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Abstract

Surface texturing is a potential approach to achieving excellent surface performance. To realize high precision and efficiency
in micro-texturing fabrication, a surface texturing method utilizing an ultrasonic surface rolling process is proposed. Firstly,
the feasibility and geometric controllability of micro-texture preparation using ultrasonic surface rolling process are ana-
lyzed. Then, a contact theory model of ultrasonic rolling texturing process is established, which can describe the geometric
relationship of the micro-texturing generation region. Based on the elastic—plastic theory, simulations of single-pass and
multi-pass ultrasonic rolling texturing processes are developed to elucidate the formation and strengthening mechanism of
micro-textures, and further characterize the effects of ultrasonic rolling machining parameters on micro-textures. A series
of validation tests of ultrasonic rolling texturing are implemented on AISI 5140 steel. Simulation and experimental results
show that the ultrasonic surface rolling process can fabricate micro-groove arrays with the periodic distribution. The validity
of the theoretical and finite element models is confirmed by the comparison results. It is demonstrated that the ultrasonic

rolling texturing process is a feasible and efficient way to fabricate controllable micro-textures.

Keywords Ultrasonic surface rolling process - Surface texture - Fabrication mechanism - Theoretical analysis - Finite

element model

1 Introduction

Textures originate from the topological patterns formed on
natural surfaces that have excellent properties such as fric-
tion reduction, drag reduction, lubrication, self-cleaning, and
anti-fouling [1, 2]. Currently, textures have developed into
functionalized structures with specific distribution patterns
and geometric shapes. The specific role played by surface
textures opens up more possibilities for practical applica-
tions of non-smooth surfaces. In particular, attention has
increased to improving mechanical and tribological behavior
by introducing surface textures in recent decades [3, 4]. Tex-
tured surfaces are known to be effective in reducing actual
contact area, trapping wear debris, mitigating wear, acting
as a reservoir, preventing lubricant starvation, and producing
hydrodynamic effects [5-7]. Surface texturing technology

P4 Jianxin Deng
jxdeng@sdu.edu.cn

Key Laboratory of High Efficiency and Clean Mechanical
Manufacture of MOE, School of Mechanical Engineering,
Shandong University, Jinan 250061, China

has a promising application in mechanical manufacturing,
medicine, micro-nano electromechanical systems (MEMS/
NEMS), and new energy [8—10].

To meet the requirements for surface properties respond-
ing to different fields, various techniques for fabricating sur-
face textures have been developed, including laser surface
texturing (LST), focused ion beam (FIB), chemical etching,
lithography, electro discharge machining (EDM), and micro-
cutting. Salguero et al. [4] created multiple texture types by
varying the energy density and scanning speed of the laser
pulse. Kawasegi et al. [11] successfully produce textures
on the rake face of the tool utilizing FIB and found that
the cutting performance of the tool was enhanced. Shimizu
et al. [12] suggested a new method for surface texturing by
vibration-assisted micro-cutting using a diamond head that
vibrated with a certain amplitude in the depth direction.
In addition, different texturing strategies can be utilized in
conjugation with one another, such as ultrasonic-assisted
micro-grinding and laser peen texturing (LPT). Li et al. [13]
fabricated micro-textures with different densities on cop-
per surfaces using LPT technology and the result showed
that LPT is a feasible technique to produce controllable
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micro-textures. Although surface texturing has been applied
to many manufacturing processes, its complex mechanism,
expensive equipment, low accuracy, and limited output have
become constraints for industrial services. Thus, under such
circumstances, seeking low-cost, high-efficiency, and high-
precision texturing methods is an urgent need in the field of
texture processing.

Ultrasonic surface rolling process (USRP) is an emerging
modification technique that combines deep rolling and ultra-
sonic impact machining. It involves the surface severe plastic
deformation (S*PD) methodology and results in enhanced
surface mechanical performance. During the rolling process,
ultrasonic vibrations act simultaneously on the rolling head
to continuously impact the surface being machined. USRP
is considered to be an outstanding technology for increasing
the residual compressive stress and reducing the roughness
of the material surface [14]. Karademir et al. [15] investi-
gated the mechanical properties and microstructure of steel
after ultrasonic nanocrystal surface modification and found
that the material achieved a dual strength-ductility improve-
ment through the modified gradient structure. Wang et al.
[16] proved that the surface roughness of X80 pipeline steel
decreased to 0.2 pm after USRP, which was 15% of that of
the untreated specimen, and that the residual stress remark-
ably changed from tensile to compressive. Besides, in the
field of surface texturing, Kheradmandfard et al. [17] unex-
pectedly found that ultrasonic nanocrystal surface modifica-
tion led to the formation of micro-patterns on the titanium
alloy surface, which was induced by the treatment tracks and
would be beneficial for high bioactivity and bone regenera-
tion performance of the implants.

