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Abstract: 

Hot stamping of boron steels is a thermal-mechanical and phase transformation 

coupled process. The phase transformation of boron steels during continuous cooling 

is a complex process since the phase transformation is tightly coupled with plastic 

deformation during the hot stamping process. In the present work, the effects of hot 

deformation amount, deformation temperature, and strain rate on phase 

transformation are investigated by using a comprehensive set of methods including 

in-situ isothermal tensile tests combined with dilatometry and ex-situ microstructure 

characterization. The dilatation curves, phase fraction evolution curves, continuous 

cooling transformation (CCT), and deformed continuous cooling transformation 

(DCCT) diagrams are constructed. Finally, based on the testing results, a new 

non-isothermal kinetic model of phase transformation are proposed to introduce the 

effect of the austenite deformation on transformation during the continuous cooling. 

The proposed model is validated by testing Vickers hardness of DCCT specimens and 

hot stamping W-channel parts. The results demonstrate that the deformation 

accelerates the diffusive phase transformation, causing the CCT curves to move in the 

direction of shorter incubation time. But the acceleration of diffusion transformation 

is rapidly saturated as the plastic strain increases. Lower deformation temperature and 
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higher strain rate are more favorable to the diffusion phase transformation, and the 

higher the critical cooling rate of the martensite transformation is needed. The 

proposed kinetic model not only accurately predicts the final phase fraction and 

hardness of the DCCT specimen, but also the distribution of mechanical properties of 

the hot stamping W-channel parts.  

Key words：Hot stamping; Phase transformation; Boron steel; Thermomechanical 

processes; Mechanical properties 

1. Introduction 

Hot stamping is currently one of the most effective methods to produce ultra-high 

strength automotive parts to meet increasing requirements for weight reduction and 

passenger safety[1-3]. During hot stamping, boron steel is austenitized at about 900℃, 

stamped into a target shape in an austenite state, and then quenched by water cooling 

die to achieve phase transformation strengthening. The method of die quenching 

allows steels to achieve a strength greater than 1500 MPa while ensuring high 

dimensional accuracy [4, 5]. The target strength of final product is assured by a 

sufficiently high cooling rate above a critical value to make austenite completely 

transform into high strength martensite, eliminating diffusive transformation, such as 

ferritic or bainitic transformation.  

The hot stamping of Boron steel is a complex process which involves the prior 

plastic deformation followed by a continuous cooling transformation. The phase 

transformation during press hardening is affected by many factors, including material 

content, tool/blank interfacial contact, tool design, etc. [6-8], two factors among 

which are deserved to be emphasized, one is the pre-deformation just ahead of die 

quenching, especially at the corner and side wall of the hot stamped part [9], the other 

is the continuous cooling path during die quenching. In the past ten years, some 

research has been carried out to study the phase transformation during hot stamping 

process, in the aspects of experimental methods, kinetic models and property 

prediction. 
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In the aspect of experimental methods, isothermal cooling rather than continuous 

cooling path is commonly adopted for kinetic modeling of phase transformation in 

practical press hardening due to the difficulty in modeling directly based on CCT 

curve. Scheil's principle and additivity rule [10] have been frequently applied for the 

conversion procedure from isothermal to non-isothermal kinetics to consider the 

incubation period during cooling. However, it has been reported that the 

non-isothermal kinetics conversing by additivity rule was not appropriate to capture 

transformation behavior of certain steels under various cooling rates [11]. So the 

kinetic modeling of phase transformation based on CCT curves is still of urgent 

demand. 

A deformation dilatometer and Gleeble thermal simulator system was used to 

reproduce the non-isothermal deformation and phase transformation of the boron steel 

under continuous cooling conditions[12-15]. The isothermal compressive or tensile 

tests at different deformation temperatures and strain rates were carried out ahead of 

quenching to study the effect of pre-deformation on both diffusive transformation and 

martensitic transformation[16-19]. Their results all show that the plastic deformation 

of austenite can promote the formation of soft phase and accelerate the process of 

diffusive transformation, and a higher critical cooling rate is necessary for the 

complete transformation from austenite into martensite, which necessitates the 

quantitative description on phase transformation kinetics considering pre-deformation. 

The kinetic model of phase transformation is critical to the prediction of 

mechanical properties for the hot stamped parts[20]. There has been a long history of 

study on kinetic model of phase transformation, and some classical phase 

transformation models have been proposed (e.g., Johnson and Mehl [21]; Avrami [22, 

23]; Kolmogorov (JMAK model) [24]; Kirkaldy and Venugopalan (K-V model) [25]; 

Victor Li (Li model) [26]; Åkerström and Oldenburg (A-O model) [27] ). Behrens and 

Olle [28] applied the JMAK model to the prediction of diffusive transformation in hot 

stamping process earlier, and realized the thermo-mechanical-metallurgical coupled 

simulation. Bok et al.[29] compared the accuracy of K-V, Li and A-O models in 

predicting the microstructure evolution of hot stamping parts of boron steel, and 

Jo
urn

al 
Pre-

pro
of

ArcelorMittal Ex. 2023 
Page 4 of 50



4 
 

found that there was still a large deviation between the predicted and testing results. 

To obtain higher prediction accuracy and wider application range of phase 

transformation model, Hippchen et al.[30] introduced a retardation coefficient for 

each phase and extended the model parameter to a cooling rate dependency. Some 

other scholars[31,32] have also modified the K-V model. The idea of the modification 

is to introduce more model parameters to improve the prediction accuracy. 

In spite of these great efforts in prediction accuracy improvement on phase 

transformation of boron steel, there is still a lack of simple and reliable models to 

predict the phase transformation behavior of pre-deformed austenite. To introduce 

deformation effect into the traditional kinetic model of phase transformation, some 

scholars have made different attempts. Serajzadeh [33] established the relationship 

between plastic deformation and incubation time, that is, incubation time is 

proportional with (1-ε)2 . Based on this proportional relationship, the traditional 

JMAK model was modified by introducing deformation effect. This kinetic model of 

phase transformation was also numerically implemented by Åkerström et al. [34] and 

integrated into the MAT_244 material card of LS-DYNA. Bok et al. [35] modified the 

K-V model from the microscopic mechanism of plastic deformation promoting 

diffusive transformation. The relationship between grain size, dislocation density, and 

recrystallization volume fraction was established. The grain size was used as an 

intermediate variable to introduce the effect of deformation on phase transformation. 

