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Abstract: Shot peening can effectively improve the mechanical performance of metal components,
and thus has been widely employed in the engineering field. During the processing, the surface
roughness of treated components will be completely changed, which could strongly affect their
tribological behavior. However, few of the existing contact models are directed toward the rough
surfaces generated by shot peening. In this study, the normal contact response between a shot-
peened surface and a rigid plane is investigated based on the finite element method and the recently
developed incremental contact model. The elastic contacts of the rough surfaces experimentally
measured on three different shot-peened specimens are considered. Contrary to the conventional
rough contact models, it is found that the dependence of the external load on the real contact area for
the shot-peened surfaces is not at all linear, even for light loads. The slope of the area-load curve
significantly varies at two transition points, which are intrinsically linked to the special structure of
shot-peened surfaces.
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1. Introduction

Shot peening is a well-established surface treatment technique that can significantly
enhance the surface hardness, fatigue life, and stress corrosion resistance of metallic com-
ponents [1-4]. In this process, a group of high-speed pellets is used to randomly impact the
material surface, inducing severe plastic deformation in the near-surface layer. Naturally,
the surface topography is fully altered in view of substantial overlapped residual inden-
tations. Such characteristic surface roughness could bring in undesirable effects on the
functionality and life of components, and play a critical role in many physical phenomena,
such as adhesion, friction, wear, lubrication, etc. In particular, the contact performance of
shot-peened solids intimately depends on the geometrical structures of their surfaces.

Since the middle of the last century, the rough surface contact problem has always
been the focus in the field of contact mechanics, and numerous approaches using differ-
ent descriptions of rough surfaces have been developed to deal with this issue [5,6]. For
example, Archard [7] modeled a rough surface as spherical protuberances covered with
even smaller spheres. In the famous multi-asperity contact model by Greenwood and
Williamson (GW) [8], the rough surface was treated to be composed of hemispherical
asperities with identical curvature radii and with their heights following a Gaussian or
exponential distribution. Furthermore, Nayak [9,10] used the stochastic process theory
to analyze the rough surface, which was modeled as a two-dimensional isotropic Gaus-
sian random process. Based on Nayak’s method, Bush et al. [11] presented a complete
statistical contact model by adopting paraboloids with randomly distributed curvatures
and heights to approximate the asperities. This model was later extended to the contact
of anisotropic rough surfaces [12]. Apart from the statistical description, Majumdar and
Bhushan [13] proposed the fractal characterization of surface roughness and assumed that
the rough surface can be described by the Weierstrass-Mandelbrot function. In the scaling
theory of Persson [14], the power spectral density of the rough surface was required for
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determining the real contact area under a given load. According to these conventional
contact models, the real contact area is generally proportional to the normal load for large
surface separation [15].

In spite of the tremendous development on the modeling of rough surface contact, very
few models are applicable to the case of shot-peened surfaces. This is because the unique
surface roughness induced by shot-peening processing does not meet the assumptions
adopted in the aforementioned contact models. Specifically, the shape of the asperities
of shot-peened surfaces is far from the approximation of a sphere or paraboloid, and the
distribution of the surface height is usually non-Gaussian [16]. Therefore, modeling the
contact of such kinds of rough surfaces is still an open task.

The finite element method (FEM) is a direct and robust approach for addressing the
contact of general rough surfaces. By employing the fully three-dimensional finite element
analysis, both the elastic and elastoplastic contact problems for self-affine fractal rough
surfaces have been successfully solved [17,18]. In addition, a finite element simulation for
the contact of Gaussian random rough surfaces accounting for strain gradient plasticity was
achieved [19]. In these studies, it was also found that the real contact area linearly increases
with the applied load, while the slope depends on the material properties. Recently,
Wang et al. [20,21] developed an incremental method to analyze the contact of general
rough surfaces. This method is not confined to the isotropic Gaussian surfaces and does
not demand the asperities to be close to quadratic surfaces. It is assumed that the contact of
rough surfaces is equivalent to the accumulation of identical circular contacts with radii
estimated from the total contact area and the number of contact patches, which are directly
obtained from the truncation sections of the rough surface at different heights. In addition,
the contact responses of elastic and elastoplastic rough surfaces with non-Gaussian height
distributions can be calculated by applying the boundary element method (BEM) [22,23].

