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ABSTRACT 

The sheets rolled of Mg alloys are extremely appealing for using in a broad domain of applications due to their 

high strength corresponding to their low weight ratio. Therefore, in the current study, the sheet of AZ31Mg alloy 

(Type-B) rolled sheet in terms of residual stresses and forming temperature was analyzed. 3D finite element (3D 

FE) modeling of the hot rolling process was proposed to predict the impact of different rolling ratios and 

coefficients of friction on the induced residual stresses. Besides, the effect of various initial sheet temperatures 

and rolling ratios on the forming temperature was estimated. The experimental validations in terms of rolling time 

vs different friction coefficients as well as the surface temperature vs duration in roll bite were considered to 

demonstrate the consistency between modeling and experimental models. The study concluded that the rolling 

ratio strongly affects induced residual stresses with a little effect on forming temperature while the coefficient of 

friction has a slight effect on both of them. The results revealed that the change in initial sheet temperatures has 

an active impact on the enhancement of forming temperature then, the increase in formability of AZ31 Mg alloy. 

Furthermore, the proposed 3D FE modeling can upgrade the comprehension and applicability of the hot rolling 

process to improve the formability of the AZ31 Mg alloy sheets. 
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INTRODUCTION 

Newly, the applications of Mg alloys have expanded to involve in the industry of electronics, aircraft, and 

automotive due to their lightweight and high performance such as high specific stiffness and strength. This 

provides high quality as well as frugality in the energy and cost. However, at ambient temperature, more evolution 

is delimited i.e. low formability of Mg alloys due to the hexagonal structure of the crystals which leads to a lack 

of adequate free slip systems [1-2]. Consequently, it is of abundant significance to study and evaluate the hot 

deformation of Mg alloys for improving the quality of these alloys. 

The operation of hot rolling commonly exploited for decreasing the voids and enhance the formability of the metal 

in general and Mg alloys particularly. In addition, the hot rolled product shows significantly various properties 

because of the preferred texture formation. Although the hot rolling process considers the important operation 

applied for metal forming, the behavior of residual stresses created inside of material and forming temperature are 

quite complex. The variation in direction of rolls modifies the status of strain and stress field in the material. In 

turn, the hot rolling affects the metallic behavior of the rolled product [3-4]. Therefore, the hot rolling of Mg alloys 

at high temperatures contributes to increasing the formability and adjust the crystallographic frame [5-6]. Yun 

Zhang et al. examined the behavior and microstructure of Mg-3Al alloy with the addition of Calcium and 

Gadolinium elements through the hot rolling technique. They indicated that the motivation of non-basal slips 

through the hot rolling procedure contributed to moderate the anisotropy properties of the used alloys [7]. Lili 

Guo and Fumio Fujita evaluated the microstructure of AZ31 Mg alloy during hot rolling. Their results mentioned 

that during 300 °C, the work hardening is the controlled mechanism while the dynamic recovery is a vital function 

in the microstructure determination at temperatures 400 and 500 °C [8]. The formability in terms of flow stress of 

ZAM100Mg alloys was studied by Mohamad El Mehtedi et al. during the hot rolling process. It was recorded that 

mailto:msc_jgj_katma7@yahoo.com


3D FE Analysis of Induced Residual Stresses and Forming Temperature in Hot Rolled AZ31 Mg Alloy 

 

405 
 

the flow stress constricts with rising forming temperature [9]. In another research, it was observed that the 

properties (compressive and tensile strength) of the ZAM100 magnesium alloys sheet and their microstructure are 

affected by rolling temperature. Both tensile and compressive strength were reduced at 450 ᵒC which led to growth 

in the alloy grain size [10]. Also, an experimental procedure was conducted via induction heating rolls and the 

results proved that this method can enhance the plasticity of AZ31 and moderate its processing obstacle [11]. The 

mechanical features and microstructure of magnesium alloy based on AZ31 Mg type were inspected under various 

rolling temperatures. The uniform and fine grain microstructures were produced along with the efficiency weaken 

in the anisotropy of hot-rolled Mg sheet [12]. 