However, Bok’s model contains a large number of parameters for describing the 

evolution of dislocation density and recrystallization, which is difficult to test and 

identify. Bambach et al. [2] and Hart-Rawung et al.[36] introduced strain-dependent 

activation energy to modify the kinetic model of phase transformation. But only the 

effect of the strain on phase transformation under the deformation temperature of 

700 °C and cooling rate of 31.5 °C/s was tested. The activation energy is only a 

piecewise linear function of strain. Similarly, Omer et al. [37] used hardness as the 

evaluation index to optimize the activation energy parameters of the kinetic model at 

the strain of 20%. The linear interpolation method was then used to calculate the 

activation energy for any engineering strain ranges from 0% to 20%. The influence of 
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deformation temperature and strain rate on phase transformation was not considered 

in the above model. Therefore, whether it is suitable for all deformation and cooling 

conditions remains to be verified. 

In this paper, the more accurate CCT (continuous cooling transformation) and 

DCCT (Deformed continuous cooling transformation)experiments covering a wider 

range of hot stamping process conditions have been performed on a Gleeble system. 

The influences of plastic strain, deformation temperature, and strain rate on phase 

transformation are studied by combining dilation test with microstructure observation. 

Then a new non-isothermal kinetic model of phase transformation is established, and 

the effect of the strain, strain rate and deformation temperature are introduced into the 

proposed phase transformation model through the concept of virtual cooling rate. The 

phase fraction and Vickers hardness of CCT and DCCT specimens are predicted by 

using the proposed model and compared with the experimental results. Finally, the 

proposed model is applied to hot stamping of the W-channel part for the prediction of 

the microstructure and mechanical properties. 

2.  Experiments and data analysis 

2.1 Materials and testing method 

The regular bare sheet of B1500HS with a thickness of 1.4 mm is used in this 

study. The chemical composition is given in Table 1. The microstructure of the 

as-received steel is 78% ferrite and 22% pearlite. 

Table 1 Chemical composition of B1500HS boron steel in wt% 

Value C Si Mn P S Al Ti B Cr+Mo+Nb 

Reference 0.2-0.25 ≤0.5 1.0-1.5 ≤0.025 ≤0.010 0.01-0.06 ≤0.05 ≤0.005 ≤0.5 

Test 0.23 0.25 1.35 0.015 0.006 0.03 0.04 0.003 0.19+0.04+0.00 

 

To study the phase transformation of boron steel under hot stamping conditions, 

the tests have been carried out in a Gleeble 3500 thermomechanical simulation testing 
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machine for its excellent ability of controlling the temperature and deformation. The 

volume fraction of phase transformation is monitored by a dilatometer with the width 

change of specimen due to thermal and transformational dilation from austenite to 

ferrite, pearlite, bainite or martensite. Once the material undergoes an austenite 

decomposition, the turning points appear on the dilation curves, which makes it 

applicable of dilatometry in phase amount calculation. 

The schematic and the equipment of the testing system are shown in Fig. 1. In this 

paper, phase transformation observation on CCT and DCCT processes is carried out 

based on this system respectively. 

   

Fig. 1. Phase transformation testing system. (a) schematic diagram and (b) testing device. 

2.2 Testing program 

2.2.1 Thermal and mechanical cycles design 

The thermal and mechanical cycles are designed in two manners of CCT and 

DCCT respectively for the purpose of simulating the real hot stamping process. For 

CCT manner, as shown in Fig. 2(a), the specimens are heated at a speed of 10℃/s to 

the austenitization temperature of 900℃, soaked for 5 min, and then cooled under 

different rates from 0.5 to 50℃/s. The high-capacity argon cooling system is used to 

realize the rapid cooling process. 

In current experiment, DCCT manner is adopted to study the effect of prior 

deformation on phase transformation, which is a key issue for process optimization 

and mechanical property evaluation of hot stamping. A set of appropriate thermal 

cycles are designed as shown in Fig. 2(b) to ensure that the prior deformation be 
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implemented in the austenitic state. The specimens are heated to 900 ℃ and soaked 

for 5 min, then cooled to different deformation temperatures (650℃, 725℃ and 

800℃) with a cooling rate of 75 ℃/s, followed by tensile deformation up to different 

strokes of 2, 4 and 6 mm, and at different velocity of 2, 20 and 200 mm/s respectively. 

To study the transformation kinetics, the aforementioned deformed specimens are 

continuously cooled to room temperature with various rates between 20℃/s and 75℃

/s. The dilation curves are recorded to obtain the phase transformation information. 

  

Fig. 2 The thermal and mechanical cycles for (a) CCT and (b) DCCT testing. 

2.2.2 Testing specimens design 

For traditional strip specimens, there is always a temperature gradient across the 

width direction, which results in a measurement error in phase transformation due to 

the non-isothermal distribution induced non-uniform dilation. Therefore, a double-slot 

specimen as shown in Fig. 3(a) is designed for static CCT to attain an isothermal 

distribution in the plane of specimen. 

The geometry of the tensile specimens for DCCT is illustrated in Fig. 3(b), which 

has a longer gauge length than that for CCT to measure the effect of deformation on 

transformation. The C-shaped contact dilatometer is used to measure the width 

changes of the specimen, so as to calculate the phase amount indirectly. The clamping 

position of the dilatometer is kept in a straight line with the welding point of the 

thermocouple to ensure the coincidence between the sections of temperature and 

dilation measurement. 
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Fig. 3 Specimen geometry for (a) CCT and (b) DCCT testing. 

2.3 Strain analysis of prior deformation 

Commonly, the longitudinal strain within the gauge is thought to be uniform and 

quantified by the average strain based on tension stroke. However, the non-uniform 

deformation induced by the temperature gradient along gauge length exists inevitably 

in Gleeble system. Therefore, it makes no sense to quantify the local strain at certain 

point with this average longitudinal strain based on tension stroke. That’s why we 

adopt the width change measured by dilatometer to calculate the local longitudinal 

strain indirectly, as shown in Fig. 4. The engineering strain in the width direction is 

written as 

0

0

yE

w w

w



  (1) 

According to incompressibility of materials, the longitudinal true strain and stress 

of the clamping section can be expressed as 

0

2 2ln(1 ) 2ln( )x y yE

w

w
        

 
(2) 

 
0 0

expx x

F

t w
 

 
(3) 

where εyE is the engineering strain in y-direction. εx and εy are the true strain in x- and 

y-direction respectively. σx is the true stress in x-direction. w0 and t0 represent the 

initial width and thickness, while w is the width after deformation. F is the tensile 

force applied by the jaws of Gleeble. 
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Fig. 4. Schematic diagram of strain calculating with the width variation. 

The stress-strain curves under different deformation conditions, including 

deformation temperatures, strain rates and tension strokes, can be illustrated based on 

experimental data processing with Eq.(1) to Eq.(3), as shown in Fig. 5. After 

pre-deformation up to a certain tension stroke, the specimens are unloaded and then 

cooled at different cooling rates to simulate the phase transformation process, which 

are recorded by the system and shown as a significant decreasing trends in Fig. 5.  

   

Fig. 5. The stress-strain curves based on dilatometer and Gleeble system. 