In this paper, we aim to tackle the elastic contact problem for the peculiar rough
surfaces generated by shot peening. The outline of this paper is organized as follows:
In Section 2, several surface specimens were prepared by using shot-peening processing,
and their morphologies were experimentally measured. In Section 3, the elastic contacts
of the prepared shot-peened rough surfaces with a rigid flat were analyzed by the finite
element method and the incremental contact model by Wang et al. [20,21]. Finally, Section 4
presents the relationship between the real contact area and applied load for these shot-
peened surfaces, which shows a clear difference from the traditional intuition of linearity.

2. Sample Preparation and Experimental Measurement

Almen strips (76.1 x 18.95 x 1.295 mm) were prepared to generate surface specimens.
Three shot-peened rough surfaces (A, B, and C) with 100% surface coverage were generated
using a pneumatic shot-peening machine. Surfaces A and B were peened by ASH 230 steel
shots, and surface C was peened by ceramic shots. Both the steel and ceramic shots used in
the peening procedures were spheroids. Table 1 shows the parameters of these two types
of shots.

Table 1. Parameters of the shots used in the peening procedures.

Shot Material Shot Diameter (mm) Pressure (MPa) Rate of Flow (kg/min)
ASH 230 steel 0.58-0.71 0.12 12
Ceramic 0.61-0.84 0.20 10

The topographies of the surface specimens were measured with a white light inter-
ferometer. As shown in Figure la—c, there are a large number of circular dimples on the
surfaces, which are resulted from the random impacts of pellets. The distribution of these
dimples on the surface is approximately isotropic. Sharp asperities were formed among the
rims of the adjacent dimples. In this case, using a sphere or paraboloid to approximate these
asperities is no longer valid, and the fractal characteristic is not clear either. Referring to the
Cartesian coordinate system (0-xyz), a three-dimensional rough surface can be represented
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P(2)

by z(x, y) where the reference plane z = 0 is chosen at the mean plane of the rough surface.
Figure 1d-f display the height distributions of surfaces A, B, and C, respectively. Obviously,
the shot-peened rough surfaces are non-Gaussian.
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Figure 1. The topographies of the rough surfaces: (a) surface A, (b) surface B, (c) surface C; height
distributions of the rough surfaces: (d) surface A, (e) surface B, (f) surface C.

These peculiar geometrical features of shot-peened rough surfaces lead to much
difficulty to give an accurate theoretical prediction for the contact responses. In the next
two sections, the experimentally measured surface topographies will be successively used
to construct a finite element model in the contact simulations of shot-peened solids and
estimate the number of contact patches and amount of contact area in the analysis using
the incremental model.

3. Methods
3.1. Finite Element Analysis

Finite element simulations for the contact between a shot-peened rough surface and
rigid plane were performed using the commercial software ABAQUS/Explicit. As shown
in Figure 2, a three-dimensional model was built with a side length of L and a height of
H (where H = L/4), which are far larger than the root mean square (RMS) roughness o of
the generated shot-peened surfaces. The nominal area of the contact problem is denoted
by Ag (Ag = L?). The upper surface of the substrate is rough, of which the topography
is given by the height information measured in Section 2. The large flat plane that was
used to compress the rough substrate under a normal load P was set as analytic rigid. The
substrate with a shot-peened rough surface was assumed as homogeneous and isotropic.
For the purely elastic contact, the linear elastic constitutive law was adopted with Young’s
modulus E and Poisson’s ratio v. The values of the geometrical and mechanical parameters
of the substrate are presented in Table 2. During the contact, friction and adhesion forces
between the surfaces were not considered, and the bottom of the substrate was kept fixed.
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Figure 2. Finite element model of the shot-peened surface contact.

Table 2. Geometrical and mechanical parameters of the shot-peened rough solids.

Global Size RMS Roughness, ¢ (um) Mechanical Parameter
L (mm) H (mm) Surface A Surface B Surface C E (GPa) v
1.04 0.26 1.3803 1.9868 0.8808 91 0.3

In the simulations, the target rough surface was discretized by 256 x 256 nodes with
identical horizontal spacing. Associating with these surface nodes, the bulk close to the
rough surface was finely meshed with eight-node linear hexahedral elements (C3D8I).
For the bulk that was distant from the rough surface, the mesh also used C3D8I elements
but was coarsened for reducing the computation cost. Ten-node quadratic tetrahedral
elements (C3D10) were adopted for the mesh of the transitional bulk. In total, the number
of elements in each of our simulations is about 668,600. Mesh convergence has been proven
to ensure the accuracy of the simulation results.