Finite element analysis (FEA) is one of the modeling methods that consider exemplary in such hot metal forming 

processes [13-14]. Constitute of models of the hot deformation process is helpful to predict the mechanism 

deformation and the formability of materials under the elevation of temperature. [15]. Recently, there have been 

very limited numerical simulation investigations reported on the hot rolling process of Mg alloys. Weitao Jia et 

al. performed FEA and lab experiments based on fracture criteria to analyze the distributions of the damage and 

edge-cracking propagation induced by hot rolling deformation. Their obtained results indicated that edge-cracking 

depth in AZ31 Mg alloy has a sturdy connection with the rate of reduction and rolling temperature [16]. Yunpeng 

Ding et al. established the finite element models under various rolling conditions to explore the distribution of 

temperatures and its alteration for Mg-3Al-Zn alloy [17]. Hanlin Ding et al. used FEA for the AM50 alloy during 

hot rolling to obtain the effect of roller speeds and temperatures on the microstructure. They recommended a high 

speed and temperature for the produce AM50 alloy sheet [18]. Fangkun Ning et al. utilized the Cockcroft and 

Latham (C-L) criterion as well as FE simulation of hot rolling to study the edge crack and microstructure of AZ31 

plate at 200-350℃, rolling ratio 25-40% and rolling speed 7-21 r/m [19]. Another experimentally and numerically 

study by Fangkun Ning et al. was confirmed the fracture and deformation behavior of AZ31 plates based on hot 

rolling under tension force. They concluded that the tension force has an impact effect on crack propagation. On 

the other hand, the maximum damage as a function was obtained by FE simulation [20]. Amir Yazdanmehr and 

Hamid Jahed measured induced residual stresses by XRD diffraction of the AZ31B-H24 part obtained by the 

rolling process. It was indicated that the residual stresses were in good convergence with the results obtained by 

the hole drilling method [21].  

In various researches, the induced residual stress and forming temperature of the hot rolling process for different 

materials have been investigated. The maximum temperature was referenced by Deng et al. through the hot rolling 

of high speed steel (HSS). They also indicated that the type of residual stress that created on the surface of the 

work roll is compressive and evaluated the magnitude of compressive residual stress using X-ray diffraction 

method [22]. YuSu et al. enhanced the tensile strengths of α titanium alloy sheets using a hot rolling process. They 

obtained refined α platelets at room temperature and 650 °C which in turn strengthens the α titanium alloy [23]. 

ianwei Zhao et al. found that the flow of lateral metal possesses an important impact on the distribution of the 

residual stress filed during strip hot rolling of 1060 aluminum alloy. They observed that the variations in thickness 

and width for the product stimulate a high variation in the alleviation of the max. value for the compressive 

residual stress [24]. K.Vijay Reddy determined the induced residual stress with different rolling tempreature 

during nano rolling of nanocrystalline Nickel. They indicated that due to elevating the temperatures and thermal 

vibrations, the residual stresses are diminished and become scattered and thus lead to generating high-temperature 

deformation [25]. Deng et al. pointed out that decreasing the compressive residual stresses in the oxide layer leads 

to a few reductions in the microhardness of HSS sheets through the hot rolling operation [26]. Witek & Milenin 

constituted the heat transfer in the steel S235 and S355 strips during hot rolling and laminar cooling using FE 

thermal model. They found that the temperature change is one of the main factors that influence the values of 

residual stresses during hot rolling of steel strips [27]. 

In literature researches that were presented in this section indicated extensive studies for the hot rolling process 

in experimental and numerical procedures for different materials. However, the field of induced residual stresses 

and forming temperature of hot rolled AZ31 Mg alloy, which are quite very important in the hot rolling process, 

has not taken into consideration yet. Therefore; the intention of this article is to adopt the constitutive models 

based on 3D FE analysis to study the effect of rolling ratio, coefficient of friction, and initial sheet temperatures 

on the induced residual stresses and forming temperature of rolled AZ31 Mg alloy sheets. The validations of 3D 

FE models are presented through comparison with the previously cited experimental tests.  
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CHARACTERIZATION OF AZ31B Mg ALLOY FOR MATERIAL MODELING  

In this research, the selected sheet material for the hot rolling process is AZ31 Mg type-B alloy that has a chemical 

composition attached in Table 1. The material features based on the mechanical and thermal states are presented 

in Table 2. In all hot rolling processes, the thermo-mechanical parameters such as temperature and strain rate 

directly affect the flow stress of the material [28]. Tensile test based on various temperatures 100℃, 150℃, 200℃ 

and 250℃ were taken into considerations for the modeling of AZ31B Mg alloy under strain rate 10−3/𝑠 and 

tensile speed 2 mm/min [2]. Figure 1 illustrates the relationship between stress and strain based on true 

calculations from the experimental results according to the tensile test at different temperatures for AZ31B Mg 

alloy [2]. 