There is indeed a data scatter in the maximum strain even for the same stroke. 

This data scatter can be attributed to the systematically errors of Gleeble induced by 

the deformation heterogeneity in gauge length, such as inconsistent clamping 

positions of dilatometers and welding points of thermocouples, uneven heat 

conduction of grip jaws, etc. To reduce the dispersion of the pre-strain, a large number 

of experimental tests are repeated to control the deformation within a small deviation 

range. The uniaxial tensile stress-strain curves obtained after the optimization 
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experiment are shown in Fig. 5. The deviation of the maximum strain at each tension 

stroke is less than 3%. The average maximum strain corresponding to each tension 

stroke is used to indicate the exact value of pre-deformation. 

2.4 Phase transformation calculation based on dilatometric results 

The applicability of dilatometry in quantitative evaluation on phase transformation 

is due to the change in the specific volume before and after the phase transformation. 

Austenite is face-centered cubic (FCC) in structure, which has a smaller specific 

volume as compared to the body-centered structure of product phase. Once the 

material undergoes an austenite decomposition, the nonlinear dilation appears on the 

dilation curves, which breaks the linear relation between dilation and temperature for 

pure cold contraction. The turning points on the dilation curve indicate the starting 

and finishing temperatures of the phase transformation. Fig. 6 shows the dilatometric 

curves of B1500HS specimens measured during continuous cooling from 900 ℃ to 

room temperature at rates of 0.5-30℃/s, which correspond to the different types and 

degrees of phase transformation, including diffusive and martensitic transformation.  

 

Fig. 6. Dilatation curves of CCT specimens at different cooling rates. 

The dilation occurring at high temperatures over 600℃ during slow cooling at 

rates of 0.5~5℃/s is attributed to ferritic and pearlitic transformations. The dilation at 

medium temperatures between 450℃ and 600℃, at rates of 5~20℃/s is probably 

related to pearlitic and bainitic transformations. The dilation at low temperatures 

Jo
urn

al 
Pre-

pro
of

ArcelorMittal Ex. 2023 
Page 11 of 50



11 
 

below 400℃  and at rates of 25~50℃ /s may be attributed to a martensitic 

transformation. 

To evaluate the volume fraction of constituent phases during austenite 

decomposition, the lever rule is used repeatedly under a specific cooling rate 

according to the dilation curves. However, the disadvantage of this method is that 

when the austenite is transformed into more than two product phases, the final volume 

fraction of each phase cannot be determined accurately. To solve this problem, the 

final volume fraction of each phase after transformation at a certain cooling rate is 

determined by the metallographic method. By combining the level rule with the final 

volume fraction of each constituent phase, the phase transformation evolution law of 

the whole transformation process can be obtained. The determination method and 

process of the phase volume fraction evolution are shown in Fig. 7. 

 

Fig. 7. Determination method of phase volume fraction evolution curve. 
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2.5 CCT test results 

Accurate determination of the final phase volume fraction is important for 

establishing a kinetic model of phase transformation. The microstructures are 

measured by optical microscopes after cooling at different rates as shown on the left 

side of Fig. 8. An advanced algorithm of image processing is adopted to perform 

phase classification and labeling, and the identification results are shown on the right 

side of Fig. 8. The final phase volume fractions for the different cooling rates are 

determined by the proposed methods. The composition of the final phase fraction for 

each product phase are given in Table 2. 

 

Table 2 Final phase fraction after cooling to room temperature with different cooling rates. 

CR(℃/s) 

(cooling rate) 

t85(s) 

(300/CR) 

Final phase volume fraction Xfinal 

i  

Ferrite Pearlite Bainite Martensite 

0.5 600 0.79 0.21 0.0 0.0 

1.0 300 0.75 0.25 0.0 0.0 

1.5 200 0.74 0.26 0.0 0.0 

2.5 120 0.73 0.27 0.0 0.0 

3.0 100 0.70 0.30 0.0 0.0 

4.0 75 0.32 0.08 0.6 0.0 

5.0 60 0.186 0.01 0.804 0.0 

7.5 40 0.078 0.0 0.90 0.022 

10 30 0.039 0.0 0.903 0.058 

15 20 0.01 0.0 0.49 0.50 

20 15 0.0 0.0 0.25 0.75 

25 12 0.0 0.0 0.06 0.94 

30 10 0.0 0.0 0.0 1.0 

40 7.5 0.0 0.0 0.0 1.0 

50 6 0.0 0.0 0.0 1.0 
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Fig. 8. Optical microscopic structures and phase identification according to cooling rates of 

15-25 ℃/s. 

Fig. 9 shows the change of transformed volume fraction with temperature during 

continuous transformation under different cooling conditions using the lever rule and 

metallographic analysis. The parameters of the proposed kinetic model shows in Eq. 

(4) can be identified by using the evolution curves of phase volume fraction. 

The starting and finishing temperatures (or time) of phase transformation for each 

product phase in CCT cooling conditions are identified based on the analysis of 

dilation curves. The CCT diagram for B1500HS steel is constructed by fitting of the 

transformation starting and finishing points, as shown in Fig. 10. 

 

Fig. 9. Phase transformed volume fraction varies with temperature. 
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Fig .10. CCT diagram of B1500HS steel. 

Table 3 shows the measured value and standard deviation of Vickers hardness of 

CCT specimens. The deviation of the hardness test results is small, and the standard 

deviation of the hardness of the test is large only when the cooling rate is large. A 

possible explanation for this might be that the system error of the microhardness tester 

increases with the hardness. But the percentage error is still small. Fig. 11 shows the 

Vickers hardness of the CCT specimen as a function of the cooling rate. As the 

cooling rate increases, the hardness increases. When the cooling rate is greater than 

30 °C/s, the hardness changes to saturation and the increase is not obvious. This is 

because austenite is almost completely transformed to martensite at a cooling rate of 

more than 30 °C/s. 

 

Fig. 11. Vickers hardness of CCT specimens with different cooling rates. 
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Table 3 Vickers hardness of CCT specimens 

CR (℃/s) t85(300/CR) (s) Average hardness (HV) standard deviation (HV) 

0.5 600 161.35 5.33 

1.0 300 171.01 7.11 

1.5 200 180.06 8.02 

2.5 120 197.04 4.87 

3.0 100 205.48 4.39 

4.0 75 222.97 5.14 

5.0 60 241.31 6.16 

7.5 40 295.48 5.10 

10 30 340.24 4.33 

15 20 402.73 7.65 

20 15 425.51 3.77 

25 12 447.94 9.20 

30 10 458.89 15.87 

40 7.5 467.06 18.44 

50 6 475.30 21.95 

75 4 483.04 25.47 

 

2.6 DCCT test results and analysis 

   Hot stamping is a non-isothermal deformation process. The deformation response 

of the blank varies at different areas due to the different loading conditions, i.e., the 

geometric constraint of parts, the constantly changing strain rates and temperatures. In 

this section, the effects of strain, deformation temperature, and strain rate on phase 

transformation are analyzed through measuring the dilation curves and calculating the 

phase fraction evolution by the proposed method in Section 2.3. 

