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ABSTRACT 

L-beam is a widely used structural steel. The study of the three-stage bending 

deformation mechanism of L-beam under non-uniform cooling conditions is of great 

significance to ensure the quality, improve the yield of steel and reduce the stress 

level in the finished L-beam. However, it is difficult to investigate experimentally due 

to the high temperature and simultaneous changes of various influencing factors 

during the air-cooling process of the L-beam. Numerical simulation provides a 

convenient and feasible method to study the bending deformation mechanism of the 

L-beam. In order to investigate the effects of phase transformation and cooling 

shrinkage on the bending deformation of AH36 L-beam, a three-dimensional thermal-

metallurgical-mechanical coupling model was established in this study, the 

microstructure distribution, hardness，strain, deformation status and stress during the 

air-cooling of L-beam were calculated. The results show that the microstructure 

distribution and deformation condition calculated by the model considering the phase 

transformation effect better agree with the actual situation. Considering the phase 

change effect is the key to improving the accuracy of the model calculation. The 

change of heat transfer coefficient caused by phase transformation affects the 

deformation tendency of the L-beam, while the transformation strain affects the 

amount of deformation of the L-beam. The alternating changes in the sum of the 

transformation strain and the cooling shrinkage strain result in a change of stress state 

which ultimately also results in a three-stage bending deformation of the L-beam. 
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1. Introduction 

There is a wide range of applications for L-beam, which is not only used in large 

ship frame structures but also in marine engineering structures and demanding 

building engineering structures. L-beam is mainly produced by hot rolling. Most 

manufacturers use air-cooling after rolling to produce L-beam due to the limitation of 

production equipment and production cost. L-beam has serious asymmetry in cross-

section (different length and thickness on both sides), which inevitably results in non-

uniform cooling under air-cooling conditions, which leads to non-uniform phase 

transformation expansion and cooling contraction of the metal. The non-uniform 

expansion and contraction of the metal generates huge internal stress [1] and also 

causes bending deformation of the L-beam during cooling. As cooling proceeds, the 

bending of the L-beam exists in three stages, first bending toward the short edge after 

final rolling, then bending toward the long edge, and finally bending toward the short 

edge again. The bending deformation of the L-beam seriously affects the yield rate of 

the beam. If the internal stress cannot be removed at the end of cooling, residual stress 

will be formed inside the L-beam. The bending deformation of the L-beam can be 

corrected by the straightening process, but the stress level inside the section after 

straightening is not significantly reduced due to the stress inheritance behavior [2,3]. 

Residual stress is beneficial only in a few cases, the bearing surface compressive 

stresses can improve wear resistance [4]. In structural steels such as L-beam, the 

presence of residual stress can have a negative impact on reducing the stiffness of the 

structure, negatively affecting its load-bearing capacity and stress corrosion capacity, 

and seriously affecting the safety of the structure [5-8]. Therefore, the study of the 

deformation mechanism during the air-cooling process of the L-beam is not only 

important for improving the yield rate of the L-beam but also can provide guidance 

for reducing the initial stress level of the L-beam before straightening. 

The complex deformation during the cooling process of the L-beam mainly 



originates from the phase transformation effect of the material and the cooling 

shrinkage effect. However, the specific effects of both on the three-stage deformation 

of the L-beam have yet to be determined. In the cooling process of L-beam, the 

contraction and phase transformation of steel occur simultaneously, and it is difficult 

to quantitatively analyze the effects of each factor on the stress formation and bending 

deformation of the process by purely experimental methods, whereas numerical 

methods do not have the above limitations and provide a low-cost, safe and fast tool 

[9-11]. ABAQUS is a large commercial finite element software and provides a wide 

range of user subroutines, which can be used by the users to realize the relevant 

models according to their needs [12-14]. Many researchers have used finite element 

software to develop three-dimensional coupled thermal-metallurgical-mechanical 

models to investigate related problems. Simsir C et al [15] developed a 3D finite 

element model using Marc software subroutine to predict the temperature, 

microstructure and internal stress in steel structural members during quenching in 

order to obtain the desired microstructure and residual stress distribution while having 

less deformation. Hamelin et al [16] used the ABAQUS user subroutine to develop a 

numerical model that can accurately predict the ferrite phase distribution and residual 

stress field distribution in ferritic steels, and the results showed that considering the 

phase transformation kinetics can significantly improve the model accuracy. Lee et al 

