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Abstract. The relation between residual stress and tensile strain is an important factor for evaluating 

plastic formation grade of steel sheet. The degree of plastic deformation (Δl) and elastic recovery (δ) were 

obtained by measuring the length of DP600 steel sheet sample under different tensile test conditions, i.e. 

five tensile strains (ε). Furthermore, the average residual stress value in the surface middle (the diameter of 

10 mm) region of above tensile samples was analyzed by x-ray diffraction (XRD) in the crystal plane of 

(211). By processing the diffraction peak angle (2θ) with half width high method (FWHM), the relationship 

between sin2(ψ) and diffraction angle is attained by least squares method. On this basis, a mathematical 

model was established to correlate the tensile strain with the residual stress in the present study. The results 

show that the residual stress decreases and the elastic recovery increases with the increase of tensile strain 

(ε≤0.205). The relation between residual stress and tensile strain can be described with an exponential 

function . Finally, a function of tensile strain, elastic recovery and surface residual stress is established, by 

which a reasonable forming condition, viz. ε=0.205, δ=2.65 mm is determined for achieving the smallest σψ. 

1 INTRODUCTION 

The residual stress is a kind of internal deformation 

coordination of materials, which is caused by constraints 

or non-uniform deformation, and influences the account 

of springback. In sheet metal forming represented by 

stamping and drawing, strain value increase causes the 

decrease of springback while the increase of the blank-

holding force and friction between the die and sheet 

brings about the increase of residual stress[1]. So residual 

stress is an important factor for evaluating the 

deformation materials[2]. The residual stress only takes 

part of the responsibility of the total measured lattice 

strain. In fact, the compositional variation inside the 

material was found to cause greater strain gradient in 

both ferrite and austenite phases in a dual-phase stainless 

steel[3].  

Residual stress is usually analyzed by a method of X-

ray diffraction (XRD). Metal material is loaded, uneven 

elasticity and plastic deformation can emerge. However, 

owing to the uneven dislocations and slip, a residual 

stress is generated inside the material in order to balance 

the non-uniform deformation force after unloading[4]. 

The evaluation of residual stress was performed using 

the x-ray diffraction. It was observed that high pressure 

allowed the obtaining of high equivalent plastic strain on 

the top region of the samples, with a subsequent 

reduction in springback[5]. The residual stress in the 

machined surface has three kinds of distribution: tensile 

stress, compressive stress and tensile–compressive stress. 

The maximum tensile stress exists on the outmost 

surface[6]. Detailed X-ray diffraction (XRD) studies of 

residual stresses of a multilayer or films material are 

presented[7]. The stress–strain curve, proof stress and 

strain-hardening exponent of the thin film on substrate 

can be obtained by in-situ XRD stress analysis combined 

with the tensile test[8]. Supported by X-ray diffraction, 

microstructure analysis and tensile testing, the 

mechanical response of high entropy alloys to varying 

strain rates was investigated[9]. Tensile tests on 

commercially pure a-titanium show a three-stage 

behaviour giving rise to a well on the strain dependence 

of the work hardening[10].  

    Therefore, the residual stress affects forming 

springback that can depict plastic deformation 

mechanism. Material hardening can reduce the Young’s 

modulus and decrease the amount of springback. By 

increasing the tensile stress, it increases the material 

hardening resulting in the reduced amount of springback. 

Residual stress is an important factor for evaluating the 

materials deformation, the variation inside the DP steel 

material can cause greater strain gradient in ferrite 

phases. The model about strain and residual stress can 

effectively promote residual stress prediction when DP 

steel (consists of the martensitic and ferrite phase) was 

tested on the condition of different strains. 
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2 EXPERIMENTAL 

2.1 Materials 

The experimental material of this study is dual phase 

steel of DP600, the microstructure consists of two phases, 

namely the martensitic (M) strengthening phase on the 

low strength ferrite (F) matrix with good plasticity. M 

and F constitute the plastic properties of DP steel, while 

the phase grain size and shape are different. The volume 

fraction of martensitic phase of the DP600 is the 14.2% 

and the ferrite phase is 85.8%. The mechanical property 

parameter of the material is shown in Table 1[11]. The 

tensile specimen size is shown in Fig. 1, and experiment 

result of tension specimen is shown in Fig. 2. 

Table 1. Materials property parameters of DP steel  

Elastic modulus, E (GPa) 183 

Poisson’s ration, ν 0.282 

Yield stress, σs (Mpa) 300 

tensile strength σb (Mpa) 600 

 
Fig. 1.  Dimensions of tension specimen  

2.2 Scheme 

The samples were tested with different tensile strain (ε = 

0.001, 0.039, 0.100, 0.171, 0.205) at the same stretching 

rate by means of a uniaxial tensile tester (MTS810).  