2.6.1 Effect of strain level on transformation 
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The holding time longer than 5 sec is necessary to ensure the stability of the 

temperature during the isothermal tensile testing process, as shown in Fig. 2. The 

isothermal holding time will affect the overall average cooling rate. The average 

cooling rate in this paper can be expressed as CR=(800-500)/t85. Fig. 12 shows the 

effect of deformation on phase transformation at different average cooling rates. Fig. 

12 (a), (b) and (c) show the change of the dilation curves when the stroke is 2, 4, and 

6 mm. Fig. 12 (d), (e) and (f) show the evolution of the phase volume fraction of the 

DCCT specimen under different tensile strokes. The results show that the amount of 

deformation has a significant effect on the phase transformation. With the increase of 

deformation, the diffusive phase transformation is promoted at the same cooling rate, 

resulting in less martensitic transformation. This is mainly attributed to the fact that 

the accumulated dislocation density and storage energy rise with the increase of 

deformation, which provides more nucleation sites for the transformation of the 

diffusive phase, and also a greater driving force for the growth of the new phase. In 

addition, the larger the deformation, the finer the grain is [35], and the increase of 

grain boundary is conducive to the nucleation of the new phase at the grain boundary. 
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Fig. 12. The effect of the amount of strain on phase transformation. (a), (b) and (c) are the dilation 

curves with the stroke of 2, 4 and 6 mm, respectively; (d), (e) and (f) are the phase fraction 

evolution curves with the stroke of 2, 4 and 6 mm, respectively. 

2.6.2 Effect of deformation temperature on transformation 

During the hot stamping process, the material undergoes non-isothermal 

deformation. Studying the influence of deformation temperature on the phase 

transformation is very significant for accurately establishing the kinetic model of 

phase transformation with the effect of deformation. Fig. 13 shows the effect of 

deformation temperature on phase transformation at different average cooling rates. 

Fig. 13 (a), (b) and (c) show the change of the dilation curves at deformation 

temperatures of 800, 725, and 650 °C, respectively. Combining the dilation curves and 

the final phase volume fraction test results, the phase volume fraction evolution 

curves under the same pre-strain and strain rate are calculated as shown in Fig. 13(d), 

(e) and (f). The results show that the deformation temperature has a significant effect 

on the phase transformation. With the decrease of deformation temperature, more 
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diffusive transformation products than martensitic transformation are obtained from 

austenite. This is because that dislocation accumulation has become dominant other 

than the recovery and recrystallization at lower deformation temperatures. Therefore, 

the lower the deformation temperature, the more defects such as dislocations and 

vacancies, which is more conducive to nucleation and growth of diffusive products. 

 

  

   
Fig. 13. The effect of the deformation temperature on phase transformation. (a), (b) and (c) are the 

dilation curves with the deformation temperature of 800, 725 and 650 ℃, respectively; (d), (e) 

and (f) are the phase fraction evolution curves with the deformation temperature of 800, 725 and 

650 ℃, respectively.  
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2.6.3 Effect of strain rate on transformation 

During the hot stamping process, the strain rate at each region of the parts is 

different, and the strain rate is constantly changing during the deformation process. 

The high-temperature deformation of austenite is strain rate sensitive, so it is very 

important to study the effect of strain rate on phase transformation. Fig. 14 shows the 

effect of strain rate on phase transformation. Fig. 14(a), (b) and (c) show the variation 

of the dilation curves at tensile speeds of 2, 20, and 200 mm/s, respectively. 

Combining the dilation curves with the final phase volume fraction test results, the 

phase volume fraction evolution curves under the same pre-deformation amount and 

deformation temperature are calculated as shown in Fig. 14(d), (e) and (f). The results 

show that the diffusive transformation is promoted and the martensitic transformation 

is inhibited with the increase of strain rate. This is attributed to the fact that the 

recovery mechanism of dislocation is gradually suppressed with the increase of strain 

rate at the same pre-strain and deformation temperature, and the same deformation 

will accumulate more dislocation defects, which provides more nucleation sites for 

the diffusive transformation. In addition, as increasing the strain rate, the flow stress 

and stored energy increase, which provides more driving force for the growth of new 

phase. 
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Fig. 14. The effect of the strain rate on phase transformation. (a), (b) and (c) are the dilation curves 

with the tensile velocity of 2, 20 and 200 mm/s, respectively; (d), (e) and (f) are the phase fraction 

evolution curves with the tensile velocity of 2, 20 and 200 mm/s, respectively.  

2.6.4 Effect of deformation on CCT diagram 

It is known from the Section 2.6.1 that deformation will promote the occurrence 

of diffusive transformation, and deformation has a significant influence on the phase 

transformation starting and finishing temperatures, that is, the deformation has a great 

impact on the CCT diagrams. It is very important to understand the influence of 

deformation on the CCT diagram to establish the kinetic model of phase 

transformation. Fig. 15 shows the effect of the deformation on the CCT diagram. Fig. 

15 (a) and (b) show CCT diagrams with different deformation amounts at deformation 

temperatures of 800 °C and 725 °C, respectively. The plastic deformation affects the 

position and shape of the CCT curves. As the deformation increases, the increase of 

transformation starting temperature and translation of the FP and bainite phase 
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transformation to shorter time can be observed, indicating that the earlier the diffusive 

transformation occurs at the same cooling rate. As shown in Fig. 15(a), when the 

deformation temperature is 800 °C and the strain is 0.213, the critical cooling rate for 

transforming into complete martensite is about 50 °C/s, which is much larger than 

27 °C/s without deformation[1]. Comparing Fig. 15 (a) and (b), as the deformation 

temperature decreases, the translation of diffusive transformation starting point (FP 

and bainite transformation) in a direction of shorter time is increased observably. The 

transformation starting temperature of diffusive transformation at the same cooling 

rate increases as the deformation temperature decreases. When deforming at a lower 

temperature, a larger cooling rate is required to avoid diffusive transformation. As 

shown in Fig. 15(b), when the deformation temperature is 725 °C and the strain is 

0.189, the critical cooling rate for the complete occurrence of martensite 

transformation is about 75 °C/s, which is larger than the critical cooling rate when the 

deformation temperature is 800 °C. Fig. 15(c) and (d) show the DCCT diagram 

represented by t85, which shows the same change law as the general CCT in Fig. 15(a) 

and (b), where t85 is the cooling time from 800 to 500°C. 
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Fig. 15. Effect of deformation on CCT diagrams. 