3.2. Incremental Contact Model

The incremental equivalent approach proposed by Wang et al. [20,21] was used to
analyze the contacts of shot-peened rough surfaces. According to this method, the geomet-
rically truncated area of the rough surface at the specified height z is treated as the real
contact area A. In addition, the contact patches are simplified by a group of equivalent
circular patches, as shown in Figure 3, which have the same radius R given by
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where A(z) is the total contact area and N(z) is the number of contact patches.
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Figure 3. Schematic of the contact problem. (a) Contact of an elastic shot-peened rough surface with
arigid plane. (b) Discrete contact patches. (c) Equivalent circular contact patches.

For the decrement of the surface height dz, the increment of the normal load dP can be
obtained by the current contact stiffness [20,21]:

dP =2E*RN(z)dz )

where E* = E/(1 — 12).

Then, substituting Equation (1) into Equation (2), the normal load P required for
generating the total contact area A(z) is determined by integrating Equation (2) from z
to infinity,

p— / 75* JAR)N(z)dz 3)

For the shot-peened rough surfaces measured in Section 2, the total area A(z) and
the number of contact patches N(z) at a different height z can be calculated through
a numerical technique, as shown in Figures 4 and 5, respectively. Using a numerical
integration approach, the load P can be calculated with the information of A(z) and N(z).
Consequently, the relationship between the normal load and contact area was established.
More details about the incremental contact model may be referred to [20,21].
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Figure 5. Variations of contact patch number N/A( with respect to z/c.
4. Results and Discussion

Based on the finite element analysis and the incremental contact model of Wang et al. [20,21],
we obtained the relationship between the real contact area and normal load for the measured

shot-peened rough surfaces. Figures 68 display the dependences of the normalized load
P/(E*Ayp) on the contact area fraction A/Ag for surfaces A, B, and C, respectively. It was
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found that the prediction of the incremental contact model for the small contact area
excellently agreed with the results of the finite element simulations. When the contact
area is large, the incremental contact model become relatively less accurate. However,
qualitative consistency with the simulation results still holds for the real contact area up to
10% of the nominal area.
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Figure 6. Dependence of the normalized load P/(E*Ag) on the contact fraction A/A for surface A.
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Figure 7. Dependence of the normalized load P/(E*Ag) on the contact fraction A/A for surface B.
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Figure 8. Dependence of the normalized load P/(E*Ag) on the contact fraction A/A for surface C.

The linearity of the area—load relation has been repeatedly demonstrated in the con-
ventional contact models of rough surfaces [15]. For the measured shot-peened rough
surfaces, it is interesting to notice that the real contact area does not proportionally rise
with the applied load, even for small loads. Approximately, the area—load relation can be
considered as piecewise linear, and there are two remarkable transition points where the
slope significantly changes. In the case of surface A, the slope increases after crossing the
first transition point of A/Ap = 0.9%, and then declines after crossing the second transition
point of A/Ag = 1.8%. For surfaces B and C, the transition points are A/Ag = 0.6%, 1.9%
and A/Agp = 0.7%, 1.4%, respectively.

It is worth mentioning that such a trend of piecewise linearity is also revealed by the
incremental contact model. In view of Equations (1) and (2), the slope of the area—-load
relation can be expressed by

dP  2E* \/A(z)N(z) 4
44~ /7 dA(z)/dz @

Therefore, the slope is governed by the variation of the contact patch number and
total contact area, which are directly related to the geometrical structure of the shot-peened
surface. From Figures 4 and 5, it can be seen that both the total contact area A(z) and contact
patch number N(z) significantly vary near these two transition points of slope change.
Notably, the first derivative of A(z) (having a negative value) remarkably increases at the
first transition point and sharply decreases at the second transition point. On the other
hand, the contact patch number has evident increases near the transition points. Compared
with the sharp decrease of dA(z)/dz, it seems that the influence of such a variation of N(z)
is minor on the change of slope at the second transition point.

5. Summary

Based on the experimentally measured surface topography, the rough surface gen-
erated by shot peening is typically non-Gaussian and cannot be modeled by the classical
description of paraboloidal asperity or fractal characterization. The elastic contact of shot-
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peened rough surfaces was analyzed using the finite element method and the incremental
approach proposed by Wang et al. [20,21]. It was found that the relationship between
the real contact area and applied load is nonlinear even for small contact areas, which
is quite different from the results of conventional contact models of rough surfaces. For
the measured shot-peened surfaces, the area—load relation could be described well by
the piecewise linear function. In the range considered in this work (A/Ag < 10%), there
are two significant transition points for the slope of the area—load curve. Essentially, the
changes of slope are related to the surface features induced by shot peening. This study
would be helpful for the understanding of the contact mechanics of special rough surfaces.
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