[17] established a sequentially coupled three-dimensional thermal-metallurgical-

mechanical finite element model to predict the axial and circumferential residual 

stress generated by welding of high-strength carbon steel pipes, and the results of the 

study showed that the volume change due to phase transformation affected the model 

accuracy. Dean et al [18, 19] developed a set of thermal-metallurgical-mechanical 

computational models based on ABAQUS software to simulate the welding 

temperature field, microstructure and residual stress of multi-pass welded 2.25Cr-

1Mo steel tubes. The results also show that the phase transformation strain has a 

significant effect on the residual stresses. Phase change strain not only changes the 

magnitude of the residual stress but also changes the tensile and compressive nature 

of the stress. Kumar et al [20] established a finite element-based coupled thermal-



metallurgical-mechanical sequence model in order to overcome the undesirable 

effects of residual stress and deformations in welded structures and found that phase 

transformation has a significant effect on the generation of residual stress and 

deformation. The above studies show that phase transformation effects play an 

important role in the evolution of deformation and stress generation, but no similar 

studies have been conducted for complex section steel such as hot-rolled L-beam. 

In this study, a three-dimensional coupled thermo-metallurgical-mechanical 

model that can predict the temperature, microstructure, hardness, deformation, strain 

and stress of L-beam was developed in order to investigate the complex deformation 

mechanism of AH36 L-beam during post-rolling air cooling. The model is built based 

on ABAQUS software and USDFLD, UEXPAN, and HETVAL subroutines. The 

microstructure field is first calculated based on the temperature field data using the 

USDFLD subroutine. The calculation results of the microstructure fields are passed to 

the UEXPAN subroutine to calculate the phase change expansion, which is 

incorporated into the mechanical analysis. The HETVAL subroutine is used to 

calculate the latent heat of phase transformation of the L-beam during the air-cooling 

process. The accuracy of the model is verified by comparing the calculated 

deformation, phase change results and residual stress results with the actual 

production results and the validation results. Finally, the specific roles of phase 

transformation and cooling shrinkage effects in the process of complex deformation 

of L-beam are discussed. 

2. Experiment 

The chemical composition of the investigated AH36 steel is shown in Table 1. 

The high-temperature mechanical properties of AH36 were obtained by a universal 

testing machine (CMT5105) at 300°C, 450°C, 550°C, 650°C, 750°C, and 900°C. The 

true stress-strain data for AH36 are shown in Table 2. The phase transformation 

temperature of AH36 was determined by using the Formastor-FII. Fig. 1 shows the 

thermal expansion curves of AH36 steel. The phase transformation temperature 

interval of AH36 steel is 565℃~770℃ . The observation of the metallographic 



structure was carried out with an OM metallographic microscope. AH36 steel mainly 

contained ferrite and pearlite under air-cooled conditions, as shown in Fig. 2. The 

hardness was measured by using the FM-700 microhardness tester. In this study, the 

tensile specimens and the specimens of the phase transition instrument experiment 

were taken from L-beam with a specification of L 200mm×90mm×9mm×14mm. The 

temperature of the L-beam after rolling was captured using the FLIR infrared thermal 

imager. 

Table 1  

Chemical composition (in wt%) of AH36. 

C Si Mn P S Cu Cr Ni Nb V Ti Mo Al 

0.152 0.334 1.27 0.03 0.01 0.052 0.037 0.038 0.017 ＜0.001 0.002 0.0051 0.026 

 

Fig. 1. The expansion curve of AH36 steel under air-cooling conditions. 

 

Fig. 2. Microstructure of AH36 steel. 
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Table 2 

True stress (MPa) and true strain of AH36 steel at elevated temperatures. 

