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The plastic properties and microstructure evolution of 20CrMoA steel was analyzed at 600-750 °C and strain rate of 
0,01-10 s-1.The result reveals that the deformation behavior is hardening followed by softening at low strain 
rates(0,01 s-1 and 0,1 s-1), but hardening is dominant in the whole deformation process at high strain rates(1 s-1and 
10 s-1) and low temperature(600 °C and 650 °C). The strain rate sensitivity exponent increases with the increasing 
deformation temperature except for 650 °C and high strain rate. The spheroidization mechanism of cementite is the 
mechanical fracture and the dissolution of cementite particles. At 700 °C, spheroidized particles are finer and their 
distribution is more uniform than that at 750 °C.
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INTRODUCTION

Warm forming has been studied on various carbon 
steels. The strength of carbon steel can be greatly im-
proved during warm forming but at the cost of ductility 
and toughness [1]. In studying the warm forming, the 
deformation often occurred in the dual-phase region. 
Recrystallization and recovery occurred simultaneously 
and interacted with each other, and their speed and share 
in microstructural variation depended on the initial mi-
crostructure and process parameters [2]. These will 
have a great impact on the flow behavior of the materi-
al. Therefore, it is necessary to combine the flow stress 
behavior and microstructure evolution to analyze the 
plastic properties of the materials, and finally determine 
the appropriate parameters for warm forming process.

In this paper, low-carbon and low-alloy steel 20Cr-
MoA with the initial microstructure of ferrite and pearl-
ite was selected to investigate its warm deformation 
behavior and plastic properties by compression tests. 

EXPERIMENTAL PROCEDURES 

  The chemical composition (in wt.%) of 20CrMoA 
steel was 0,2 C - 0,24 Si - 0,52 Mn - 0,92 Cr - 0,16 Mo 
and Fe balance. The specimen size is Ф 8 × 12 mm and 
the simulation experiments were performed on a Glee-
ble - 3500 thermal simulator. The deformation tempera-
tures were 600 °C, 650 °C, 700 °C and 750 °C. The 

strain rates were of 0,01 s-1, 0,1 s-1, 1 s-1 and 10 s-1. Each 
specimen was heated to the specified deformation tem-
perature at rate of 10 °C / s and held for 3 min under 
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Figure 2  Corrected true stress curves.  
(a) 1 s-1 ; (b) 10 s-1

Figure 1  True stress–strain curves under different conditions.  
(a) 0,01 s-1; (b) 0,1 s-1; (c) 01 s-1; (d) 0.01 s-1
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isothermal conditions for reaching heat balance. The 
height was reduced by 70 %. 

TRUE STRESS-STRAIN CURVES

Figure 1 shows the true stress-strain curves. At the 
initial stage of deformation, the stress increases rapidly 
to a peak then is stable. At low temperature (600 °C and 
650 °C) and high strain rate (1 s-1 and 10 s-1), the stress 
decreases with the increasing strain. The main reason is 
that the specimen temperature rose due to the deforma-
tion heat at high strain rate, resulting in material soften-
ing. During the deformation, most of the energy is con-
verted into heat energy. At a high strain rate, most of the 
deformation heat cannot be dissipated timely, but be 
stored as heat energy, leading to the temperature rise of 
specimen and reduction of stress [3].

The effect of temperature rise on flow stress of 
20CrMoA steel is expressed as [4]:

  (1)

Where, Δ σ is the effect of temperature rise on stress; 
T is temperature (K); ΔT is temperature rise. Substitut-
ing Equation (1) with the temperature rise, the corrected 
true stress curves at high strain rate can be obtained, as 
shown in Figure 2.

TEMPERATURE SENSITIVITY

The temperature sensitivity can be determined by 
the following expression[5]:

  (2)

The result shows that the value of temperature sensi-
tivity q is negative. The absolute value of q reflects the 
degree to the variation of stress with the temperature. As 
shown in Figure 3, the absolute value of q at strain of 0,3 
increases with the increasing temperature due to the great 
softening effect at high temperature, and decreases with 
the increasing strain rate. The main reason is that the ef-
fect of deformation temperature on energy accumulation 
and dynamic softening reduces due to short time. 

At strain of 0,3, the corresponding stress values at 
0,01 s-1, 0,1 s-1, 1 s-1 and 10 s-1 decrease by 67,94 %,  

59,71 %, 53,69 % and 48,97 % respectively when the 
temperature increases from 600 °C to 750 °C. The tem-
perature sensitivity is very distinct at 0,01 s-1. The tem-
perature sensitivity at 650 °C is almost equal to that at 
600 °C, but lower than that at 700 °C and 750 °C. In ad-
dition, the variation of absolute value of q at 0,01 s-1 is 
also much larger than that at other conditions. The longer 
deformation time enhances the thermal softening effect.

STRAIN HARDENING EXPONENT

Strain hardening exponent can be calculated as [5]:

  (3)

Where, σ s is true stress (MPa); T is deformation 
temperature (K); ε is true strain and  is strain rate. 

As shown in Figure 4, the nd value is always nega-
tive when he strain is more than 0,5 except for low tem-
perature and high strain rates. The mechanism is the 
competition between dislocation accumulation and dis-
location annihilation. In the early stage of deformation, 
dislocation accumulation is higher than the dislocation 
annihilation, resulting in increase in dislocation density 
and work hardening. Therefore, the dominant mecha-

Figure 3  The relationship between absolute value of q  
and deformation temperature (strain=0,3).

Figure 4  The relationship between strain and strain hardening 
exponent. (a) 600 °C; (b) 650 °C; (c) 700 °C; (d) 750 °C
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nism is hardening in the initial stage, but softening in 
the late stage. However, weak thermal effect at low tem-
perature and shorter deformation time caused by low 
strain rate lead to the dominant effect of hardening.