Table 1. Chemical Composition of AZ31 Mg Alloy (Type-B) [2] 

Element AL Zn Ca Mn Fe Cu Mg 

Composition Wt% 2.7-3.1 0.7-0.9 0.002 0.2-0.4 0.005 0.003 Bal. 

Table 2. Material Properties of AZ31Mg Alloy (Type-B) [29] 

Young's modulus 44.8 GPa Ultimate tensile stress 260 MPa 

Density 1.77 g/cm3 Thermal expansion 26 × 10−6/K 

Poisson's ratio 0.35 Thermal conductivity 96 W/mk 

Yield Strength 200 MPa Specific heat 1.125 J/g℃ 

 

Figure 1. True stress vs. true strain of AZ31B Mg alloy at various temperatures [2] 

MODELING AND SIMULATION OF HOT ROLLING PROCESS 

In the hot rolling process, the model is divided into three regions as illustrated in figure 2. First is the initial region 

that includes the sheet before forming at temperature 𝑇𝑖  and thickness 𝑡𝑖 . Secondly, is forming region in which 

sheet thickness reduces and sheet temperature 𝑇𝑓  increases especially at the contact zone due to the friction 

between the sheet and roller surfaces. The third is the final region after forming that contains the final sheet product 

with decreases the temperature 𝑇𝑜  at final sheet thickness 𝑡𝑜 as the heat transfer between material rolled and 

ambient environment. 
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Figure 2. Hot rolling process 

Generally, hot metal forming processes subject to thermal coupling due to the high plastic deformation. The hot 

rolling process is exposed to the thermo-mechanical problem due to the pressure that affects the thermal contact 

region between rigid rollers and plate surfaces. Thermo-mechanical coupling analysis participates as the 

conclusive role in the simulation of the rolling process. The majority of this coupling analysis is based on the 

effect of thermal properties that involve thermal expansion, temperature-dependent material properties, and 

temperature-dependent boundary conditions. This combined with the effect of mechanical properties that 

comprise heat generated during plastic deformation, changing billet geometry due to large deformation, and the 

change in the contact condition. 

In the hot rolling process, the rolled material subjects to nonlinearity during the forming by means of the material, 

geometric, and nonlinear boundary condition. The relationship between stress and strain is described as material 

nonlinearity according to the strain rate and temperature. In finite element modeling, tensile test data shown in 

figure1 are adopted to define material nonlinearity. The large strain and deformation are used for the optimum 

description of the geometric nonlinearities. 

The 3D FE simulation of the hot rolling model is run based on explicit/temp/dis/dynamic using commercial 

Abaqus. The contact condition between deformable material (AZ31 Mg sheet) and rigid body (rollers) is given 

by surface to the surface using penalty technique that has the ability to resolve tangential behavior of a mechanical 

contact. The element type of 8-node thermally coupled brick, trilinear displacement, and temperature (C3D8T) is 

nominated with 11250 elements for the sheet used. The boundary condition is the most important task to obtain 

the accurate output. The hot rolling model is the geometric symmetry i.e. contains upper and lower rollers as well 

as a rectangular sheet. Consequently, half of the 3D model is constructed to simulate the rolling process as shown 

in figure 3. In the modeling of the hot rolling process, the initial boundary condition for both the rectangular sheet 

and circular roller is applied as the first step through defined initial sheet temperature, initial linear velocity for 

sheet, and initial displacement/rotation for roller. Other boundary conditions represent the defined temperature 

and the angular velocity for the roller. After completing the analysis step, displaying the model in relaxation is 

involved for determining the induced residual stresses inside sheet thickness. 

 

Figure 3. 3D FE model of roller and AZ31 Mg sheet 
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VALIDATION OF MODELING RESULTS  

The most important task is comparison the finite element results (FE) with the experimental results (EXP) of the 

previous study to validate the simulation models. Due to difficulty accompanying with measurement of forming 

temperature during the hot rolling process of AZ31 Mg alloy and not taking into consideration the study of induced 

residual stresses. There are no related experimental results in the previous studies that available for comparison. 