To take full advantage of texturing, many studies have
explored the significance of texturing parameter optimiza-
tion for performance applications and found that inappro-
priate parameters may deteriorate material properties. The
design of key parameters of textures includes shapes, distri-
bution positions, geometric parameters (depth, width, and
density), and combination form. Currently, the design of
texture parameters has not formed a unified system. Design
of experiments is the straightforward and commonly used
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Fig. 1 The elastic—plastic deformation process in USRP
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During USRP

method for establishing relationships between texture
parameters and surface properties. However, it needs the
costs most, including manufacturing, material, and equip-
ment costs. Analytical calculations and numerical simula-
tions can improve the texture fabrication process with small
inputs. Nevertheless, few studies on the preparation of tex-
tures using USRP are available.

In this study, we developed a new high-precision mechan-
ical texturing method in which USRP was used to fabricate
textured surfaces with periodically arranged micro-grooves.
A systematic theoretical, numerical and experimental study
was performed to understand the USRP texturing process
and fabrication mechanism. Here, a particular effort was
made to clarify the effect of USRP process parameters on
the micro-texture geometry. The comparative analysis of the
results verifies the feasibility of the USRP texturing process
models.

2 Theoretical contact model of USRP
texturing process

2.1 Feasibility analysis of micro-texture fabrication
by USRP

USRP can cause significant elastic—plastic deformation
of the material through continuous extrusion and periodic
ultrasonic vibration, thereby affecting the surface integrity.
Figure 1 shows the elastic—plastic contact process in the
machined region during USRP based on the Hertzian contact
theory. When the rolling head is deformed in contact with
the machined surface, the plastic flow on the contact surface
creates a concave micro-groove with an approximately arc-
shaped cross-section, whose radius is related to the size of
the contact arc of the rolling head. After the rolling head is
removed, the cross-sectional radius of the concave micro-
groove will increase and the depth will decrease slightly
due to partial elastic recovery. The deformation state of the
contact area is shown in Fig. 2, where the rolling head is
in contact with the machined surface, forming a concave
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Fig.2 The contact deformation state of the machined area

micro-groove, where a is the contact radius and b is the
radial distance from the center to the elastic—plastic contact
stress boundary point [18]. It can be found that the rest of
the micro-groove formation area is in the elastic deformation
stage, showing Hertzian contact stress distribution, and the
contact stress gradually decreases from a maximum value
to zero. The contact stress is uniformly distributed in the
micro-groove formation area, where irreversible and com-
plete plastic deformation occurs, providing feasibility for the
preparation of micro-textures.

In addition to fabricating surface topologies, USRP
enables the machined material surface to induce excel-
lent mechanical properties such as high hardness and ideal
residual compressive stress. In USRP, plastic deformation
dominated by deformation strengthening leads to significant
changes in the microstructure of the machined material sur-
face, which is overall manifested by the formation of a gra-
dient modified layer structure varying along the machining
depth direction, as shown in Fig. 3. The grain refinement
effect of the surface is progressively weakened along the
machining depth direction. The modified layers are mainly
presented as the fine grain modified layer (I), subsurface
modified layer (II), intermediate deformation layer (IIT), and
matrix layer (IV) in order. The degree of grain refinement,

Fig.3 Gradient micro-structure

the degree of plastic deformation, and the depth of the gra-
dient modified layer are closely related to the USRP pro-
cessing parameters. Based on the above analysis, the sub-
strate surface can form a micro-textured three-dimensional
structure with the strengthening layer under in-situ USRP
processing.

Compared to some common micro-texturing fabrication
methods such as laser surface processing (LSP), electric
spark machining (EDM), shot peening (SP), and grinding,
the unique features of the USRP texturing process are:

(1) USRP equipment can be assembled with machining
systems, such as machine tools and machining cent-
ers. Good matching with the machining system ensures
real-time control of the machining process and guaran-
tees controlled adjustment of the machining trajectory.
Especially with the development of CNC machines,
USRP can be better adapted to flexible and variable
machining requirements, thus enabling efficient surface
micro-texturing.

