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ABSTRACT. In the process of metal welding, residual stress will inevitably be
introduced. In the real service environment, the residual stress will also undergo
further evolution and development, which will directly affect the properties of
materials or components, and then threaten the safety of life and property. Therefore,
it is of great practical value to study the rapid and accurate measurement method of
residual stress. Traditional test methods have their limitations, thus, someone
proposed that the magnitude and direction of residual stress can be characterized
based on the morphology after unloading of spherical indentation. But the effect of
material parameters on the pile-up morphology has not been studied. In this paper,
the influence of material parameters on the indentation morphology is
systematically studied by finite element simulation. The research results show that
materials with a hardening index greater than 0.3 are not recommended to use this
method, and the yield strength has little effect on the results.
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1. Introduction
In the construction industry, the proportion of steel structures is already as high
as 60%. During the construction of the steel structure, it is necessary to connect the
steel by welding technology to obtain a stable connection joint. However, the metal
material will produce residual stress in the welding structure due to deformation
during welding, and at the same time, the residual stress inside the component will
evolve and develop continuously during the service process of the component [1, 2].
The existence of welding residual stress will have a great influence on the
mechanical properties of the component, which will directly affect the mechanical
properties such as fatigue strength, crack strength and corrosion resistance of the
component, which may lead to deformation or even sudden cracking of the
component, and then cause the failure of the whole structure [3, 4]. Therefore, to
promote the better application of metal materials in the engineering field, it will be
of great engineering practical significance to systematically study the accurate
measurement method of welding residual stress.
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The traditional residual stress testing methods mainly include the physical
method and mechanical method. Generally, the physical methods [5–7] include the
X-ray diffraction, neutron diffraction, and ultrasonic wave techniques, while the
mechanical methods [8–11] include the hole-drilling, slitting and ring-core cutting
techniques. However, these methods have their limitations, so Shen et al. [12–14]
proposed that the magnitude and direction of residual stress can be characterized
based on the morphology after the unloading of spherical indentation. The method is
simple to measure, and the magnitude and direction of residual stress can be
determined simultaneously by one measurement. However, this method is affected
by many factors. For instance, the parameters of the material itself will have a great
influence on the measurement results. Therefore, it is necessary to carry out a study
on the relationship between parameters and pile-up morphology.
In this paper, the material parameters related to the pile-up morphology are
determined by dimensionless analysis. Then, the influence of material parameters on
the indentation morphology is systematically studied by finite element simulation.
Finally, the influence of residual stress on the indentation morphology is studied.
2. Dimensionless analysis
The dimensionless analysis is a simple method to determine material parameters
[15]. The dimensionless function was established through the parametric FEM study
which can correlate the indentation curve with the parameters to be identified. Thus,
we can know which parameters are worth studying by dimensionless analysis.
For the specimens under spherical indentation with residual stress, the loading F
is considered to be a function of the following parameters: the Elastic modulus, E,
Poisson's ratio, v, yield strength, σ y , work hardening exponent, n, indenter tip radius,
R, the maximum depth, h, and surface residual stress, σ R . It can be expressed as
follows:

F = f ( E , v, σ y , n, R, h, σ R )

(1)

In this study, E and R are selected as the basic variables, and the following
dimensionless function can be obtained by using Π theory in dimensional analysis.

 σ
h σ 
F ER 2 Π1  v, y , n, ; R 
=
R E 
 E

(2)

Replace the dimensionless σ R / E with σ R /σ y , we can obtain

 σ
h σ
F ER 2 Π1  v, y , n, ; R
=
 E
R σy






(3)

Similarly, for the specimens under spherical indentation without residual stress,
the loading F 0 can be expressed as
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F0 = f ( E , v, σ y , n, R, h )

(4)

Select the E and h as the basic variables, another dimensionless function which
can be obtained by using Π theory was as follows:

 σy
h
F0 ER 2 Π 0  v, , n, 
=
R
 E

(5)

From Eqs. (3) and (5), the relative change of load between stressed and
unstressed samples, (F-F 0 )/ F 0 , is given by
 σ
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(6)

Considering that the simulation adopts the method of fixed indentation depth, h,
the parameters such as the diameter of the indenter tip radius, R, have been
determined, and the yield strain ε y = σ y /E. Thus, the above equation can be
simplified into the following equation.

