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Abstract 
The introduction of residual stress during the processing of materials has an 
important impact on the properties of the materials, so it is important to accu-
rately measure the residual stress of the material. This paper established a finite 
element model of spherical indentation under the action of non-equivalent bi-
axial residual stress. Then we extracted the full-field accumulation state near 
the indentation under different stress states from the simulation results and 
summarized the pile height distribution near the indentation under different 
stress states. From the simulation, we found that the maximum pile-up height 
near the indentation point presented a regular trend. 
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1. Introduction 

The safety and reliability of major national infrastructure and public facilities, 
such as aircraft, high-speed rail, ships, and nuclear power plants, are the focus of 
society, and also affect the country’s economic development. Alloys are often 
used as key components in these major infrastructure projects. For example, in 
modern advanced aero-engines, superalloy materials are widely used in core 
components such as turbine disks, turbine blades, and combustion Chambers, 
accounting for 40% ~ 60% of the total amount of engine materials. However, re-
sidual stress will be introduced into metal materials in the process of manufac-
ture, processing, and surface treatment in different degrees [1] [2]. These intro-
duced residual stresses not only have an important influence on the performance 
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of material services, such as the crack strength, fatigue resistance, corrosion re-
sistance, but also affect the dimensional stability of material components and the 
safety of the structure [3] [4]. Thus, it is of great significance to measure the re-
sidual stress of engineering materials accurately. 

The traditional method for measuring residual stress can be divided into two 
groups, namely, mechanical stress-relaxation methods and physical-parameter 
analysis methods. Generally, mechanical stress-relaxation methods, including 
hole-drilling, slitting, and ring-core cutting techniques, are to release part of the 
residual stress, measure the amount of deformation caused by the change of re-
sidual stress, and then calculate the residual stress [5] [6] [7] [8]. However, the 
destructive nature of these methods limits the wide application of these tech-
niques in the industry. Whereas, physical-parameter analysis methods, including 
X-ray diffraction, neutron diffraction, ultrasonic wave, and magnetic Barkhau-
sen noise, can measure residual stresses through the essential properties of mate-
rials and nondestructively, and some methods have been partially used in indus-
trial fields [9] [10] [11]. However, these physical methods are limited by the in-
trinsic microstructure of the material and require the preparation of stress-free 
samples as reference. Additionally, X-ray diffraction and neutron diffraction me-
thods cannot be directly applied to amorphous materials, which do not have a 
long-range ordered atomic structure. 

To sum up, Oliver-Pharr method is the most widely used method for measur-
ing material parameters and residual stresses in present researches [12] [13]. 
However, how to calculate the real contact area is the main concern when Oliv-
er-Pharr method is used. Thus, the way to calculate the contact area or avoid the 
impact of the contact area has been studied by several researchers [14] [15]. Ad-
ditionally, spherical indentation is more sensitive to stress effects than sharp in-
dentation, but the amount of difference remains to be further studied [16]. Some 
researchers suggested that when calculating the residual stress of soft materials, 
the results obtained by the Suresh model and Lee model have a large margin of 
error and may not be suitable for calculation [17] [18]. Thus, the applicability of 
various calculation models is worth pondering. 

In this paper, in order to study the residual stress inside the object, the rela-
tionship between the residual stress and the indentation profile was analyzed. 
The finite element method model was established to generate the pile-up mor-
phology. The finite element simulation of the ridge shape of the indentation can 
accurately obtain the residual stress inside the object, which proves the effective-
ness of the method. 

2. Numerical Models and Basic Assumptions 

Elastic/plastic indentation was simulated using the spherical indentation by the 
ABAQUS 6.14. The spherical indenter was modeled as an analytical rigid body 
and the indenter tip radius was assumed to be 1.25 mm. Due to the symmetry of 
the indentation model, the 1/4 axisymmetric model can be used to simplify the 
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three-dimensional problem, as shown in Figure 1. 
The established 3D model was modeled as a cuboid 10 mm high, 5 mm in 

thickness and 10 mm in radius by 42,180 hexahedral elements while the mesh 
properties are defined as C3D8R due to its high computational accuracy for dis-
placement calculation. Roller boundary conditions were applied along the plane 
of symmetry and the bottom surface separately, a free surface was modeled at 
the outside of the model, and the interface between the indenter and the speci-
men was assumed that the friction coefficient is 0.15. 