3. Kinetic modeling of phase transformation 

3.1 Non-isothermal kinetic model of phase transformation 

Based on the transformation kinetics under continuous cooling conditions 

proposed by Kamamoto et al. [38], the evolution of volume fraction of each phase can 

be uniformly expressed by exponential function as 

    
  , 1 exp , , ,in CR

i iT CR k CR i FP B M       

 

(4) 

s s

i i

s f f s

i i i i

T T t t

T T t t


 
 

 
 (5) 

where T is the current temperature, CR is the cooling rate; φi is the transformation 

level of the i-th product phase; τ is the normalized temperature or time; T
s 

i and T
f 

i  are 

the starting and finishing temperatures for the i-th product phase of phase 

transformation respectively; Similarly, t
s 

i  and t
f 

i  are the starting and finishing time of 

phase transformation. 

The starting and finishing temperatures of the phase transformation vary with the 

cooling rate. Fig. 16 shows the determination method of the starting and finishing 

temperatures of phase transformation. For a certain type of transformation, the 

starting and finishing temperatures can be expressed as a polynomial function of the 

cooling rate: 
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   1

1

m
s f s f i

i

i

T CR a CR, , 



  (6) 

where a
s,f 

i is the polynomial coefficient for calculating the starting and finishing 

temperatures of phase transformation. 

 

Fig. 16. Calculation method for starting and finishing temperature of phase transformation 

The ki and ni in Eq. (4) are the model parameters, which are dependent on CR, and 

can be expressed as 

    =
i i i i

k CR n CR ，  (7) 

where γi and λi are the function of the cooling rate, which will be determined in 

Section 3.3.3. 

Combined with the final phase volume fraction identified by the metallographic 

analysis, the total transformed volume fraction can be expressed as 

   final

i i i
X T X T CR i M B FP  , , , ,  (8) 

where X
final 

M , X
final 

B and X
final 

F+P  are the final phase volume fraction for martensite, bainite 

and ferrite+pearlite respectively.  

The properties of ferrite and pearlite are relatively close. The product phase is 

assumed as an aggregation of ferrite and pearlite, which is referred to as the FP 

mixed-phase. The final volume fraction of the product phase can be expressed as a 

function of the cooling rate, and the final fraction of the martensite and FP mixed 

phase can be expressed as 
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85 85
85

ln( ) ( )1
( ) 1

2 2

final m
M

m

t t
X t erf

a

é ùæ ö-ê úç ÷= +
ê úç ÷-è øë û 

(9) 

85 85

85

ln( ) ( )1
( ) 1

2 2
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X t erf
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é ùæ ö-ê úç ÷= +ê úç ÷ç ÷
ê úè øë û

 (10)
 

2

0

2
( )

x
erf x e d 



-= ò  (11) 

where t85 is the cooling time from 800 to 500 °C according to the applied cooling rate 

(t85 =(800-300)/CR); am and af are model parameters for the final phase fraction of the 

martensite and the FP mixed-phase, respectively. erf(x) is the standard error function; 

m(t85) and f(t85) are nested functions in the calculation model of the final volume 

fraction of martensite phase and FP mixed-phase, which can be expressed as the 

polynomial function of t85 

1

85 85
1

( )
n

i

m i
i

t m t -

=

=å  (12) 

1

85 85
1

( )
n

j

f j
j

t f t -

=

=å  (13) 

where mi and fj are the coefficients of the polynomial function, which can be obtained 

by fitting the final volume fraction of various product phases at different cooling 

rates. 

The final phase volume fraction of bainite can be obtained directly from the total 

austenite volume fraction (total austenite volume fraction, generally equal to 1) minus 

the final volume fraction of the martensite and FP mixed-phase, ie 

85 85 85( ) 1 ( ) ( )final final final

B M FPX t X t X t= - -  (14) 

3.2 Modeling of phase transformation considering the effect of deformation 

It can be seen from Fig. 15 that the deformation will promote the transformation 

of diffusion phase, that is, the CCT curve will shift to the left with different 

deformation conditions, but it is very cumbersome to describe the DCCT curve under 

various deformation conditions. Therefore, a concept of virtual cooling rate is 
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proposed to transform the actual cooling rate of pre-deformed austenite into the 

non-deformed condition. The virtual cooling rate can be directly substituted into the 

phase transformation model established in the Section 3.1 to predict the phase volume 

fraction of pre-deformed austenite. The concept of virtual cooling rate is shown in Fig. 

17.  

According to the similarity principle, the normalized temperature τ in Eq. (4) is 

the same for the actual and virtual cooling paths, which varies between 0 and 1.  

s s

i i

s f s f
i i i i

T T T T

T T T T


 
 

    

(15) 

where T
s′ 

I  and T
f′ 

i are the starting and finishing temperatures of phase transformation in 

the virtual cooling path. 

The relationship between the virtual and the actual cooling rate CRv can be 

expressed as 

 
0

1 , ,
v

tCR
T

CR t

   


  


 (16) 

where Δtε is the shortened incubation time caused by deformation-induced nucleation; 

Δt0 is the actual incubation time of pre-deformed austenite; ε, 𝜀̇, and T are strain, 

strain rate, and deformation temperature respectively. 

 

Fig. 17. The principle of introducing the effect of deformation on phase transformation. 

A final volume fraction calculation model for various product phases at different 

cooling rates without pre-deformation is established in Section 3.1. The model 

represents the final phase volume fraction as a function of cooling rate with high 
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prediction accuracy under undeformed conditions. To consider the influence of 

deformation on the final phase volume fraction, the virtual cooling rate are introduced 

to correct the original model. The conversion factors ω of the virtual cooling rate are 

different for different product phases, the virtual cooling rate can be expressed as 

( )
v ,i

i

CR
CR , i FP,M

, ,T  
    = =  (17) 

85 85

300 300
( ) ( ) ( )i

i i

v ,i

t , ,T , ,T , ,T t
CR CR

       =  = =  (18) 

where, ωi is the coefficient that converts the actual cooling path to the virtual one, as 

shown in Fig. 18. According to Eq. (16), ωi∈[1,+∞]. 

Substituting Eq.(18) into Eq.(9) and (10), the final phase volume fraction 

calculation model of the martensite and FP mixed phases considering the influence of 

deformation can be written as 

85 85
85

ln( ) ( )1
( ) 1

2 2

final M m M
M

m

t t
X t erf

a

  é ùæ ö-ê úç ÷= +
ê úç ÷-è øë û

 (19) 

85 85

85

ln( ) ( )1
( ) 1

2 2

FP f FPfinal

FP

f

t t
X t erf

a

  é ùæ ö-ê úç ÷= +ê úç ÷ç ÷
ê úè øë û

 (20) 

where ωM and ωFP are the virtual cooling rate conversion coefficients of martensite 

and FP transformations respectively. The definition of the inline function and the 

model parameter values are consistent with Eq.(11) to Eq. (13).  