During the uniaxial tensile experiments of DP600 

material, the position of the different tensile strain 

corresponding to experiment 1-5 is shown in Fig. 3. 

Experiment 1 is elastic stage, experiment 2 is yield stage, 

and experiment 3, 4, 5 are plastic deformation stages. In 

experiment 5, the strain ε is 0.205 in the vicinity of the 

middle of the plastic deformation zone. 

Fig. 4 illustrates the uniaxial tensile test specimen, 

Strain-stress curves of the experiments with the different 

tensile strain are shown in Fig. 4. The experimental 

result distribution obtained by calculation as follow, l is 

the length of the sample after loading, Δl is l－l0, which 

the value of l0 is the sample  original length, equal to 215 

mm. The data of the elongation and strain in plastic 

deformation is displayed in Table 2. Here, L is the 

maximum movement distance of the specimen before 

unloading during the tensile test, and the elastic recovery 

of the experimental samples is expressed as δ=L－Δl, as 

shown in Table 3.  

 
Fig. 2.  Experiment result of tension specimen 

 
Fig. 3.  The tensile stress-strain curve of DP600 material 

1-5 point corresponds to the experiment number 

 
Fig. 4.  The tensile stress-strain curve 

Table 2. Relation of ε and △l in the experiment 

Exp. 

No. 
1 2 3 4 5 

ε 0.001 0.039 0.100 0.171 0.205 

l (mm) 215.5 217.6 221.5 226.0 229.6 

△l 

(mm) 
0.5 2.6 6.5 11.0 14.6 

Table 3. Relation of ε and δ in the experiment 

Exp. 

No. 

1 2 3 4 5 

ε 0.001 0.039 0.100 0.171 0.205 

L (mm) 0.59 3.20 7.40 12.08 17.25 

δ (mm) 0.09 0.60 0.90 1.08 2.65 

3 CALCULATION OF RESIDUAL 
STRESS 

The surface residual stress of the intermediate region 

was measured by x-ray diffraction (XRD). Since the x-
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ray penetration depth is only 10-30 μm, which the 

surface residual stress of the specimen can be measured. 

3.1 Computational theory 

The standard x-ray diffraction (XRD) method (the sin2ψ 

method) uses the distance between crystallographic 

planes as a strain gage to determine residual stress value. 

The relationship between residual strain εψ, viz. the 

relative change of the crystal plane pitch and the change 

of the diffraction angle Δθ writes   

 =
−

= cot0

d

dd
               (1) 

Where d, d0 is diffraction plane spacing with stress 

and no stress. 

If the surface is in a biaxial stress state, when the 

stress in the sample reference system with z-axis parallel 

to sample surface normal has only two nonzero 

components σxx = σyy = σ, and the stress-strain 

relationship in the material can be described by the 

Hooke’s law with isotropic elastic constants, it can be 

shown that strain εψ in the direction inclined by an angle 

ψ from the sample surface normal is given by a simple 

relation. The strain εψ is 
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In the above equations, σ is the stress, E is the 

Young’s modulus, and ν is the Poisson’s ratio of the 

material. This is the basis of the well-known sin2ψ 

method[12, 13]. 

The residual stress σψ can be calculated by 

rearranging Equations (1) and (2) as 
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Thus, the σψ can be written as 

MK •=                           (4) 

Here θ0 is the diffraction angle under the condition of 

no-stress state. 

3.2 Calculation of the Residual Stress  

In the middle of the tensile specimen material, a circular 

area with a diameter of 10 mm was cut out as shown in 

Fig. 5. It illustrates the test section of residual stress is 

with a depth of only 10-30 μm, and the test region is the 

one with a diameter of 10 mm. 

The sample tested region is determined as (211) 

crystal plane by X’Pert PRO MPD x-ray diffractometer. 

The diffraction peak angle is processed by half width 

high method (FWHM). The relationship between sin2(ψ) 

and diffraction angle 2θ is attained by least-squares 

solution which is demonstrated. The linear slope Kl of 

sin2(ψ)–2θ curve is shown in Table 4, and the value M is 

equal to Kl. 

 

Table 4. The linear slope Kl, of experiment specimen 

Exp. 

No. 
1 2 3 4 5 

Kl 0.3233 0.2696 0.2786 0.2670 0.2583 

 
Fig. 5.  The test section of residual stress 

 

The E, ν, θ0 (82.30°) and M value are all substituted 

into the formula 4. Finally, the residual stress σψ of the 

central region in the sample is shown in Table 5. 