(2) The feed speed of the machining system is controlled
and constant. Once the output amplitude and frequency
of the rolling ball are set, the dynamic impact force is
also controlled and constant. Static pressure is deter-
mined by air pressure. Consequently, the output energy
of the rolling ball is uniform and stable at all times
during the USRP machining process, which ensures
consistent and controllable machining of micro-texture
dimensions.

(3) The transition between adjacent ultrasonic vibration
impact regions is achieved by close rolling of the work-
ing head, which largely eliminates the overlap between
indentations, thus guaranteeing the machining accuracy
of the micro-texture. In addition, the combined effect
of ultrasonic vibration and rolling can lead to uniform
stress and increased deformation. Accordingly, the
high-precision micro-textures with enhanced proper-
ties are obtained.

(4) No obvious fault between the surface reinforced
layer and the substrate structure so that the reciprocal
machining cannot cause damage to the material sur-
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face. This ensures the surface quality and machining
accuracy of the micro-textures on the one hand and
broadens the machinable range of the micro-texture
dimensions on the other hand.

2.2 Geometric controllability analysis of USRP
texturing process

USRP is a process in which static pressure and dynamic
impact force act together. The static pressure is applied
continuously and its value is uniquely determined by the
air pressure. The dynamic impact force propagates as a
resonant ultrasonic impact, and the magnitude of which is
controlled by the parameters of the ultrasonic generator,
which mainly include the frequency, amplitude, and load of
the ultrasonic vibration. For the ultrasonic generator with a
fixed type, the frequency is a defined value. The ultrasonic
amplitude can be varied within a certain range by adjust-
ing the current and voltage of the ultrasonic generator. The
dynamic impact force of the resonant wave generally varies
as a sine wave function, and the periodically varying sine
wave is loaded through a Fourier function. The specific
function form is:

o

f)=A,+ 2 (a,cosnwt + b,sinnwt) (1)

n=1

where A is the load and is a constant term, a, and b,, are the
amplitudes of the harmonics, 7 is the number of harmonics,
and o is the angular frequency of the ultrasonic wave. The
static pressure in the USRP can be applied separately as a
concentrated force or defined in A,

In USRP machining, the resonant wave varies as a sinu-
soidal function, i.e., a,=0 and b, =1, and its variation curve
is shown in Fig. 4. It can be found that the x-coordinate is

| | | |
0 10 20 30 40 50
not

Fig.4 The sine function curve of the resonant wave
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mainly determined by the ultrasonic vibration frequency,
while the y-coordinate is decided by the load and ultrasonic
amplitude. In other words, the magnitude of the dynamic
impact force during USRP machining is adjustable, and its
value changes periodically with the change of frequency,
amplitude, and load. As emphasized in Fig. 5, the static pres-
sure and dynamic impact force applied to the machined sur-
face during USRP can be available determined by parameter
adjustments.

The USRP texturing process can be simplified as the
contact between the ball and the plane. According to the
contact mechanics theory, the contact area between the roll-
ing ball and the surface is in the elastic—plastic deformation
stage during the USRP texturing process. The elastic—plastic
behavior of the machined region complicates the contact
problem in the USRP texturing process. In addition to the
non-linearity of contact mechanics, the non-linearity of geo-
metric deformation is also included, which is beyond the
scope of the application of Hertzian elastic contact theory.
Therefore, the contact deformation behavior during USRP
texturing must be analyzed from the perspective of elas-
tic—plastic contact.