F − F0
σ
|h / R =0.1 = Π  ε y , n, R

σy
F0






(7)

Due to dimensionless function is only related to ε y , n, and σ R . Thus, only these
three material parameters are considered in the subsequent simulation
3. Numerical models and basic assumptions
Elastic/plastic indentation was simulated using the conical indentation and
spherical indentation by the ABAQUS 6.14, respectively. Two models were
established, the difference of which was that the shape of the indenter was different,
while the other model parameters were identical. The indenter was modeled as an
analytical rigid body with a semi-angle ϕ=70.3° for conical indenter, while the
indenter tip radius is 1.25 mm for spherical indenter. Due to the symmetry of the
indentation model, a two-dimensional axisymmetry model can be used to simplify
the three-dimensional problem.
All simulations were performed to a depth of 0.3 mm and then withdrawing
using the finite element mesh and boundary conditions illustrated in Figure 1, in
which the specimen is modeled as a cylinder 10 mm high and 10 nm in radius by
11141 four-node axisymmetric elements while the mesh properties are defined as
CAX4R due to its high computational accuracy and are suitability for large strain
analysis. Roller boundary conditions were applied along the axis of symmetry and
the bottom surface separately, a free surface was modeled at the outside of the
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cylinder, and the interface between the indenter and the specimen was assumed to be
frictionless. Figure 2 shows details of the finite element mesh in the region of the
specimen near the tip of the indenter. 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 simulation. Correspondingly, a progressively coarser mesh
was employed far away from the contact area.

Figure. 1 The finite element mesh of conical indentation and spherical indentation

Figure. 2 Details of the finite element mesh near the indentation area

During the simulation, the elastic modulus of the material is assumed to be
71GPa and the Poisson's ratio is 0.3. In the simulation of loading and unloading,
displacement loading was adopted to control the loading and unloading process.
Materials with different E/σ y ratios from 100 to 1000 were investigated by varying
the yield stress. Additionally, the work hardening exponent, n, has also been varied
from 0.1 to 0.5. Two different surface residual stresses were applied to the model for
the investigation of effect from residual stress as well. It is should be pointed out
that the minus sign indicates compression.
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4. Results and discussion
Before studying the applicability of the two indentation modes, the qualitatively
study for the influence of material parameter changes on the results of the two
indentation modes by changing the material parameters can be meaningful. The
change of material parameters can simulate most of the material states. Thus, the
sensitivity of the data obtained under the two indentation modes to different material
parameters can be studied.
Figure 3 shows the contact area ratio varies with work hardening exponent and
yield strength under sharp and spherical indentation, respectively. In the figure, the
sharp indentation is represented by a solid line and the C is represented by conical
indenter while the spherical indentation is represented by the dotted line and the S is
represented by spherical indenter, and the A c represents the real contact area
obtained by ABAQUS while the A g represents the theoretical contact area obtained
by geometrical relationship. Additionally, the contact area ratio A c /A g was used to
represents the change in contact area due to the theoretical contact area of different
indenter is different, thus, it is not suitable to compare the real contact area of the
two indenters directly, and contact area ratio A c /A g of the two indenters can be used
for comparison.
Figure 3(a) shows that the contact area ratio of both sharp and spherical
indentation was decreased with the increase of work hardening exponent, and the
contact area ratio of spherical indentation was always greater than sharp indentation
applied the same biaxial stresses. This result indicates that with the increase of
material work hardening exponent, the pile-up will be decreased, so its maximum
contact area will be decreased accordingly. Additionally, this result shows that the
pile-up of spherical indentation could be greater than sharp indentation, so the
contact area ratio of spherical indentation was always greater than sharp indentation.
Figure 3(b) shows that that the contact area ratio of both sharp and spherical
indentation was increased with the increase of E/σ y , which means with the decrease
of σ y , the pile-up will be increased, thus, the maximum contact area will be
increased accordingly. And the contact area ratio of spherical indentation was
always greater than sharp indentation applied the same biaxial stresses indicates that
the pile-up of spherical indentation could be greater than sharp indentation which
similar to the results of varying the work hardening exponent. Figure 4 shows the
maximum pile-up varies with work hardening exponent and yield strength, and the
results in Figure 4 validates the interpretation of Figure 3. It should be pointed out
that the applied biaxial stresses have a significant influence on the contact area and
pile-up in Figure 3 and Figure 4. The compression stress can increase the contact
area and the pile-up while the tension stress can decrease the contact area and the
pile-up under both sharp and spherical indentation.
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Figure. 3 The contact area ratio vary with work hardening exponent and yield
strength : (a) n, and (b) E/σy