300℃ 450℃ 550℃ 650℃ 750℃ 900℃ 

True 

stress 

True 

strain 

True 

stress 

True 

strain 

True 

stress 

True 

strain 

True 

stress 

True 

strain 

True 

stress 

True 

strain 

True 

stress 

True 

strain 

347.33 0 271.61 0 267.26 0 145.62 0 73.83 0 45.07 0 

555.6 0.043 493.52 0.047 326.23 0.0164 153.33 0.0039 82.58 0.0487 54.29 0.0305 

671.69 0.94 545.96 0.093 338.26 0.0253 158.89 0.0092 84.03 0.0807 56.76 0.0539 

709.97 0.127 560.39 0.126 346.17 0.0384 161.11 0.0181 85.31 0.1199 58.45 0.0856 

735.17 0.169 565.54 0.167 349.7 0.055 161.7 0.0288 86.122 0.179 59.44 0.1227 

3. Model description 

3.1 Thermal analysis 

The degree of accuracy of the temperature field calculation has a large impact on 

the calculation of the phase transformation and stress field. The initial temperature 

field of the L-beam was obtained by fitting the actual data measured by the infrared 

thermal imaging camera. The infrared thermal imaging camera photographs as shown 

in Fig. 3. 

The temperature distribution across the L-beam during subsequent cooling was 

calculated by means of the nonlinear transient heat transfer equation [21,22]: 

2 2 2

2 2 2

T T T T
c q

t x y z
 

    
        

&                                     (1) 

where T is the temperature (℃),   is the thermal conductivity ( -1 -1W m K  ),   is the 

density of AH36 steel(
-3kg m ), c is the specific heat (

-1 -1J kg K  ), q& is internal heat 

source intensity ( 3W m ), t is the time (s). 

 

Fig. 3. Infrared thermal imaging camera photographs: (a) Photograph of the short edge of the L-

beam; (b) Photograph of the long edge of the L-beam. 



The heat transfer method in the air-cooling process of L-beam after rolling is 

mainly convection and radiation. The heat loss caused by natural convection and 

radiation as boundary conditions is defined by Eq. (2) and Eq. (3), respectively. 

 c s wq h T T                                                       (2) 

   4 4

r s abs w absq T T T T                                           (3) 

where h is the heat transfer coefficient(W/(m2·℃)), Ts is the current temperature (℃), 

Tw is the ambient temperature (℃), Tabs is the absolute zero temperature (℃), ε is the 

emissivity, σ is the Stefan-Boltzmann constant (5.67×10-8 -4 -2W K m  ). 

The heat transfer coefficient under air-cooled conditions is calculated by Eq. (4). 

    0.25 8 2 22.25 4.6 10 +
s C s C s C

h T T T T T T                               (4) 

where sT  is the steel surface temperature (K), CT  is the external ambient temperature 

(K). 

The internal heat source intensity in this investigation is the latent heat of phase 

change. The data in Tables 3-5 were cited from the literature of Bailey and de 

Oleivera [23,24]. The enthalpy of phase transformation is shown in Table 2. The 

latent heat is defined as [25]: 

= k
k

k

q H
t




&                                                   (5) 

where kH  is the enthalpy of phase transformation k(J/m 3), k  is the 

proportion of the phase k, t is the time increment.  

Table 3  

Enthalpy of phase transformation. 

Phase transformation △Hk (J/m3) 

Austenite to pearlite 1.56×109-1.50×106T 

Austenite to ferrite 
1.082×102-0.162(T+273)+1.118×10-4(T+273)2-3.0×10-

8(T+273)3-3.501×10-4(T+273)-1 

3.2 Metallurgical analysis 

In this study, the material of L-beam is AH36. The microstructure distribution of 

the L-beam is obtained from the calculated history of the temperature field by means 

of the phase transformation model. The diffusion-type phase transformation occurred 

during the air-cooling process of AH36 L-beam after rolling. Generally, the Johnson-



Mehl-Avrami-Kolmogorov equations were used for the diffusion-type transformations 

[26,27]. Based on the modified Avrami equation, the kinetic model of ferrite growth 

was established using the additivity rule, and the isothermal ferrite phase 

transformation model can be expressed as [28,29]: 

 
1 exp 1

n

mE

eff

kt

d









 
   
 
 

                                            (6) 

where 
E

  is the fraction of ferrite phase at equilibrium, k is the temperature-related 

parameter, effd


 is equivalent austenite grain size, n is Avrami index, m is grain size 

index. 

Eq. (7) was derived from Eq. (6), in which the fraction of ferrite for continuous 

cooling transformation during air-cooling can be calculated. 
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The pearlite phase transformation can be calculated by Eq. (8). 