In the USRP texturing process, the total rolling force is a
superposition of the static pressure and the ultrasonic vibra-
tion impact force. In addition to the formation of micro-
texture related to the continuously applied static pressure,
the changes in the machining trajectory of the rolling ball
under the action of ultrasonic vibration impact also have an
impact on the formation of micro-texture. Figure 6 shows the
contact process under static pressure and ultrasonic vibration
impact during the single-pass texturing process, where L is
the single-pass machining length; S is the center distance
between two adjacent passes, i.e., the machining step; V;
is the feed speed along the X-axis direction; a is the actual
contact radius; ¢ is the machining time; /4 is the micro-texture
depth; R is the ultrasonic rolling ball radius. As shown in

==== Dynamic impact force
==== Static pressure

Total rolling force

Force

Time

Fig.5 The variation of rolling force during USRP machining
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Fig.6 Trajectory variation of z(t)
the rolling ball under static
pressure and ultrasonic vibra-
tion impact
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Fig. 6, during the single-pass texturing processing without
the application of ultrasonic vibration impact, the feed tra-
jectory of the rolling ball along the Z direction under the
action of static pressure is a straight line L, and the sur-
face area of the formed micro-groove is Ay =2a@L=2aVt.
After the introduction of ultrasonic vibration impact, the
feed machining trajectory of the ultrasonic rolling ball along
the Z direction is a sinusoidal curve C, whose length can be
expressed as follows:

c= / Vit Z o @

Thus, the actual surface area Agp of the micro-texture
is:

Aysgp =2a+C =2a / V1+Z"(0) (3)

For a steel material with a Poisson’s coefficient of 0.3,
when initial yielding occurs, the contact radius a can be
expressed as follows [19]:

Oy
a=2306-"R )

where o, is the yield strength of the machined material, £ *
is the reduced modulus, E"=E,/(1-v,) + E,/(1-v,). E, and
E, are the elasticity modulus of the rolling ball and the
machined material, respectively. v, and v, are the Poisson’s
coefficients of the rolling ball and the machined material,
respectively.

Finally, the Ajqrp can be described as follows:

c L
) Vv
Aysgp = 4.612E—1R / Of \/ 1+ QrwA)’cos?Qrwtdt  (5)

> x(1)

where A is the amplitude of the ultrasonic vibration impact
force.

The machined dimensions of the micro-texture are
influenced by the geometric relationship of the machined
contact region. According to the contact theory, the
shape of the contact region between the rolling ball and
the machined surface is approximately spherical, as illus-
trated in Fig. 7, where F is the total force exerted on the
rolling ball; N is the contact pressure; f is the friction
force; 0 is the angle between the contact surface and the
Z-axis; ¢ is the angle between the projection of the con-
tact surface in the X—Y plane and the Z-axis.

To acquire the pressure N operating on the contact
area, the contact area is partitioned into discrete equidis-
tant cells. Assuming that the pressure N, is approximately
constant dN in the ith interval, the total contact pressure
N can then be obtained by integrating over the contact
area as follows:

Micro-groove

1 Sample

Fig.7 Contact geometrical model during USRP texturing process
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N://EN (6)

dN = PdA = P« (Rd) « (Rsinfdp) = P « R2sinfd0de (7)

where P is the average contact stress. The interval contact
area dA is calculated based on the model in Fig. 8. The indi-
vidual components of N decomposed along the X, Y, and Z
directions are expressed as follows:

N=N+N,+N, ®)
. a T
N, =- //stin@sin(p = —PR2/ sin20d0/ sinpde
0 0
)
N, =0 (10)

ﬁz = —//chosG = —PR2/ sin@cos@d@/ do an
0 0

According to Coulomb’s law, the frictional components
along the X, Y, and Z axes are calculated as follows:

f‘=//3f (12)

f=f+f+] (13)
f. = uN, = —uPR’ / sinfcos0do / do (14)
0 0
7 A 8&
1

X Rsinfdy

Fig.8 Triple integral calculation model in the spherical coordinate
system

@ Springer

7=0 (15)

a T
f; = ,ulv); = —MPRZ/ sin29d9/ sinpdo (16)
0 0
where the directions of dN and df are perpendicular to each
other, and y is the friction coefficient of the contact surface.

According to Newton’s law, the forces acting on the
ultrasonic rolling ball are balanced, so the resultant force
along the Z-axis should be zero:

Fy+N.+f£=0 a7
Substituting Eqgs. (11) and (16) into Eq. (17):
Fy=1xR2P [(1 — cos2a) - 2u(2a — sinza)]

(18)
~ 7RPh [1 —u %]

Since the micro-texture depth 4 is much smaller than
the rolling ball diameter 2R, h/2R is approximated as 0.
The friction coefficient y during USRP texturing process
is very small and can be ignored. Furthermore, according
to Tabor’s theory [19], the average contact stress P can be
approximately expressed as 2.8H (H is the material hard-
ness) when the contact state of the machined region is in
the fully plastic deformation stage. So, Eq. (18) can be
approximately simplified as:

