the 
center and the preset strain of 0.8 is only 4.1%, and the error range is always less than 10%. 

 Overall, it can be concluded that the above sampling method conforms the requirements for 
setting strain and can provide a more accurate data source for subsequent characterization 
experiments. 



 

 

  
Fig. 21. Strain distribution from center to surface under ε=0.51: (a) ε̇ = 0.01s!", T=950℃~1100℃, 

(b) ε̇ = 0.1s!"~1s!", T=950℃ and 1050℃.  
3.4 Influence of theoretical strain position and center on XDRX 

Fig. 22(a) and (b) analyze the dynamic recrystallization volume fraction of the theoretical strain 
position and the center under the condition of ε=0.8，ε̇ = 0.5s!", T=950℃. The two graphs do not 
highlight the advantage of accurately finding the preset strain position, because the material itself is 
prone to dynamic recrystallization. Before reaching the preset strain, two points have fully occurred 
dynamic recrystallization. However, it can be found that the strain at the center is 50% higher than the 
preset strain, which will continue to affect the grain refinement, resulting in deviation between the 
center structure and the actual situation. Furthermore, the preset strain remains closer to the actual 
DRX behavior than the center before full dynamic recrystallization. 

By comparing Fig. 22(c), (d), (e), and (f), it can be seen that the importance of selecting an 
accurate sampling position is obvious with the deformation decreases. When the preset strain is 0.51 
and 0.22, the pre-strain location not only fits the DRX kinetic model better, but also has an error of 
less than 8% with the DRX kinetic calculation model. The XDRX at the center position is larger than 
the calculated result of the DRX kinetic model, so the theory of observing the sample’s center used to 
describe the DRX behavior of the preset strain is not accurate enough. The above accurate sampling 
theory provides the basis for subsequent microstructural characterization and analysis of the internal 
evolution of materials during thermomechanical deformation. It also provides accurate conditions for 
production to process better products. 



 

 

  

  



 

 

  
Fig. 22.  Comparing the simulation results of the preset strain and the center position with the 

calculated values of the DRX dynamic model under different conditions:  
(a) ε̇ = 0.5s!", T=950℃, ε=0.8, (b) ε̇ = 0.5s!",  T=1000℃, ε=0.8, (c) ε̇ = 0.5s!", T=950℃, ε=0.51, 

(d) ε̇ = 0.5s!", T=1050℃, ε=0.51, (e) ε̇ = 0.5s!", T=1100℃, ε=0.22, (f) ε̇ = 0.5s!", T=1100℃, 
ε=0.22. 

4 Conclusion 
Based on physical simulation, this paper studies the flow stress curve of low carbon steel within 

the temperature range of 900℃~1100℃ and the strain rate of 0.01s!"~1s!".The internal mechanism 
of DRX behavior of the material is clarified, and DRX dynamic model suitable for different 
deformation conditions is established. The numerical simulation method reduces the sample's uniaxial 
cylindrical hot compression experiment and a theory is proposed to accurately describe the sampling 
position corresponding to the preset deformation during the actual processing. The main conclusions 
are as follows: 
1) The deformation temperature and strain rate have a direct impact on the DRX behavior, and 

deformation conditions of high temperature and low strain rate will promote the DRX behavior of 
the material. The hot deformation activation energy of the material is 311.729KJ/mol calculated 
through the Zener-Hollomon model, and the relationship between the characteristic parameters of 
the material DRX behavior (peak stress	𝜎$, peak strain 𝜀$, critical stress 𝜎#, critical strain 𝜀#) and 
hot deformation parameters are revealed. 

2) Based on the solution of the dynamic recovery coefficient 𝑟, the DRX kinetic model suitable for 
different deformation conditions is established. Comparing the predicted data with the 
experimental data shows a good matching in the range of 10%~90%, which verifies the accuracy 
of the model. 

3) The numerical simulation method reduces the sample's uniaxial cylindrical hot compression 
experiment, which reveals and verifies the intrinsic mechanism of DRX behavior during high-
temperature deformation of the material and the accuracy of the DRX kinetic model. Integrating 
the effects of multiple factors of deformation amount, deformation temperature and strain rate, a 
point analysis of the longitudinal axis of the hot compression sample is performed. A theory is 
proposed to accurately describe the sampling position corresponding to the preset deformation 
during the actual processing: under the strain rate of 0.01s!", the 2/5 position of the distance from 



 

 

the center to the surface corresponds to the preset strain, and under the strain rate of 0.1s!"~1s!", 
the 1/2 position of the distance from the heart to the surface corresponds to the preset strain. 
Comparing the simulation results of the preset strain and the center position with the calculated 
values of the DRX kinetic model under different conditions to verify the importance of finding the 
accurate sampling location. 
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