Due to a large local deformation that may occur near the indentation area, 
thus, a very fine mesh is needed in the contact region to obtain accurate simula-
tion. Correspondingly, a progressively coarser mesh was employed far away from 
the contact area. Besides, the indentation process was divided into two stages, 
that is, loading and unloading, so two static analysis steps are adopted to corres-
pond to the indentation process. For the loading analysis step, the initial analysis 
step size is set to 0.001, the maximum analysis step size is set to 0.01, and the to-
tal analysis time is determined to be 1. The setting of the unloading analysis step 
is the same as it is. All simulations were performed to a certain indentation 
depth and then withdrawing while the indentation was set to 0.125 mm based on 
the investigation results by Lu et al. [19]. 

The pre-stress of −75 MPa, −50 MPa, −25 MPa, 0 MPa, 25 MPa, 50 MPa, and 
75 MPa were applied to the x and y directions of the model during the simula-
tion, so a total of 49 sets of finite element simulations were carried out. Pre-stress 
was applied to the model by the predefined field. 

The output of the two finite element simulations included indentation 
load-displacement curves during the loading and unloading process, the pile-up 
morphology, and Mises stress contour after unloading. The maximum pile-up 
height can be obtained from the pile-up morphology after unloading. All  

 

 
Figure 1. Schematic diagram of the finite element model. 
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extracted data will be further analyzed and discussed in the following sections. 
The material of the specimen for simulating was modeled as an elastic-plastic 

von Mises solid with isotropic hardening. The stress-strain relationship of the 
material can be described as 

1

             
  

y
n n

y y

E
E

σ ε ε ε
σ ε ε ε ε−

= ≤
 = ⋅ ≥

                     (1) 

where n is the work hardening exponent, which is generally no more than 0.5. In 
this study, the aluminum 2024 (2024 Al) was selected for simulation because it is 
prone to pile-up, and its material parameters can be obtained through a tensile 
experiment. Table 1 shows the basic material parameters of 2024 Al. 

The stress-strain curve of 2024 Al can be drawn according to the above ma-
terial parameters, as shown in Figure 2. The constitutive behavior of 2024 Al can 
be intuitively seen from Figure 2. In the elastic stage, the curve shows a linear 
trend, while the curve shows a parabolic change trend after entering the plastic 
stage. 

3. Simulation Results of Non-Equivalent Biaxial Residual Stress 

As described in Section 2, the indentation experiment with the indentation depth 
of 0.125 mm was simulated for the specimen under non-equivalent biaxial residual 
stress. After the indenter was unloaded, the full-field pile-up morphology near 
the indentation point was extracted, and the result was shown in Figure 3. 

It can be seen from Figure 3 that the pile-up morphology after indentation 
unloading was closely related to the distribution of residual stress under the 

 
Table 1. Material parameters of 2024 Al 

Elastic modulus, E 
(GPa) 

Poisson’s ratio, v 
Yield stress, σy 

(MPa) 
Work hardening  

exponent, n 

71 0.3 110 0.177 

 

 
Figure 2. The constitutive behavior of 2024 Al. 
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Figure 3. Full-field pile-up morphology (σx = −75 MPa σy = 75 MPa). 

 
non-equivalent biaxial stress state. For the direction of the compressive stress, 
the slope of the pile-up morphology is larger, which indicates that the stacking 
phenomenon is more obvious, while for the direction of tensile force, the slope 
of the pile-up morphology is relatively small, indicating that the amount of pile-up 
there is small. It can be concluded that the tensile and compressive state of resi-
dual stress will affect the pile-up morphology near the indentation point. 