Fy = zRPh = 2.82RHh (19)

Then, the depth of micro-texture can be approximated
as follows:
F
h=—2X
2.87RH

(20)

As illustrated in Eq. (20), the depth of micro-texture fab-
ricated by USRP is mainly related to the rolling force, the
radius of the rolling ball, and the surface hardness of the
material being machined. When the radius of the rolling
ball is constant, the micro-texture depth processed by the
single-pass USRP texturing is proportional to the rolling
force. Zhao et al. [20] established the relationship between
rolling force and rolling depth in rotary ultrasonic rolling
through simulations and experimental studies and came
to similar conclusions as in the present study. They found
that the rolling depth increased linearly with the increase of
rolling force without changing other process parameters. In
addition, they also found that the influence of static pres-
sure on rolling depth was much greater than that of dynamic
impact force through the experimental results.

From Eqgs. (5) and (20), it can be seen that in the single-
pass USRP texturing process, the dimensional parameters
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of the micro-texture are related to the properties of the
material to be machined, rolling ball parameters, static
pressure, feed speed, ultrasonic vibration frequency, and
amplitude. It should be noted that in the preparation of
periodically arranged micro-textures, multiple-passes ultra-
sonic rolling on the surface is required. At this time, the
distance between adjacent passes is determined by the set
step distance, which is directly related to the spacing of the
micro-textures. Based on the above theoretical analysis,
the dimensional parameters of micro-texture are closely
related to the USRP machining parameters, and there is a
certain mapping relationship between them. Therefore, it is
feasible to prepare regular and controllable surface micro-
textures by adjusting the USRP machining parameters.

3 Numerical analysis of the USRP texturing
process

Numerical simulation is an important analytical method to
study the machining mechanism and process parameters
of advanced manufacturing technology [21-23]. There-
fore, based on the elastic—plastic contact theory, the finite
element model (FEM) is employed to study the machining
mechanism of the USRP texturing process. The theoreti-
cal analytical model suggests that many parameters affect
the USRP texturing effect, which can lead to a very large
research effort. Hence, we selected the machining param-
eters that have obvious influence and are of more concern
to the staff in the actual machining process for a prelimi-
nary discussion. Considering the high degree of freedom
required for surface texturing, cemented carbide ball was
selected as an ultrasonic rolling head. Next, based on the
established FEM model of USRP texturing, the influence of
static pressure, ultrasonic amplitude, feed speed, and step
distance on the machining effect of the USRP texturing pro-
cess were focused on.

3.1 Kinematic analysis of ultrasonic rolling ball

During the USRP texturing process, static pressure and
ultrasonic vibration are applied to the rolling head along the
direction of the machine spindle (Z direction), the machined
sample is fixed to the worktable, and the rolling ball is fed in
the X and Y direction relative to the sample being machined.
Assuming that the machined sample is stationary, the motion
of the rolling ball can be expressed as a compound motion in
two directions: the feed motion along the machining direc-
tion and the ultrasonic vibration along the spindle direction.
When the rolling ball is fed along the X direction to process
the micro-groove, the equation of motion displacement at the
center of the rolling ball can be expressed as:

x(t) = vt
{ (1) = AsinQrwt) 2D

Figure 9 shows the machining displacement trajectory
of the rolling ball based on Eq. (21) at a feed speed v, of
1000 mm/s, an ultrasonic amplitude A of 7 pm, and an ultra-
sonic vibration frequency @ of 28 kHz. It can be seen that
the rolling ball moves in a periodic sinusoidal trajectory in
the depth direction of the USRP texturing process. Neverthe-
less, during the actual USRP texturing process, the trajec-
tory of the rolling ball is influenced by the static pressure in
addition to the ultrasonic vibration impact, as represented
in Fig. 5.