Figure. 4 The maximum pile-up vary with work hardening exponent and yield
strength : (a) n, and (b) E/σy

Figure. 5 The unloading depth ratio vary with work hardening exponent and yield
strength : (a) n, and (b) E/σy
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Figure 5 shows the unloading depth ratio varies with work hardening exponent
and yield strength, and the h f and h in the figure represent the unloading depth and
the maximum indentation depth, respectively. In the simulation, the maximum
indentation depth h was determined to be 0.3 mm, and the unloading depth h f was
obtained from load-displacement curves.
Figure 5(a) shows that the unloading depth ratio of both sharp and spherical
indentation was decreased with the increase of work hardening exponent, and the
unloading depth ratio of spherical indentation was always less than sharp indentation
applied the same biaxial stresses. This result indicates that with the increase of
material work hardening exponent, the elastic recovery will be increased, so its
unloading depth will be decreased accordingly. Additionally, this result shows that
the elastic recovery of spherical indentation could be greater than sharp indentation,
so the unloading depth spherical indentation was always less than sharp indentation.
Figure 3(b) shows that that the unloading depth ratio of both sharp and spherical
indentation was increased with the increase of E/σ y , which means with the decrease
of σ y , the elastic recovery will be decreased, thus, the unloading depth will be
increased accordingly. And the unloading depth ratio of spherical indentation was
always less than sharp indentation applied the same biaxial stresses indicates that the
elastic recovery of spherical indentation could be greater than sharp indentation
which similar to the results of varying the work hardening exponent. And it can be
seen from Figure 5 that the compression stress can decrease the unloading depth
while the tension stress can increase the unloading depth under both sharp and
spherical indentation, which means the compression stress can increase the elastic
recovery while the tension stress can decrease the elastic recovery.

Figure 6. The calculated hardness varies with work hardening exponent and yield
strength : (a) n, and (b) E/σy

Figure 6 is based on the calculation formula for hardness to calculate the
variation of material hardness with work hardening index and yield strength. As can
be seen from Figure 6(a), the hardness of both conical and spherical indentation
increases with the increase of work hardening index under the same residual stress.
From Figure 6(b), it can be seen that the calculated hardness of both cone and sphere
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decreases with the increase of E/σy under the same residual stress, which may be
due to the decrease of the hardness of the material as the σy decreases. Besides,
when the same indenter is used, the applied residual stress has little effect on the
hardness of the material, which is the same as the conclusion of the published
literature.
5. Conclusion
By analyzing the influence of material parameters on the indentation
morphology response, it is found that for both indentation modes, the hardening
index and yield strength will affect the pile-up morphology, contact area, unloading
depth, and material hardness. For the pile-up morphology, the results show that the
hardening index has the most obvious effect on it. At a high hardening index, the
difference of pile-up height in different stress states is very small, while at low
hardening index, the difference of pile-up height in different stress states is very
obvious. Simulation analysis based on this study found that materials with a
hardening index greater than 0.3 are not recommended to use this method. Besides,
the results of yield strength show that these material parameters have little effect on
the results.
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