Therefore, the validation of simulation results was proved based on the first comparison of rolling time with a 

coefficient of friction and the second comparison of surface temperature with duration in roll bite.  

Experimental tests of the hot rolling process of AZ31 Mg alloy have been performed in published research [15]. 

The relationship between the rolling time and coefficient of friction, figure 4 is represented as the first comparison. 

The imposed sheet dimensions are 150 mm × 150mm × 7 mm, and the diameter of the roller 320 mm. The 

rolling ratio (reduction of the sheet thickness) is 32.78%, initial sheet temperature 355.8℃, roller temperature 

taken between 120℃ to 150℃, the velocity of sheet 0.5 m/s, and roller speed 0.1 m/s. It can be concluded from 

figure 4, that FE results are in a good agreement with EXP results and thus indicates the correct choice of the 

suggested initial boundary conditions. It can be seen that an increase in the coefficient of friction leads to a 

decrease in the rolling time. The metal flow velocity is reduced due to the increase in the coefficient of friction 

according to the degree of interfacial slipping that leads to shortening rolling time as demonstrated in a previous 

study [15]. Another comparison is made based on the validation model in term of the relationship between surface 

temperature and duration in roll bite as illustrated in figure 5. The dimensions of the sheet are 5.6 mm thickness, 

40 mm width, and 150 mm length while the roller diameter is 200 mm. The reduction rate is 29%, initial sheet 

temperature 400 ℃, friction coefficient 0.3, the velocity of sheet 0.5 m/s, and linear velocity of the roll is 0.367 

m/s [30]. As revealed in figure 5, the comparison between experimental and finite element results is acceptable 

although existence some differences due to the setup of temperature measurement.   

 

Figure 4. Rolling time vs. coefficient of friction based on FE and EXP results [15] 

 

Figure 5. Surface temperature vs. duration in roll based on FE and EXP results [30] 
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In this article, a new set of 3D FE models for the hot rolling process were constructed using different parameters 

in order to study the behavior of the induced residual stresses generated by thermal deformations as well as to 

determine the forming temperature. The rolling ratio in terms of the various reduction of sheet thickness (7.14%, 

14.28%, 21.42%, 28.57%, and 35.71%) with the coefficient of friction in the range of 0.2-0.9 were considered. In 

addition, various initial sheet temperatures were represented at different values (248.7℃, 302.5℃, 355.8℃, 

411.4℃, and 457.4℃) . On the other hand, sheet dimensions  150 mm × 150mm × 7 mm, roll diameter 320 mm, 

sheet velocity 0.5 m/s, and roller speed 0.1 m/s were adopted for all present models. 

RESULTS AND DISCUSSION  

Effecet Rolling Ratio and Initial Sheet Temperature on The Thermal Stress  

Figures 6a and 6b display thermal stress distribution at low and high rolling ratio respectively where initial sheet 

temperature is 355.8℃, and coefficient of friction taken 0.2. It can be observed that the maximum value of thermal 

stress i.e. flow stress was recorded at a high rolling ratio (35.71%) while thermal stress was less when the rolling 

ratio is less i.e. at 7.14% as shown in figure 6b. In the hot rolling process, the increase in the reduction of sheet 

thickness leads to generate high plastic deformation and needs more work in forming zone that leads to an increase 

in the flow stresses.  Thus, the reduction of sheet thickness has a substantial effect on the thermal stresses during 

the forming process.   

 

Figure 6. Thermal stress distribution (flow stress) during the rolling process at rolling ratio (a) 7.14% and (b) 

35.71% with initial sheet temperature 355.8℃ 

Figures 7a and 7b refer to the thermal stress distribution at initial sheet temperatures 248.7℃, and 457.4℃ 

respectively with a constant rolling ratio of 21.42%. For the high initial temperature (457.4℃), the flow stress is 

lower as compared to its value at low initial sheet temperature (248.7℃). This is due to the flow stress decreases 

with the increasing sheet temperature in forming zone through the rolling process [9]. The rise of initial sheet 

temperature leads to accelerate the part soften that makes the flow in forming region more streamlined [31]. 