 1= 1P
p p

d
k S G

dt
 

                                           (8) 

where p  is the Phase fraction of pearlite, k1 is the material-related parameter, Gp is 

the growth rate of pearlite, S  is equivalent to grain surface area of austenite phase per 

unit volume. 

3.3 Hardness calculation 

The hardness distribution of the L-beam was calculated using the rule 

of mixtures [16, 30]: 

 M M B B F P F PHv Hv Hv Hv                                            (9) 

where MHv represents the hardness (in Vickers);  M , B , F , P  represent 

the volume fraction of martensite, bainite, ferrite and pearlite, 

respectively; MHv , BHv , F PHv   represent the predicted hardness values for 



martensite, bainite and the mixture of ferrite and pearlite, respectively.  

127 949C 27Si 11Mn 8Ni 16Cr 21log( )M rHv V                         (10) 

323 185C 330Si 153Mn 65Ni 144Cr 191Mo (89

          53C 55Si 22Mn 10Ni 20Cr 33Mo) log( )

B

r

Hv

V

        
     

     (11) 

42 223C 53Si+30Mn+12.6Ni+7Cr+19Mo

             +(10-19Si+4Ni+8Cr+130V)log( )

F P

r

Hv

V

   
                  (12) 

where the variable rV  represents the cooling rate (℃/h) that is present in 

the material at 700 ℃; Alloying elements (C, Si, Mn, etc.) are given in 

wt.%. 

3.4 Mechanical analysis 

The total strain increments generated during cooling after rolling can 

be decomposed as follows [31, 32]: 

+e p th tr

ij ij ij ij ijd d d d d                                                (13) 

where 
e

ijd  is the increment of elastic strain, 
p

ijd  is the plastic strain, 
th

ijd  is 

the thermal strain, 
tr

ijd  is the transformation strain. TRIP was not 

considered in this investigation.  

The elastic strain is calculated by Hook’s law:  

 1
1e

ij ij kk ijd v d vd
E

                                               (14) 

where E  is Young’s modulus, v  is the Poisson’s ratio, ij  is the stress 

component, kk  is the mean stress, ij  is the Kronecker delta.  

The increment of plastic strain can be written as below:  

3

2

p

ij

e

d dp




                                                      (15) 

where e  is the equivalent stress,    is the deviatoric stress, p  is the 

equivalent plastic strain.  

A variety of material parameters are significantly affected during the 

cooling of the L-beam due to the occurrence of phase change. Therefore, 



the linear mix rule was considered to resolve the issue in this study. The 

thermal strain when different phases coexist is expressed as follows [33]: 

th

ij k k ij

k

d d dT                                                   (16) 

where k  is the thermal expansion coefficient of the phase k, k  is the 

proportion of the phase k, dT  is the increment of temperature, k = 1,2,3, 

represents ferrite, perlite, austenite  respectively. The thermal expansion 

coefficients of different phases are shown in Table 4. 

The microstructure will change in volume due to the volume 

difference between the new phase and the parent phase when the phase 

change occurs. The strain due to the volume difference between the new 

phase and the parent phase is the transformation strain. The transformation 

strain is defined as [34]: 

tr

ij k k ij

k

d d                                             (17) 

where k  is the transformation strain coefficient of the phase k. Table 5 

shows the transformation strain coefficient.  

Table 4  

Expansion coefficient of each phase . 

Phase α(1/℃) 

Ferrite 1.61×10-5 

Pearlite 1.53×10-5 

Austenite 2.20×10-5 

Table 5  

Transformation strain coefficient  

Phase transformation  / 3 %k V V    

Austenite to ferrite 0.110 

Austenite to pearlite 0.126 

3.5 The thermo-metallurgical-mechanical model implemented in ABAQUS  

The simulation was carried out in ABAQUS. A three -dimensional 

finite element model of L-beam was established by ABAQUS/Standard to 

simulate its bending deformation during air-cooling. The mesh cell type of 



the model was chosen as C3D8T, and the total number of elements and 

nodes was 288,702 and 363,475, respectively. Fig. 4 shows the cross-

sectional dimensions and finite element model of the L-beam. The relevant 

thermal physical parameters and thermal-mechanical properties were 

calculated by Jmat-Pro software as shown in Fig. 5. The cooling medium 

is air and the air-cooled heat transfer coefficient is calculated by Eq. (4).  