Table 5. The residual stress σψ of experiment specimen (MPa) 

Exp. No. 1 2 3 4 5 

ε 0.001 0.039 0.100 0.171 0.205 

σψ 477.8 438.8 429.6 400.9 387.9 

3.3 Results and Discussion 

With the increase of tensile strain, in experiment 1, the 

maximum stress σ equals 180 MPa when the tensile 

stress ε is 0.001, which is less than the yield strength σs 

(300 MPa) of experimental DP600 steel. Therefore, the 

metal forming of this stage is completely elastic 

deformation. In experiments 2, 3, 4, 5, the specimen is 

stretched corresponding to the strain ε that equals 0.039, 

0.100, 0.171 and 0.205, respectively. The material is 

subjected to plastic deformation in this stage, and the 

elastic energy stored in the specimen will release and 

elastic recovery will occur after unloading. While plastic 

deformation can not be recovered. It can be seen from 

the calculation that the elastic recovery value δ are 0.6, 

0.9, 1.08 and 2.65 mm, respectively. Fig. 6 indicates that 

the elastic recovery value of DP steel material increases 

with the tensile strain increasing. The plastic 

deformation of DP steel is more serious, which means 

the elastic recovery value of the material is larger. Due to 

the elastic recovery increase when the large plastic 

deformation of the material turns out after unloading, the 

large deformation strain of the material also produced 

finally significant elastic recovery. 

The mathematical model of formula 5 can be 

described by the experimental result of strain ε and σψ, 

shown in Table 5. Scrutinizing the experimental ε-σψ data, 

it is found that the exponential-typed mathematical 

model is capable of describing this ε-σψ relation. The 

sum of squares error is 68.82, coefficient of 

determination is 0.9442, root mean squared error is 

8.296. The model is written by 



 -0.93422.71828469=               (5) 

The exponential function reveals that the elastic recovery 

value increases and the residual stress decreases with the 

tensile strain ε increasing, as shown in Fig. 7. The 

residual stress σψ is 338 MPa when the strain ε is 0.35. 

With the increase of the strain, the Young’s modulus 
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decreases from tangent slope of the curve. So the 

residual stress obviously decreases according to the 

above formula 5 because the material becomes work 

hardened during deformation. 

 
Fig. 6.  The curve of strain-elastic recovery value 

 

Controlling springback and residual stress is a 

guarantee for steel sheet forming quality. When the 

tensile strain increases, the residual stress and the 

springback value decreases. The decrease of Young’s 

modulus leads to the reduction of the amount of 

springback and also the residual stress. So the amount of 

springback can be reduced by decreasing the residual 

stress. The smaller the internal balance force 

corresponding to the residual stress, the more the elastic 

deformation force is released. 

 
Fig. 7.  The residual stress-tensile strain curve 

 

By reducing the residual stress, the amount of 

springback drops and the forming accuracy can be 

improved. DP600 material tensile stress-strain curve is 

shown in Fig. 4. When the tensile strain ε is 0.35, it is in 

the plastic deformation end region. At this time, the 

residual stress σψ is 338 MPa with formula 5, which is 

close to the yield strength σs (300 MPa) of the DP600 

material.  

The larger the radius of the die punch is, the smaller 

the plastic deformation is. So that the residual stress 

becomes larger, the deformation springback increases. 

The basis of choice of punch radius may be attained by 

the relationship between the sheet forming strain and 

residual stress in the punch area after unloading was 

probed. 

In addition, the results in Fig. 8 only show the 

relationship between tensile surface residual stress, strain 

and elastic recovery curve of DP600 material. It can be 

seen from the fitting surface that experiment 5 (ε, δ and 

σψ are 0.205, 2.65 mm and 387.9 MPa, respectively) is in 

a top state, which means that the tensile strength is 

maximal and the strain may be a more reasonable 

forming condition because the residual stress is the 

smallest. 

 
Fig. 8.  The tensile residual stress-strain-elastic recover curve 

of DP600 material 

4 CONCLUSION 

The tensile residual stress of the DP600 steel sheet was 

studied by uniaxial tensile test under different strain 

conditions. The relationship between tensile strain and 

residual stress in the central region of the sample was 

analyzed. Based on the experimental data, the following 

conclusions were obtained: 

1．The relation between residual stress and tensile 

strain in the central region of the sample is built to 

exponent function 


 -0.93422.71828469= . 

2．Under certain plastic strain conditions (ε≤0.205), 

elastic recovery value of DP steel increases with the 

tensile strain increasing, while the residual stress 

decreases. 

3．The tensile strength is maximal when ε, δ and σψ 

are 0.205, 2.65 mm and 387.9 MPa, respectively, which 

means that the strain may be a more reasonable forming 

condition because the residual stress is the smallest. 
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