Consequently, the flow stress is augmented while plasticity surges because of the expansion in the diffusion of 

solute atoms as reported previously [13].     
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Figure 7. Thermal stress distribution (flow stress) during the rolling process at initial sheet temperature (a) 

248.7℃ and (b) 457.4℃ with rolling ratio 21.42% 

Results of Induced Residual Stresses with Different Rolling Ratio  

In this work, the induced residual stresses were determined after the AZ31Mg sheet was fully rolled. The induced 

residual stresses were measured inside sheet thickness at the middle of the workpiece. The different rolling ratios 

were taken into consideration at initial sheet temperature 355.8℃ and coefficient of friction 0.2. Figure 8 exhibits 

the relationship between induced residual stress in direction of sheet length and depth of sheet thickness at distance 

from upper to lower sheet surface with various rolling ratios. The high induced compressive residual stresses near 

the sheet surfaces were noted because of the effect of the sheet movement in the rolling direction along with the 

effect of rollers compression. While the minimum induced compressive residual stresses were observed at the 

middle of the sheet thickness. In the hot rolling process, the deformations that generate in forming zone play a 

significant role in determining the residual stresses [32]. In addition, it can be seen from figure 8 that the highest 

rolling ratio (35.71%) produces more induced residual stresses as compared to the other selected ratios due to the 

increase in reduction of sheet thickness resulting from the effect of rollers compression on the sheet surfaces and 

sheet elongation. On the other hand, the behavior of all induced residual stresses for along e depth of the sheet 

thickness is similar trends for all suggested rolling ratios.  In general, the increase in rolling ratio i.e. reduction of 

sheet thickness leads to an increase in plastic deformation in the forming region that has a strong effect in inducing 

the residual stresses. 
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Figure 8. Induced residual stress in length direction inside sheet thickness at different rolling ratio 

The induced residual stresses profiles in thickness direction from upper to lower surface were presented in figure 

9. It can be noticed that induced residual stresses near the upper sheet surface are predicted as a tensile state while 

induced compressive residual stresses exist at the middle distance of the sheet thickness. Then again, the induced 

tensile residual stresses are observed at the bottom sheet surface. The maximum values of estimated residual 

stresses at upper and lower sheet surfaces attribute to the effect of rollers compression on the sheet surfaces that 

contribute to high increasing sheet thickness reduction. It can also be noted from figure 9 that the behavior of the 

residual stresses in thickness direction for the produced sheet using hot rolling are similar for all rolling ratios.  

The presence of peak induced tensile stresses on the surface is predominantly because of thermal strain 

accompanying with hot rolling process however peak induced compressive stress into the depth of sheet thickness 

material results in plastic deformations. 

 

Figure 9. Induced residual stress in thickness direction inside sheet thickness at different rolling ratio 

The results of simulated residual stresses in width direction inside sheet thickness at various rolling ratios were 

illustrated in figure 10. It can be observed that the peak of tensile residual stresses appears at the middle position 

of sheet thickness in all cases. Also, it can be observed that the induced residual stress in case of two values of 

rolling ratio (21.42% and 28.57%) are in the tensile state through the sheet surfaces entirely. So, the maximum 

induced compressive residual stresses were predicted near the upper and lower surfaces at a rolling ratio equal to 

35.71%. 
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Figure 10. Induced residual stress in width direction inside sheet thickness at different rolling ratio 

From the introduced results above, it can be concluded that induced residual stresses in the length direction 

recorded maximum magnitudes as detected in figure 8 compared to the induced residual stresses in the thickness 

and width directions. The reason is the high effect of longitudinal thermal deformation that occurs during the hot 

rolling process. 

Results of Induced Residual Stresses with Different Coefficient of Friction   

In this study, various coefficients of friction values are adopted to identify the induced residual stresses behavior 

along track of sheet thickness at constant both initial sheet temperature of 302.5℃, and the rolling ratio of 14.28% 

as depicted in figure 11. It can be indicated that the high coefficient of friction 0.4, results in the highest induced 

residual stresses as compared to other suggested coefficient of friction values. Generally, the coefficient of friction 

has a significant effect on inducing compressive residual stresses in the length direction during the hot rolling 

process. Further, for all constructed models, the behavior of induced residual stresses has a similar trend.  

 

Figure 11. Induced residual stress in length direction inside sheet thickness at different coefficient of friction 

The results of induced residual stresses in the thickness direction at various coefficients of friction are indicted in 

figure 12. The behavior of residual stresses can be described by tensile stresses near the top and lower surfaces 

while they are in a compression state at the middle surface of the sheet thickness. This behavior of stresses is the 
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same for all proposed values of coefficient of friction. As shown in figure 12, all curves are close to each other 

cases which leads to the conclusion that the effect of friction coefficient has little effect on the inducing of residual 

stresses in the thickness direction. 