 

Fig. 4. Schematic diagram of cross-sectional dimensions and finite element model of L-beam. 

 
Fig. 5. Material properties of AH36 steel dependent on the temperature: (a)Thermal physical 

properties; (b) Thermal mechanical properties. 
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are summarized as:  

(1) Since the hot-rolled L-beam does not stay long in the transfer roller 

conveyor and has a small contact area with the cold bed after entering the 

cold bed. The heat transfer between the L-beam and the roller conveyor as 

well as the cold bed was ignored in this study.  

(2) In the rolling process of the L-beam internal stress will be generated, 

at this time the L-beam is at high temperature and low strength, the 

bending deformation does not occur in the process interval, it can be 

considered that the stress is small and does not trigger bending 

deformations in the L-beam, so the stress generated by the rolling process 

can be ignored. Stress is calculated from the air-cooling process of the L-

beam. 

The post-rolling air-cooling process of L-beam is a complex process 

that involves temperature change, phase transformation, strain and stress 

evolution. Many user subroutines furnish an extremely powerful and 

flexible tool for analysis are provided in ABAQUS. In this study, the 

thermo-metallurgical-mechanical model coupling diagram is shown in Fig. 

6. ABAQUS user subroutines USDFLD, UEXPAN, and HETVAL were 

used to develop the program and implement them by FORTRAN language. 

The metallurgical model is programmed via the user subroutine USDFLD. 

Based on the temperature history, the microstructure evolution and 

hardness of the L-beam under air-cooling conditions can be calculated by 

using this subroutine USDFLD. Latent heat is also generated during the 

phase transformation process. The latent heat of phase transformation is 

calculated utilizing the subroutine HETVAL. The transformation strain is 

quantified by using the subroutine UEXPAN. The sum of the thermal 

strain and the transformation strain is recorded as the new thermal strain 

using the subroutine UEXPAN for calculation, as shown in Eq. (1 8)-(19). 

In this way, the transformation strain was introduced into the calculation 

of the stress. SDVs are the state variables that can be updated in a 



subroutine and passed into other user subroutines.  The calculation flow of 

the subroutines is shown in Fig. 7. 

= +th th tr

ij ij ijd d d  
                                                (18) 

e p th

ij ij ij ijd d d d                                                  (19) 

 
Fig. 6. Schematic diagram of thermo-metallurgical-mechanical coupling model. 

The purpose of this study is to reveal the deformation mechanism 

during the air-cooling of L-beam. The occurrence of a phase change 

causes a variety of changes in material propert ies, for example, changes in 

transformation strain, coefficient of thermal expansion and yield strength. 

The change in yield strength during cooling was achieved by inputting the 

high-temperature tensile test data for AH36 steel into ABAQUS software. 

Three sets of simulation examples were determined by whether or not to 

consider transformation strain and the change in thermal expansion 

coefficient due to phase transformation, which was summarized in Table 6. 

By comparing the calculation results of three set s of examples, the effect 

of phase change and cooling shrinkage on the deformation of the L-beam 

can be illustrated.  The heat dissipation in the cross-section of an L-beam 

is much greater than its heat dissipation in the lengthwise direction. The 

microstructure field is calculated from temperature history data. Therefore, 



the paper follows with the analysis of the results for multiple field 

variables at the cross-sectional position. 

 

Fig. 7. Calculation flow of the subroutines. 

Table 6 

Simulated cases. 

Cases Transformation strain 
Change of thermal expansion 

coefficient 

Case A YES YES 

Case B No YES 

Case C No No 

4. Results and discussion 

4.1 Simulated phase transformation 

The microstructure of AH36 L-beam under air-cooling is ferrite and pearlite, as 

shown in Fig. 2. The ferrite and pearlite are formed in the temperature range of 

565℃~770℃ during the air-cooling process of the L-beam, and the ferrite is formed 

before the pearlite. This phase transformation temperature interval was measured by a 

thermal expansion experiment. The fractions of pearlite and ferrite were calculated by 

the developed USDFLD subroutine based on the temperature history of the nodes. A 

section of L-beam produced under air-cooling conditions was intercepted to verify the 