After the virtual cooling rate is calculated, the evolution of phase volume fraction 

under any virtual cooling path can be calculated by using Eq.(4) to (6) and Eq. (8). 

However, the conversion factor ω, which converts the actual cooling path to the 

virtual one, is still unknown. Because the current deformation does not reach the 

critical strain of dynamic recrystallization (The minimum critical strain is 0.367 [35] 

when deformation temperature is 800℃  and strain rate is 0.1 s-1), the static 

recrystallization can be ignored in the process of die-quenching within 10 s of hot 

stamping. Therefore, the effect of deformation on phase transformation is mainly 

attributed to the increase of nucleation sites due to the increase of accumulated 

dislocation density.  
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By summarizing the previous studies, the evolution of dislocation density in the 

high- temperature deformation of boron steel can be expressed as 

0 1

0 0exp 1 exp exp
n nm b c c

d

Q Q Q
d

T T
     

æ öæ öæ ö æ ö-
ç ÷ç ÷ç ÷ ç ÷= - - +ç ÷ ç ÷ç ÷ç ÷

è ø è øè øè ø
 (21) 

where λ, m, n0, and n1 are material coefficients; d0 is the initial austenite grain size; Qb 

and Qc are activation energy related parameters for dislocation density accumulation 

and dynamic recovery respectively; ρ0 is the initial dislocation density; 𝜀,̅ 𝜀̅̇, and T 

are strain, strain rate, and deformation temperature, respectively. 

The dislocation accumulation rate of plastic deformation is the ratio of the 

current dislocation to the initial dislocation, which is given by: 

0

10

0 0

exp 1 exp exp 1
nm

nd b c cd Q Q Q

T T

  
  

 

æ öæ öæ ö æ ö-
ç ÷ç ÷ç ÷ ç ÷= = - - +ç ÷ ç ÷ç ÷ç ÷

è ø è øè øè ø
 (22) 

The relationship between the ω, plastic stain, and deformation temperature can 

be expressed as  

0

0

0

( )
nmd

T
 

     


   , , =  (23) 

1( ) exp 1 exp exp 1
nb k c k c k

k k k

Q Q Q
T k FP M

T T
        ， ，, , ,, ,

æ öæ öæ ö æ ö- ç ÷ç ÷ç ÷ ç ÷= - - + =ç ÷ ç ÷ç ÷ç ÷
è ø è øè øè ø

 (24) 

where α is scaled factor; η is material constant related to initial grain size and 

dislocation density; The other parameters are consistent with Eq. (21). When the 

strain is zero, the conversion coefficient of virtual cooling rate is equal to 1, the final 

phase volume fraction calculation model degenerates into the continuous cooling 

transformation without pre-deformation.  

3.3 Identification of kinetic parameters for B1500HS boron steel 

3.3.1 The starting and finishing temperatures of phase transformation 

Accurate description of CCT curves is very important for predicting the evolution 

of phase transformation. The test results shown in Fig. 10 are piecewise fitted by 

using Eq. (6) to calculate the starting and finish temperature of transformation at any 
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cooling path. The calculation coefficients of phase transformation starting and 

finishing temperatures are shown in Table 4 and Table 5, respectively. 

Table 4 Coefficient for calculating transformation starting temperature. 

Coefficient  a1 a2 a3 a4 a5 CR  

F+P 
783.00 -21.36 7.70 -0.949 0.0337 0.5-15℃/s 

748.56 -220.52 109.60 -13.65 0 0.5-5℃/s 

Bainite 
564.50 54.97 -8.51 0.47 -0.00889 5-27℃/s 

173.2 204.55 -20.65 0 0 3-5℃/s 

Martensite 
787.0 -86.67 5.64 -0.1093 0 ≤25℃/s 

844.0 -30.68 0.7225 -0.00628 1.69×10
-5

 ＞25℃/s 

 

Table 5 Coefficient for calculating transformation finishing temperature. 

Coefficient a1 a2 a3 a4 a5 CR  

F+P 
748.56 -220.52 109.60 -13.65 0 0.5-15℃/s 

708.58 -212.05 100.067 -12.60 0 0.5-5℃/s 

Bainite 
593.67 14.4 -3.6267 0 0 2.5-10℃/s 

787.0 -86.67 5.64 -0.1093 0 ＞10℃/s 

Martensite 549.63 -35.19 1.3466 -0.0206 1.033×10
-4

 ＞25℃/s 

 

3.3.2 Parameter identification of final phase volume fraction 

Table 6 shows the model parameters for the final phase volume fraction obtained 

by fitting the experimental data in Table 2. Fig. 18 shows the comparison of the final 

phase fractions between the model calculations and the experimental results. It can be 

seen from the figure that the final phase fraction calculation model proposed in this 

paper can accurately predict the final volume fractions of different product phases 

under various cooling rates. This model is very convenient for calculating the final 

phase volume fraction under any cooling conditions. 
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Table 6 Parameters for calculating of the final phase volume fraction 

Phase af /am f1/ m1 f2/ m2 f3/ m3 

Ferrite+Pearlite(FP) 0.0948 2.6030 0.0386 -2.06E-4 

Martensite(M) 0.3180 2.9676 0 0 

 

 

Fig. 18. Comparison of fitting final phase fraction with the experimental results. 

3.3.3 Phase transformation evolution parameters 

The phase transformation evolution parameters k and n in Eq.(4) are used to 

describe the evolution in the whole process of phase transformation. Each cooling rate 

corresponds to a set of parameter values. The objective of optimization is to obtain a 

set of optimal parameters k and n to minimize the deviation between the volume 

fraction evolution curve of austenite calculated by the model and the experimental test 

value, i.e 

    

    

 d =

 d =

s
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f
i
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f
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



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 





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, ,
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, ,

min

min
 

(25) 

where X
exp 

f,tot and X
cal 

f,tot are the experimental test and calculated volume fraction of F+P 

phase; X
exp 

b,tot and X
cal 

b,tot are the experimental test and calculated volume fraction of 

bainite respectively.  

When two or more product phase are formed at a certain cooling rate, the 

transformed volume fraction of austenite, as shown in Fig. 12 to Fig. 14, can be 
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expressed as  

         1 1 1fp b
n ncal

tot fp fp fp fp b b
X T X k X kmax maxexp exp       
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(28) 

where h(x) is a switching function that determines the current transformation type and 

calculates the normalized temperature. When the temperature is not cooled to a certain 

phase transformation starting point, the value of h function is zero, and its graph is 

shown in Fig. 19.  

 
Fig. 19. The graph of switch function 

The deviation between the phase transformation evolution curve calculated by the 

Eq.(26) and the experimental test curve is used as the objective function, and the 

kinetic parameters k and n are obtained for different transformation type at various 

cooling rates. The identification results are shown in Table 7. 