To explore the kinematics of the ultrasonic rolling ball
during USRP texturing process, a single-point ultrasonic
vibration impact model under the joint action of static
pressure and dynamic impact force was established via
ABAQUS 6.14 software. A sphere with a diameter of § mm
is selected for the ultrasonic rolling head. The sample to be
impacted is a plane. The stress—strain field during single-
point vibration impact is symmetrical, so the impacted
sample is set as a quarter-cube model with a side length and
height of 14 mm and 10 mm, respectively. The impacted
substrate is AISI 5140 steel and the rolling head is YG6
cemented carbide ball. The basic material parameters are
presented in Table 1. The stiffness of YG6 is much greater
than that of the AISI 5140 steel, so the rolling ball is set
as a non-deformable analytic rigid body. The deformed
steel substrate meshes with an eight-node linearly reduced
integral element (C3D8R). The mesh in the contact area
of the machined substrate is refined and gradually transi-
tions to a coarser mesh towards the boundary. Considering
the computational cost, the minimum cell size is 0.05 mm.

During USRP texturing processing, the rolling ball acts
on the material surface with mechanical vibrations at ultra-
sonic frequencies, and the machined material surface pro-
duces severe deformation, resulting in a strain rate range
of ~10° ~ 10*, accompanied by significant work hardening
and strain rate hardening phenomena. For the deformation
at a high strain rate, Johnson and Cook designed the Hop-
kinson compression bar experiment and obtained the John-
son—Cook (JC) constitutive model considering the strain rate
effect [24]. The expression is as follows:

U:(f,é,T)Z(A'f‘B&n) 1+Cln<§>] [1_(T>k)m] 22)
0

where ¢ is the flow stress, ¢ is the strain, € is the strain rate, A
is the yield stress, B is the strain hardening modulus, 7 is the
hardening index, C is the strain rate sensitivity coefficient,
T" is the temperature-dependent factor, and m is the thermal
softening index.
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Fig.9 Theoretical trajectory
of rolling ball in the ultrasonic
vibration impact model

Table 1 Material parameters

Parameters AISI 5140 steel ~ YG6 cemented
cabide

Density (kg/m®) 7.85% 103 15x10°

Elastic modulus (GPa) 210 710

Poisson’s coefficient 0.3 0.21

Table 2 The JC constitutive model parameters of AISI 5140 steel

A (MPa) B (MPa) C n

850 563 0.134 0.234

The JC model is accurate for the description of plastic
deformation of most metal materials. It has been widely used
in numerical simulation research in areas such as cutting,
stamping, and rolling due to its simple form and convenient
calculation [25]. The USRP texturing process is performed
at room temperature, where the machining temperature is
much lower than the phase transition temperature of the base
steel, so the parameters of the constitutive model related to
the thermal effect are not explored. The remaining param-
eters of AISI 5140 steel are shown in Table 2 [26].

The initial loading conditions for the USRP texturing
process are static pressure and dynamic impact force. The

@ Springer

Table 3 Dynamic impact force values corresponding to different
static pressures and amplitudes

Static pressures/N  Amplitude/pm

5 7 9 11
300 67.5 85.5 110 130.5
450 70.5 92 117.5 136.5
600 76.5 100 123.5 155.5
900 85.5 118 137.5 176.5

dynamic impact force, which varies periodically according
to the sine function, is loaded by the Fourier function using
the amplitude function of ABAQUS. The dynamic impact
force is input according to the values measured by the piezo-
electric sensing force test, as shown in Table 3. Both the
static pressure and dynamic impact force are concentrated
loads applied at the center of the rolling ball (reference point
RP). A contact pair is set up between the rolling ball and the
substrate surface using a penalty function contact algorithm
with the Coulomb friction coefficient of 0.15. The bottom of
the sample to be machined is constrained and symmetrical
boundary conditions are imposed on the symmetry plane.
The entire model contains 14,700 units.

Figure 10 shows the impact velocity V, (velocity along
the machining depth direction) of the rolling ball versus time
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Fig. 10 Velocity and displace- 1500
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for 1 ms at an ultrasonic vibration frequency of 28 kHz, an
amplitude of 7 pm, and a static pressure of 300 N. At the first
impact, the V, is negative and has a large value owing to the
combined effect of static pressure and dynamic impact force.
The maximum value of V, is~1500 mm/s, which indicates
that the ball is always pressed against the sample surface.
The velocity of subsequent impacts decreases with time.
Such behavior is due to the increase of the static pressure
at the first impact from 0 to 300 N, which corresponds to
an instantaneous load in a very short time together with the
dynamic impact force, thus affecting the ball velocity. In
the subsequent impacts, the static pressure remains constant
while the dynamic impact force dominates the motion state
of the ball. The variation range of V, begins to decrease
from the second impact and gradually stabilizes after five or
six impacts. At the same time, the rebound velocity of the
ball also reduces with the impact velocity. Figure 10 also
displays the displacement variation D, (displacement along
the machining depth direction) of the ball within 1 ms. It
can be seen that the variation tendency of D, is similar to
V,. The downward displacement of the ball is greatest at
the first impact, where the instantaneous change of static
pressure plays a leading role. The fluctuation behavior of D,
indicates that the machined material is in an alternate state
of elastic—plastic deformation and rebound deformation. In
subsequent impacts, the maximum impact depth gradually
decreases. Similarly, after five or six impacts, the down-
ward displacement tends to be stable, which indicates that
irrecoverable plastic deformation occurs on the machined
surface, that is, a micro-dimple topology is formed. Also,
the continuous imposition of static pressure prevents the