accuracy of the prepared USDFLD subroutine for the calculation of phase 

transformation results. The microstructure of the intercepted L-beam was observed 

and the fraction of microstructure was counted. Samples were taken at six locations 

on the long edge, short edge and apical horn parts of the L-beam and labeled 1-6, with 

the sampling locations shown in Fig. 8. The metallographic organization of the six 

parts was subsequently observed by OM metallographic microscopy and the 

microstructure fractions were counted by Image-Pro Plus software. The predicted 

values of the fractions of ferrite and pearlite were compared with the measured 

statistical values, as shown in Fig. 9. The deviations between the predicted and 

measured values were within 3%, and the USDFLD subroutine has high accuracy in 

the calculation of the phase transformation results. In other words, the calculation 

results of the temperature field also have good accuracy, because the microstructure 

field was calculated from the temperature history. 

 

Fig. 8. Position of phase fraction statistics on the cross-section of L-beam. 
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Fig. 9. Comparison of predicted and measured values of phase fraction at different locations of the 

cross-section of L-beam: (a) Ferrite fraction; (b) Pearlite fraction. 
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The hardness of the six locations shown in Fig. 8 was measured by 

using the FM-700 microhardness tester. The predicted and measured 

hardness are presented in Fig. 10. Good agreement is observed between the 

measured and the predicted hardness values using this model.  The 

distribution of the microstructure determines the hardness. The accuracy of the 

microstructure calculations is again confirmed. 

 
Fig. 10. Predicted and measured hardness of the L-beam. 

Fig. 11 shows the microstructure distribution contours at the cross-section of the 

L-beam when the cooling time is 48s, 103s, 173s and 241s. When the cooling time 

was 48s, the ferrite transformation occurred first due to the lower temperature at the 

long edge, the ferrite transformation process on the short side was slower than on the 

long edge, at this time the L-beam did not occur pearlite transformation. When the 

cooling time was 103s, the ferrite transformation of the long edge was completed, and 

the ferrite transformation at the short edge was still not completed due to the high 

temperature. At this time, the pearlite transformation occurred first on the long edge. 

When the cooling time was 173s, the phase transformation of the long edge was 

completed, and the ferrite and pearlite transformation was going on at the short edge 

at the same time because of the high-temperature region at the short edge. As the 

cooling continues, the ferrite transformation and pearlite transformation of the short 



edge were completed one after another, at which time the phase transformation 

process of the L-beam was completed, and the microstructure distribution of its cross-

section is shown in Fig. 11 (g)(h). 

 

Fig. 11. Microstructure distribution contours at different moments during air-cooling: (a) 

Distribution of ferrite at 48s; (b) Distribution of pearlite at 48s; (c) Distribution of ferrite at 103s; 

(d) Distribution of pearlite at 103s; (e) Distribution of ferrite at 173s; (f) Distribution of pearlite at 

173s; (g) Distribution of ferrite at 241s;(h) Distribution of pearlite at 241s. 

Due to the difference in heat dissipation during air-cooling caused by the 

structural characteristics of the L-beam, the phase transformation process at the long 

edge precedes that at the short edge, and the degree and type of phase transformation 

may be different at each part of the cross-section of L-beam at the same moment, 

indicating that the phase transformation of L-beam during air-cooling has serious non-

simultaneous and non-uniformity. Taking a point from each of the long edge and short 

edge of the L-beam, the curves of the microstructure fractions of the two points with 

time were shown in Fig. 12. The start time of phase transformation of ferrite and 

pearlite at the two locations was different, which also indicates that the phase 

transformation of L-beam is not simultaneous on the long edge and short edge. 

(b)(a)
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Fig. 12. The curves of the microstructure fractions of the two points with time in L-beam section: 

(a) Curve of point 1; (b) Curve of point 2. 

4.2 Deformation results 

Simulations were performed for each of the three sets of examples in Table 6. Fig. 

13 shows the bending state of the L-beam calculated in case A, and the bending order 

is ① to ③. The three-stage bending of the L-beam in actual production is shown in 

Fig. 14. From Fig. 13 and Fig. 14, it can be found that the simulated and actual 

production deformation trends are consistent. The L-beam with bending toward the 

short edge occurs first during the cooling process, followed by a reversal of the 

bending direction to the long edge, and finally to the short edge again, with the first 

stage bending and third stage bending directions consistent. The deformation trend 

and the deformation sequence of the L-beam in Case B are the same as in Case A, but 

there is a difference in the degree of deformation.  