Table 7 Parameters of phase transformation with continuous cooling. 

Product phase Parameters 0.5 2.5 5.0 10.0 15.0 20.0 

F+P  
k 5.69 5.75 3.26 8.93 8.60 — 

n 2.88 3.18 6.72 18.10 22.14 — 

Bainite 
k — — 3.61 6.31 2.28 1.93 

n — — 1.37 2.08 2.13 1.81 
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Fig. 20(a) shows the variation of the identification parameters with the cooling rate. 

For a certain product phase of transformation, there is a corresponding relationship 

between the cooling rate and the final phase volume fraction, as shown in Fig. 18. 

Using this relationship, the model parameters can be expressed as a function of the 

final phase volume fraction, as shown in Fig. 20(b) and (c). Fig. 20(d) shows the 

comparison of the transformed volume fraction predicted by the identification 

parameters and the experimental test results. The results show that the identified 

parameters can accurately predict the evolution of phase volume fraction during the 

whole transformation process. 

   

    

Fig. 20. Identification results. (a) variation of the identification parameters with the cooling rate; 

(b) and (c) variation of the identification parameters with phase fraction; (d) comparison of 

simulated and measured phase fraction. 

3.3.4 Parameter identification of the model considering deformation effect 

The transformation model considering the effect of deformation is based on the 

conversion coefficient to transform the actual cooling rate into the virtual one. The 
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value of the conversion coefficient can be obtained by using Eq.(19) and (20) to fit the 

relationship between the final phase volume fraction under different deformation 

conditions tested by DCCT and the cooling rate as shown in Fig. 12-14. Fig. 21 shows 

the comparison of the final phase volume fraction of the martensite and the model 

fitting results (fitting with Eq. 20) under different deformation conditions and cooling 

rates. Fig. 22 shows the comparison of the final phase volume fraction of FP mixed 

phase and the fitting results of the Eq.(19) under different deformation conditions and 

cooling rates. The comparison results show that the proposed model can describe the 

relationship between the final phase volume fraction and the cooling rate under 

various deformation conditions.  

   

Fig. 21. The fitting results of the relationship between the final volume fraction of F+P and the 

cooling rate under different deformation conditions. 

   

Fig. 22. The fitting results of the relationship between the final volume fraction of martensite and 

the cooling rate under different deformation conditions. 
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Table 8 shows the conversion coefficient ω of the actual cooling path to the 

virtual one under different deformation conditions obtained by fitting the 

experimental data in Fig. 21 and Fig. 22. The coefficient ω increases with the increase 

of the deformation amount and decreases with the increase of the deformation 

temperature. The data in Table 8 can be used to identify the model parameters of 

conversion coefficient shown in Eq. (24). The calculation parameters of the 

conversion factor ω are shown in Table 9. Fig. 23 shows the comparison of the 

experimental test ω and the model fitting results. The results show that the proposed 

model can predict the conversion coefficient ω under various deformation conditions 

accurately.  

Table 8 Conversion factor under different deformation conditions (strain rate is 1s
-1

) 

Deformation temperature (℃) Strain  ωFP ωM 

650 0 1.000 1.000 

650 0.053 3.420 2.790 

650 0.130 4.770 4.380 

650 0.183 5.630 4.920 

725 0 1.000 1.000 

725 0.07 3.534 2.064 

725 0.133 4.680 2.703 

725 0.189 5.356 2.908 

800 0 1.000 1.000 

800 0.073 3.694 1.591 

800 0.166 4.524 1.966 

800 0.213 5.497 2.067 

Table 9 Parameters for deformation correction factor of final phase volume fraction model 

Phase ηk βk Qb,k Qc,k 

Ferrite+Pearlite(FP) 1.79 34.62 -949.86 -172.43 

Martensite(M) 2.91E-3 6.47 223.60 5087.25 
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Fig. 23. Comparison of model and experimental results for the calculation coefficient of 

equivalent cooling rate. 

4. Model verification and application 

4.1 Experimental verification 

To study the effect of deformation on the final mechanical properties of boron 

steel, the hardness of all DCCT specimens is measured and analyzed using the 

microhardness tester. Fig. 24 shows the variation of the Vickers hardness of the 

central section of the DCCT specimens with cooling rate under different deformation 

conditions. The greater the deformation amount, the lower the hardness at the same 

cooling rate. This is because the deformation promotes the transformation of austenite 

into a more diffusion phase, resulting in a decrease in the martensite phase volume 

fraction. Therefore, a greater cooling rate is required to obtain greater hardness. 

Besides, the deformation temperature also has a significant effect on the hardness. 

The lower the deformation temperature, the lower the hardness at the same cooling 

rate. It shows that with lower the deformation temperature under the same 

deformation amount, smaller the volume fraction of austenite transforms into 

martensite, and more diffuse phase microstructure with lower hardness is formed. 

Jo
urn

al 
Pre-

pro
of

ArcelorMittal Ex. 2023 
Page 35 of 50



35 
 

 

Fig. 24. Comparison of hardness of CCT specimen under different deformation conditions. 

The final mechanical properties are related to the final microstructure. The 

hardness of each single phase can be easily obtained by single phase hardness test and 

literature search. Combined with the calculation results of the final phase volume 

fraction presented in Section 3, the final hardness under different deformation and 

cooling conditions can be expressed as 

(1 )final final final final

M M FP FP M FP BHV X HV X HV X X HV= + + - -  (29) 

where HVM , HVB and HVFP are Vickers hardness for martensitic, bainite , and FP 

mixed-phase respectively. The specific values are shown in Table 10. 

Table 10 Vickers hardness for each phase 

Vickers hardness HVFP HVB HVM 

Values 168.5 283.8 475.0 

The hardness of all DCCT specimens is predicted to verify the reliability of the 

proposed kinetic model of phase transformation. Fig. 25 shows the comparison of the 

calculated hardness and the experimental test results of the DCCT specimens under 

different deformation conditions. The results show that the variation trend of hardness 

with cooling rate can be reliably captured by the proposed model under various 

deformation conditions. At the same deformation temperature, the larger the 

deformation amount, the smaller the hardness of the specimen is obtained under the 
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same cooling rate. Conversely, at the same deformation amount, the deformation 

temperature is higher, and the hardness is higher under the same cooling rate. 

  

Fig. 25. Comparison of model prediction and experimental results of Vickers hardness for DCCT 

specimen under different predeformation. 