0.0004 0.0006
Time /(s)

0.0008 0.0010

ball from returning to its initial position on the rebound, so
the displacement is always negative. The static pressure has
a more significant effect on the depth of the micro-dimple
than the dynamic impact force. In general, different process-
ing parameters may produce different impact velocities and
displacements of the balls; however, the variation pattern
between the two is basically unchanged.

3.2 Establishment of FEM model for USRP texturing
process

To reveal the fabrication process and formation mecha-
nism of USRP micro-texturing more accurately, the single-
pass and multi-pass USRP texturing processes are simu-
lated by ABAQUS. The machined sample is set as a cuboid
model with the dimension of 15% 15 x5 mm?, which is
consistent with the parameters of the subsequent tests.
The substrate material is AISI 5140 steel and the plastic
parameters are entered based on the JC model in Table 1.
The ultrasonic rolling head is set up as a non-deformable
analytical rigid body, which is a 6 mm diameter sphere.
The material properties of the ultrasonic rolling ball and
the machined substrate are the same as those described in
the single-point ultrasonic vibration impact model. The
contact in the machining area is set as surface-to-surface
contact. The bottom of the machined substrate is fully con-
strained and the clamping area is symmetric with bound-
ary constraints. To reduce the solution time and improve
the calculation rate, the meshing of the contact machining
region is refined by partitioning with a minimum element
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size of 0.05 mm. The mesh is progressively transitioned
to the non-processed areas in a 10:1 ratio under condi-
tions where the stresses and strains in the machined region
could be reasonably converged. The ultrasonic vibration
frequency is 28 kHz, which is the same as the subsequent
tests. A 15 mm long single-path ultrasonic rolling process
is performed on the substrate surface.

The sequential simulation machining of multi-pass
USRP texturing is realized by applying commands for the
initial predefined field in ABAQUS. After completing a
single-pass USRP texturing process, its result file is set to
predefined fields as the initial state for the next texturing
analysis pass. Then, the parameters of the analysis step are
changed according to the texturing requirements. Finally,
the result of the sequential superposition of the machining
passes is the simulation result of USRP micro-textures in

Ultrasonic rolling ball

Fig. 11 FEM model of USRP texturing process

(@) 4 (b) 12

multi-pass treatment. The established FEM model of the
USRP texturing process is shown in Fig. 11. The FEM
model consists of 387,600 units.

3.3 Predictive analysis based on the FEM model
of USRP texturing process

The single-pass USRP texturing process is first simulated,
and the effects of static pressure, feed speed, and amplitude
on the dimension of the micro-textures are emphatically
studied, as shown in Fig. 12. In the singular effect analysis,
the remaining parameters are fixed at a static pressure of
300 N, an amplitude of 7 pm, and a feed speed of 1000 mm/
min. As seen in Fig. 12, the single-pass ultrasonic rolling
successfully fabricated a regular micro-groove topology on
the steel substrate surface. Static pressure shows the most
significant effect on the dimension of the micro-groove, fol-
lowed by feed speed, with the least effect on amplitude. As
the static pressure increases, both the depth and width of
the micro-groove increase significantly, especially the depth.
The depth of the micro-groove decreases with increasing
feed speed, while the width of the micro-groove changes
slightly. In contrast, the effect of amplitude on the dimen-
sional profile of the micro-groove is not significant.