In a further study, Figure 4 shows the change curves of pile-up height ex-
tracted in two main directions with the change of residual stress. 

According to Figure 4, as the stress in the y-direction changes from the com-
pressive stress state to the tensile stress state, both the maximum pile-up height 
in the x-direction and y-direction show a trend of gradual decrease. This is since 
tensile stress will reduce the pile-up height while compressive stress will increase 
the pile-up height. Also, it can be found that the reduction velocity of pile-up 
height in the x-direction is smaller than that in the y-direction, because the 
y-direction is the main direction of stress change, so it is more sensitive to stress 
change. 

As can be seen from Figure 4, with the change of residual stress state, the 
pile-up height near the indentation point presents a regular trend of change. On 
this basis, the full-field pile-up morphologies near the indentation point under 
different stress distribution states were extracted, and it was found that the maxi-
mum pile-up height near the indentation point presented a regular trend as shown 
in Figure 5. 
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Figure 4. Schematic diagram of pile-up height versus σy. 
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Figure 5. Distribution diagram of maximum pile-up height around the indentation point. 

 
Figure 5 shows the distribution of the maximum ridge height near the inden-

tation point under three different stress states. In the figure, when α is 0 and 180 
degrees, it corresponds to the x direction, and when α is 90 and 270 degrees, it 
corresponds to the y direction. Figure 5(a) shows the distribution of the maxi-
mum swell height under uniaxial compression. It can be seen from the figure 
that the maximum swelling amount around the indentation point shows a regu-
lar sine function change. Among them, the swelling amount is the largest in the 
x direction, and the swelling amount is the smallest in the y direction. This is 
because for the uniaxial compression stress state in Figure 5(a), the swelling 
amount will increase in the main direction of the compressive stress. So the swel-
ling amount will be greater compared to the unstressed state. Corresponding to 
it is the maximum ridge height distribution in the uniaxial tension state shown 
in Figure 5(b). It can be seen from the figure that under the action of tensile 
stress, the ridge amount in the x direction is significantly smaller than that of the 
unstressed. The bulge in the y direction doesn't change with stress. It is worth 
noting that, compared to the amount of uplift in the unstressed state, the 
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amount of uplift in the two directions in the uniaxial compressive stress state is 
significantly greater than that in the unstressed state, while the amount of uplift 
in the uniaxial tensile stress state The swelling amount in both directions is sig-
nificantly smaller than the swelling amount in the unstressed state. This shows 
that the residual stress state in one direction will also affect the uplift in the other 
direction. 

For the two-way tension and compression stress state shown in Figure 5(c), it 
can be found that the uplift in the x-direction is greater than the uplift in the un-
stressed state, and the uplift in the y-direction is less than that in the unstressed 
state. The amount of swelling, but compared to the swelling under uniaxial com-
pression and uniaxial stress, the swelling under the two-directional tension and 
compression stress state is closer to the swelling under the unstressed state, which 
shows that the tension in the two directions Compressive stress will inhibit each 
other, weakening their ability to increase and decrease the amount of bumps. 

4. Conclusions 

The purpose of this paper is to study the relationship between the residual stress 
inside the object and the uplift height of the indentation. The finite element me-
thod is used to simulate the indentation ridge morphology of objects with dif-
ferent residual stresses. A variety of indentation finite element method simula-
tions under different residual stresses were carried out, and the relationship be-
tween the uplift morphology and the residual stress was established, and the fol-
lowing conclusions were obtained. 

1) The state of tension and compression of the residual stress will affect the 
accumulation morphology near the indentation point. 

2) Tensile stress will reduce the pile-up height while compressive stress will 
increase the pile-up height. 

3) The maximum swelling amount near the indentation point changes in a 
regular sinusoidal function. In the uniaxial stress state, the residual stress state in 
one direction will affect the uplift in the other direction while the stress in the 
two directions under the two-way tension and compression state will inhibit each 
other, weakening their ability to increase the huo1 and reduce the uplift. 
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