The final deformation of the L-beam for Case A and Case B compared with the 

actual measured results as shown in Fig. 15 (c). A positive amount of deformation 

means that the L-beam is bent to the short edge. Conversely, it indicates bending to 

the long edge. The calculated results for Case A are closer to the actual measured 

values, while the deformation results for Case B are more different. The deformation 

amount at 48s and 220s of Case A and Case B were also compared, and the 

deformation amount is shown in Fig. 15 (a) (b). From Fig. 15, it can be seen that the 

results of Case A and Case B differ only in the deformation amount. The simulation 

results of Case C differ greatly from the actual deformation results, and there are only 
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two deformation trends ②-③ in Case A. The results of the three sets of simulations 

show that the calculation results of the model are more accurate when the change in 

phase transformation strain and expansion coefficient are considered simultaneously, 

in other words, when the effect of phase transformation is considered. The change in 

the thermal expansion coefficient of the material induced by the phase transformation 

affects the deformation tendency of the L-beam, while the transformation strain 

induced by the phase transformation only affects the amount of deformation. The 

change of heat transfer coefficient directly affects the cooling shrinkage strain during 

the cooling process of the L-beam, and the subsequent analysis of the effect of both 

on the three-stage deformation of the L-beam from the perspective of transformation 

strain and cooling shrinkage strain. 

 
Fig. 13. Deformation results for the L-beam in Case A 

 

Fig. 14. Bending of L-beams in the actual production process. 

   



 

Fig. 15. The amount of deformation of L-beam: (a) Comparison of deformation at 48s; (b) 

Comparison of deformation at 220s; (c) Comparison of final deformations. 

Fig.16 shows the distribution clouds of the transformation strain and cooling 

shrinkage strain for cooling times of 48s, 220s and at the end of cooling. In order to 

compare more intuitively the magnitude of transformation strain and shrinkage strain 

at the long edge and short edge of L-beam, the strain results were extracted for the 

surface layer, 1/4 thickness position and 1/2 thickness position of L-beam, as shown 

in Fig.17. It can be seen from Fig.17 (a) (d) that when the cooling time is 48s, the 

temperature of the long edge of the L-beam cools down to the phase transformation 

temperature firstly, then the phase transformation occurred at the long edge and 

generated volume expansion, at which time the cooling shrinkage strain of the short 

edge was larger than that of the long edge, in which the transformation strain and the 

cooling shrinkage strain together cause the L-beam to show a tendency to bend 

toward the short edge. The bending deformation of L-beam in the first stage is caused 

by the superposition of transformation strain and cooling shrinkage strain. During the 

subsequent cooling process, the short side of the L-beam also begins to undergo phase 

transformation and the transformation strain on the short edge gradually increases. 

When the cooling time is 220s, the cooling shrinkage strain on the long edge is greater 

than that on the short edge, as shown in Fig. 17 (e). And the second stage of bending 

deformation of the L-beam is also caused by the phase expansion strain and cooling 

shrinkage strain. When the phase transformation is finished, the phase expansion 

strain no longer changes, while the cooling contraction strain of the short edge again 

exceeds that of the long edge, and the cooling contraction strain will keep this trend 

until the end of cooling, as shown in Fig.17 (c)(f). The bending deformation in the 

third stage of L-beam is caused by the cooling contraction effect. 



 

Fig.16. Transformation strain and cooling shrinkage strain at different times: (a) Transformation 

strain at 48s; (b) Cooling shrinkage strain at 48s; (c) Transformation strain at 220s; (d) Cooling 

shrinkage strain at 220s; (e) The final Transformation Strain; (f) The final Cooling shrinkage strain. 

 

Fig.17. Transformation strain and cooling shrinkage strain at different thicknesses of L-beam: (a) 

Transformation strain at 48s; (b) Transformation strain at 220s; (c) The final Transformation Strain; 

(d) Shrinkage strain at 48s; (e) Shrinkage strain at 220s; (f) The final shrinkage strain. 