4.2 Application to hot stamping of W-channel part 

As a practical application, hot stamping of a W-channel part is simulated using 

the developed kinetic model of phase transformation. The kinetic model is 

implemented in ABAQUS/Explicit using a developed subroutine VUMAT. The 

B1500HS boron steel with a thickness of 1.5 mm is used in experiments and 

simulation. Fig. 26(a) shows the FEM model, the clearance between the punch and die 

is set as 1.6 mm. In the current simulation, the upper tool (punch) moves up and down, 

and the lower tool (die) is stationary. The workpiece is formed at 810 ℃ at a 

stamping velocity of 200 mm/s and then held in die for 20 s. The interfacial heat 

transfer coefficient (IHTC) between tool and blank is shown in Fig. 26(b). The other 

conditions for the simulation are all kept identical, as shown in Table 11.  
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Fig. 26. (a) FEM model and (b) the IHTC for the hot stamping simulation of W-channel. 

 

Table 11 Process conditions for the hot stamping of W-channel part 

tforming 

(s) 

tquenching 

(s) 

Tblank_initial 

(℃) 

Ttool 

(℃) 

Tair 

(℃) 

Holding 

pressure(MPa) 

Friction 

coefficient 

2 20 810 60 25 10 0.3 

 

Fig. 27 shows the comparison of the final martensite volume fraction predicted by 

the transformation model with and without deformation effect. The results show that 

the whole part is almost completely transformed into martensite without considering 

the effect of deformation, and the volume fraction of martensite is even more than 

95%. However, the model considering the deformation effect predicted that the 

volume fraction of martensite at the large deformation region, such as the corner and 

side wall, was only about 40%, and more austenite is transformed to other product 

phases of diffusive transformation. 

 

Fig. 27. Comparison of the martensite volume fraction predicted by the phase transformation 

model (a) without and (b) with the effect of pre-deformation. 
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Fig. 28 shows the comparison of the martensite volume fraction predicted by the 

model without and with the deformation effect. The results show that the hardness 

distribution predicted by the transformation model without considering the influence 

of deformation is very uniform, and the hardness varies between 455-475HV, which is 

similar to the distribution of martensite volume fraction. However, the hardness 

distribution predicted by the model considering the deformation effect is not uniform. 

The hardness of the corner and sidewall with large deformation is much lower than 

that of the flange and the minimum hardness is about 355 HV, which indicates that the 

proposed transformation model can successfully predict the influence of deformation 

on diffusive transformation. 

 

Fig. 28. Comparison of the hardness predicted by the model (a) without and (b) with the effect 

of pre-deformation. 

To evaluate the accuracy and reliability of the simulation results of a different 

kinetic model of phase transformation, a separate forming experiment is carried out. A 

hot stamping testing platform for a W-channel part is developed. The clearance 

between punch and die is 1.6 mm, which is identical with the FEM simulation. Before 

the forming begins, the blank is heated in an electric furnace to approximately 900 ℃ 

and kept at this temperature for 240 s. The forming test is carried out on a Komatsut 

servo Press (H2W300S). The formed part and microstructure are shown in Fig. 29 

The material points are selected for inspection of the mechanical properties and 

microstructure. These inspection points are positioned at the middle of the top 

face(P1), corner(P2), sidewall(P3 and P4) at the end of the forming. The results show 

that the microstructures of different regions of the parts are quite different, and more 
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bainite is formed in the corner and sidewall. 

 

Fig. 29. The hot stamping W-channel part and optical microscopic structures at different area. 

Fig. 30 shows the comparison of experiment and simulation results of hardness 

in the inspection section (AB). It shows that the simulation results of hardness based 

on the kinetic model of phase transformation considering the impact of deformation 

are in good agreement with the experimental values. The hardness of the inspection 

section reached a low point in the corner and sidewall, which is attributed to the 

greater deformation that occurs in that region. Larger deformation induces much more 

phase fraction of diffusive transformation. The hardness in the wall region predicted 

by the model without the effect of deformation is also slightly decreased due to 

imperfect thermal contact by the clearance in that region, but the predicted hardness is 

much higher than the measured value. Consequently, only the model considering the 

deformation effect can accurately predict the distribution of mechanical properties of 

hot stamping parts, and the reliability of the proposed model is verified. 
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Fig. 30. Comparison of Vickers hardness between experiment and simulation with different 

phase transformation model. 

5. Conclusion 

In the present study, the phase transformation from austenite to diffusive and 

non-diffusive transformation in the B1500HS boron steel during continuous cooling 

with and without pre-deformation is investigated using dilatometry and ex-situ 

microstructure analysis. The influence of deformation on dilatation curves, CCT 

diagrams, and phase volume fraction is studied systematically. The kinetic model of 

phase transformation considering the deformation effect is established. The final 

mechanical properties of the specimens and W-channel parts are predicted using the 

proposed model. The obtained conclusions can be summarized as follows: 

1) The deformation has a significant influence on the phase transformation. The 

increase of strain and strain rate or decrease of deformation temperature will promote 

the diffusive transformation and reduce the transformation of martensite 

microstructure.  

2) The plastic deformation affects the position of the CCT diagrams. The 

deformation will cause an increase of translation of the FP and bainite phase 

transformation to shorter time. The larger the deformation, the larger the translation of 

the CCT diagrams. As the deformation increases, the translation of CCT diagrams will 
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gradually become saturated. 

3) A non-isothermal kinetic model of phase transformation considering the 

influence of deformation is proposed based on the concept of virtual cooling rate. The 

parameters of the proposed model are identified by CCT and DCCT test experiments. 

The proposed model is simpler and more reliable than the traditional model because 

the effect of pre-deformation is taken into account. 

4) The final hardness of boron steel specimens with pre-deformation under various 

cooling rates can be predicted accurately by the proposed kinetic model of phase 

transformation. The model has been successfully applied to predict the mechanical 

properties of hot stamping of the W-channel part. Compared with tradational model, 

the result indicated that the proposed model considering the effect of deformation has 

better accuracy for predicting the properties in the zone of plastic deformation, such 

as the corner and sidewall of the part. 

Although the current testing and modeling method can quantify the effect of the 

prior austenite deformation on continuous cooling transformation, the model proposed 

in this paper only allows the determination of the transformation when the cooling 

path does not include an isothermal process. In the future, the phase-field method can 

be used to predict the phase transformation process to obtain a phase fraction 

evolution database under complex deformation and cooling conditions, and then deep 

learning methods can be used to establish a phase transformation prediction model 

under the arbitrary deformation and cooling conditions. 
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Highlights 

 The influence of austenite deformation on phase transformation during 

continuous cooling is investigated by DCCT testing. 

 A non-isothermal kinetic model of phase transformation considering the 

pre-deformation of austenite is proposed to predict the mechanical 

properties of deformation microstructure. 

 The influence of austenite deformation on the CCT diagram under various 

process conditions is obtained.  

 The proposed kinetic model of phase transforamtion for boron steel is 

verified by the DCCT specimens and hot stamping of W-channel parts. 
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