STRAIN RATE SENSITIVITY

Similarly, the strain rate sensitivity exponent can be 
expressed as:  

  (4)

The results make clear that strain rate sensitivity ex-
ponent m is positive as shown in Figure 5. In Figure 5(a) 
and 5(b), the strain rate sensitivity increases with the 
increasing strain and the increase rate is approximate. 
At high strain rates, the m value decreases firstly and 
then stays in a relatively stable range, in addition, at a 
fixed strain rate, the m value increases with the increas-
ing temperature except for the values at 650 °C and high 
strain rates, as shown in Figure 5(c) and Figure 5(d).

The variation of m value at 650 °C is more than 700 
°C , especially the m values are larger when the strain is 

more than 0,4 at 10 s-1. The strain hardening curves and 
the stress curves can reveal the cause of this phenome-
non. In the late stage of deformation at high strain rate, 
the dominant role is hardening at 650 °C , but is soften-
ing at 700 °C as shown in Figure 4(b) and 4(c), further-
more, according to the stress curves, the increase of the 
stress caused by hardening is larger than the decrease 
caused by softening, which means that at high strain 
rates the critical deformation temperature range from 
hardening to softening is between 650 °C and 700 °C, 
where the strain rate sensitivity decrease with the in-
creasing temperature in the late stage of deformation. 
Therefore, 700 °C is more suitable for heavy deforma-
tion with large strain rate during warm deformation.

MICROSTRUCTURE EVOLUTION

Figure 6 illustrates optical micrographs under differ-
ent deformation conditions. With the increasing tempera-
ture, the ferrite is deformed into long strip and the propor-
tion of fine grain increases, which means that local recrys-
tallization occurs. Figure 6(d) reveals that recrystalliza-
tion is apparent and the grain size of ferrite decreases 
significantly. Compared with the microstructure at 10 s-1, 
it is known that at 600 °C, the microstructure is still main-
ly coarse ferrite grain, without significant difference from 
that shown in Figure 6(a). In Figure 6(f), the grain size at 
750 °C is obviously smaller than that at 600 °C.

The microstructure evolution shows that there is no 
dynamic recrystallization at 600 °C and 10 s-1, but the 
softening characteristics of the original stress curve are 
the most obvious. It is also proved that plastic heat lead 
to the softening effect of the initial stress curves at low 
temperature and high strain rates.

Figure 5.  Strain rate sensitivity exponent. (a) 0,01 s-1; (b) 0,01 
s-1; (c) 0,01 s-1; (d) 0,1 s-1

Figure 6  Optical micrographs under different deformation 
conditions.(a) 600 °C and 0,01 s-1; (b) 650 °C and 0,01 
s-1; (c) 700 °C and 0,01 s-1; (d) 750 °C and 0,01 s-1; (e) 
600 °C and 10 s-1; (f ) 750 °C and 10 s-1
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SEM micrographs in Figure 7 shows that there are 
visible fragments and particles resulting from fracture 
and spheroidization of cementite. At 600 °C, the ce-
mentite is mainly broken fragments (shown by double 
arrows) and a few short rods (shown by single arrow), 
but the distribution of short rods obviously increases at 
650 °C, as shown in Figure 7(a) and Figure 7(b). 

The ferrite and cementite in pearlite can be deformed 
coordinately at small strain, however, during heavy de-
formation, the coordinative deformation state will be 
broken due to significant difference in the mechanical 
properties between ferrite and cementite. Cementite 
will be bent, melted and spheroidized. At low tempera-
ture, the cementite is fractured under strong plastic de-
formation force and the fragments are in heterogeneous 
nucleation. At high temperature, the lamellar cementite 
gradually dissolves and shrinks to short rods under the 
driving of interface energy. Hence, more pieces of short 
rod cementite are produced at 650 °C than that at 600 
°C at the same strain rate.

favorable for diffusion of carbon atoms than 700 °C and 
the deformation time is longer at 0,1 s-1, which is bene-
ficial to the growth of spheroidized particles. But at 
high strain rate, there is no enough time for the sphe-
roidized cementite particles to aggregate and grow. 
Therefore, the cementite particles at 10 s-1 are obviously 
smaller than that at 0,01s-1.

CONCLUSIONS

At 600 °C and 650 °C, cementite in the microstruc-
ture is subject to mechanical fracture and formed into 
thick short rods. At 700 °C, local recrystallization oc-
curs and small grains appear, and the cementite frag-
ments are dissolved and spheroidized, forming into uni-
form and fine particles. 

At 700 °C, the main mechanism is softening in the 
late stage of large strain rate deformation, and the strain 
rate sensitivity is smaller than that at 650 °C, in addi-
tion, finer and more uniformly distributed spheroidized 
particles can be obtained at 700 °C than at 750°C. 
Hence, 700 °C is suitable for large strain rate and heavy 
warm deformation.
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Figure 7  SEM micrographs under different conditions. (a) 600 
°C and 0,01 s-1; (b) 650 °C and 0,01 s-1; (c) 700 °C and 
10 s-1; (d) 750 °C and 0,1 s-1

At 700 °C and 10 s-1, the spheroidized cementite par-
ticles with average diameter of 160 nm are smaller and 
more uniformly distributed than that with average di-
ameter of 215 nm at 750 °C and 0.1 s-1. The main mech-
anism is that a large number of dislocations are pro-
duced in the ferrite, providing a channel for the rapid 
diffusion of carbon atoms. Subsequently, the increase of 
deformation temperature further intensifies the diffu-
sion, causing the concentration gradient of carbon. 
When the carbon gets oversaturated in the ferrite, the 
fine cementite particles are precipitated. 750 °C is more 
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