 

Figure 12. Induced residual stress in thickness direction inside sheet thickness at different coefficient of friction 

Figure 13 illustrates the induced residual stresses profiles in the width direction across sheet thickness at different 

coefficients of friction. It can be seen from figure 13 that minimum values of residual stresses reach near zero 

values and close to the top and bottom surfaces of sheet thickness while the peak of tensile residual stress is 

detected at the mid area of the sheet thickness at all suggested coefficients of friction values. Commonly, the 

behavior of induces residual stresses profiles at all coefficient of friction values to have the same trend. 

 

Figure 13. Induced residual stress in width direction inside sheet thickness at different coefficient of friction 
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Maximum forming temperature (rolling temperature) in forming zone was estimated for various initial sheet 

temperatures at the constant coefficient of friction 0.35, and time step 0.2275 s as presented in figure 14.  It can 
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forming temperature. The consumed energy required for the hot rolling process increases with increasing rolling 

-5000

-4000

-3000

-2000

-1000

0

1000

2000

3000

4000

5000

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

R
e

su
id

al
 s

tr
e

ss
  i

n
 t

h
ic

kn
e

ss
 d

ir
e

ct
io

n
  (

K
P

a)

Depth of sheet thickness from upper to lower surface (mm) 

Coefficient of friction= 0.2 Coefficient of friction= 0.25

Coefficient of friction= 0.3 Coefficient of friction= 0.35

Coefficient of friction= 0.4

-5000

-4000

-3000

-2000

-1000

0

1000

2000

3000

4000

5000

6000

7000

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

R
e

su
id

al
 s

tr
e

ss
  i

n
 w

id
th

 d
ir

e
ct

io
n

  (
K

P
a)

Depth of sheet thickness from upper to lower surface (mm) 

Coefficient of friction= 0.2 Coefficient of friction= 0.25

Coefficient of friction= 0.3 Coefficient of friction= 0.35

Coefficient of friction= 0.4



3D FE Analysis of Induced Residual Stresses and Forming Temperature in Hot Rolled AZ31 Mg Alloy 

 

414 
 

ratio i.e. reduction of sheet thickness which in turn increases the generated internal temperature. It is worth noting 

that raising forming temperature leads to a decrease in flow stress [9,33]. Thus, the material will be softer, and 

formability will be increased.  

 

Figure 14. Maximum forming temperature with rolling ratio at different initial sheet temperature 

Results of Forming Temperature with Coefficient of Friction for Different Rolling Ratio  

As identified in figure 15, the relation between maximum forming temperature and the coefficient of friction at 

different values of rolling ratio with constant initial sheet temperature of 411.4℃ and time step of 0.2275 s. It can 

be observed from figure 15 that the coefficient of friction has an almost tenuous effect on the maximum forming 

temperature particularly at the low value of the rolling ratio.  

 

Figure 15. Maximum forming temperature with coefficient of friction for different rolling ratio 

From the figures. 14 and 15, it can be concluded that forming temperature strongly affected by initial sheet 

temperature while it slightly affected by the rolling ratio and coefficient of friction.  
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CONCLUSION 

In the present research, the evaluation of induced residual stresses and forming temperature of AZ31 Mg alloys 

through hot rolling process has investigated via 3D FE Analysis. Based on the modeling outcomes that reported 

in the current work, several outlines can be concluded: 

1. The hot rolling models of the FE Analysis were verified with the experimental models and there was 

consistency between numerical and experimental results.  

2. The 3D FE Analysis is quite successful to achieve the hot rolling process and assessing the induced residual 

stresses and forming temperature. 

3. The rolling ratio effects the induced residual stresses significantly while its impact is slightly on the forming 

temperature.  

4. The coefficient of friction has little effect on both the induced residual stresses and forming temperature. 

5. The values of induced compressive residual stresses in the length direction are detected higher as compared 

to the thickness and width direction.  

6. With the changing the rolling ratio and coefficient of friction values, the induced residual stress profiles have 

the same trend at a selected direction along sheet thickness. 

7. Initial sheet temperature has a strong effect on the forming temperature. The increase in initial sheet 

temperature leads to an increase in forming temperature and improves the formability of the suggested 

material. 
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