Four points were taken in the cross-section of the L-beam, and the curves of the 

sum of transformation strain and cooling shrinkage strain (thermal strain) at the four 

points with time are shown in Fig. 18. The repeated variation of the sum of 

transformation strain and cooling shrinkage strain on the long edge and short edge 

corresponds to the three-stage bending deformation of the L-beam. The bending 

(d)
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(c)
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deformation of the L-beam shows a tendency for three-stage bending due to repeated 

changes in the sum of transformation strain and cooling shrinkage strain. 

 

Fig. 18. The relationship between the sum of thermal strain and transformation strain with time 

4.3 Stress distribution analysis 

The simulated deformation results of the L-beam in Case A are in good 

agreement with the actual deformation. If the simulated results have similar 

deformation to the actual results, the L-beam should also have a similar stress 

distribution state inside. There were three components of stress in the L-beam 

according to different directions, S11 (perpendicular to the short side direction), S22 

(perpendicular to the long side direction), and S33 (length direction of the L-beam). 

The stress was extracted from the Line1 position shown in Fig. 19 when the bending 

deformation occurred, and the stress distribution is shown in Fig. 20. In the process of 

three deformations, the stress components perpendicular to the short edge and long 

edge at the position of Line1 did not change significantly, while the stress components 

along the length of the L-beam changed more significantly.  

 

Fig. 19. Schematic diagram of L-beam stress extraction location. 



 

Fig. 20. Stress distribution at Line1 of L-beam at three stages of deformation: (a) First stage of 

deformation; (b) Second stage of deformation; (c) Third stage of deformation. 

The stress distribution at the first stage deformation was shown in Fig. 20 (a), the 

peak tensile stress at the long edge was 85.3 MPa, the peak compressive stress was 

184 MPa, and there was a sudden change of stress at the apical horn, the peak tensile 

stress at the short edge was 100.5 MPa, the peak compressive stress was 162.3 MPa. 

During the second stage deformation, the stress state was changed. The compressive 

stress Increased sharply at the edge of the long side, the peak stress decreased at other 

locations, and the nature of the tensile and compressive genus of stress changed at 

some locations. At the third stage deformation, the stress distribution state was 

basically the same as that at the first stage deformation. The same deformation trend 

in L-beam has a similar stress distribution. When the stress state changes, the 

deformation state of the L-beam also changes. 

5. Conclusion 

In this study, the temperature, microstructure, hardness, deformation, strain and 

stress during air cooling of the AH36 L-beam were calculated by a coupled thermal-

metallurgical-mechanical finite element model using ABAQUS software and 

subroutines. The accuracy of the microstructure prediction was verified 

experimentally. The deformation of the L-beam obtained from the simulations is in 

good agreement with the actual deformation. By comparing the results of three sets of 

simulation examples and analyzing the results, we can obtain the following 

conclusions. 

(1) The phase transformation process of the L-beam in the air-cooling process is non-

uniform and non-simultaneous due to the existence of a temperature gradient.  The 



calculated results of the phase transformation model were verified by counting the 

fraction of microstructure and hardness in the cross-section of the L-beam.  

(2) The transformation strain caused by the phase change only affects the deformation 

amount of the three stages of bending deformation of the L-beam, while the change of 

thermal expansion coefficient caused by the phase transformation affects the bending 

deformation trend of the L-beam. Considering the effect of phase transformation can 

significantly improve the calculation accuracy of the model.  

(3) The change of the coefficient of thermal expansion directly affects the cooling 

shrinkage strain during the cooling of the L-beam. The causes of the three-stage 

deformation of the L-beam are analyzed from the perspective of transformation strain 

and cooling shrinkage strain. The first stage of bending deformation is caused by the 

superposition of transformation expansion strain and cooling contraction strain. The 

second stage of bending deformation is also caused by the effect of transformation 

expansion strain and cooling contraction strain.  The cooling contraction strain is the 

cause of the third stage of bending deformation. 

(4) The stress components along the length of the L-beam change more significantly 

during the three-stage bending process. the bending deformation trend of the L-beam 

changes and the stress state also changes. The deformation in the first stage and the 

deformation in the third stage have similar deformation trends and stress distribution 

states. From the stress point of view, the three-stage deformation of the L-beam is 

caused by the stresses induced by the combined effect of transformation strain and 

cooling contraction strain. 
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