In practical applications, the surface micro-textures are
distributed over a large area and arranged periodically.
Therefore, based on the established FEM model, the multi-
pass USRP texturing process is simulated. The effects of
USRP parameters (air pressure, feed speed, step distance)
on the strain, stress, and energy during the surface textur-
ing process are emphatically studied. In order to visualize
the surface topography variations of the micro-textures, the
deformation scaling factor is set to 20 in the post-processing
stage of the FEM model. Figure 13 shows the displacement
simulation contour (U,, along the machining depth direc-
tion) of the textured surface at a static pressure of 450 N, a
feed speed of 1000 mm/min, an amplitude of 7 pm, a step
distance of 200 pm, and 6 machining passes. The contour
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Fig. 12 Influence of parameters on micro-groove dimension in single-pass USRP texturing
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Fig. 13 Displacement cloud map of micro-textures fabricated by
USRP

shows that regular, flat, and periodically distributed micro-
groove arrays are fabricated on the steel substrate surface
by USRP treatment. And the processed surface micro-tex-
tures have high processing accuracy. The topography on
the A-B cross-section shows that the micro-groove arrays
are relatively uniformly distributed in depth. The micro-
texture arrays consist of a periodic staggered arrangement
of micro-grooves and micro-bulges, which is due to the fact
that USRP treatment is an iso-material process and the plas-
tic flow characteristics of the material lead to the formation
of bulge structures around the micro-grooves.

Figure 14 shows the stress simulation contour of the
micro-textured surface layer under the above USRP param-
eters. From Fig. 14(a), it can be found that a stable plastic
deformation zone with relatively uniform stress distribution
is formed in the textured processing area. And an impact-
affected zone with high local stress is produced due to the
continuous accumulation of stress in the last pass of machin-
ing micro-grooves. Moreover, the stress state induced by
the micro-textured surface layer is a high value of residual
compressive stress, which indicates that the USRP texturing
process achieves the stress strengthening of the substrate.
The residual stress distribution along the depth direction can
be divided into three regions (Fig. 14(b)), including the I, II,
and III regions. I region is the residual compressive stress
region in the outermost layer, II region is the residual tensile
stress layer, and III region is the residual tensile stress layer
inside the base material. The residual compressive stress
in I region is favorable to retard the initiation and propaga-
tion of micro-cracks on the machined surface. Instead, the
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Fig. 14 The stress distribution of the micro-textures machined by USRP along the depth direction
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residual tensile stress state in II region increases the crack
growth rate. The residual tensile stress in III region is so
small that its influence can be ignored. Hence, the micro-
textured surface with the high-value residual compressive
stress machined by USRP is beneficial to improving the ser-
viceability and fatigue life of the material surface.

After USRP texturing, the textured surface layer under-
goes work hardening, which is manifested by a significant
increase in hardness. The degree of work hardening of the
material can be characterized by the amount of plastic defor-
mation. To reflect the accumulation process of plastic defor-
mation, the equivalent plastic strain (PEEQ) can be chosen
to characterize the work hardening effect of the material
after USRP texturing treatment. Figure 15 shows the distri-
bution of the PEEQ along the micro-texture depth direction
under the same texturing parameters as mentioned above.
It can be seen that a layer of strain strengthening area with
significantly increased PEEQ appears in the micro-textured
region, which indicates that the USRP enables the textured
surface layer to achieve strain strengthening.

The energy changes during USRP texturing can reveal
the interaction between the ultrasonic rolling ball and the
material surface, in addition to reflecting the texturing effect.
In general, the energy generated in the mechanical process
includes artificial strain energy, creep dissipation energy,
damage dissipation energy, external work, frictional dissi-
pation, internal energy, kinetic energy, plastic dissipation,
strain energy, total energy, and viscous dissipation [27, 28].
Figure 16 shows the variation of each component of the

Fig. 15 The PEEQ distribution
of the micro-textured surface
after USRP texturing

PEEQ
(49: 75%)
+9.241e-02
+8.471e-02
+7.701e-02
+6.931e-02
- +6.161e-02
+5.391e-02
+4.620e-02
+3.850e-02
+3.080e-02
+2.310e-02
- +1.540e-02
+7.701e-03
+0.000e +00

generated energy during single-pass micro-groove machin-
ing with a static pressure of 300 N, an amplitude of 7 mm,
and a feed speed of 1000 mm/min. For the whole model,
the variation of energy shows a significant difference in
the three analysis step stages. During the first analysis step
(within 0-0.05 s), the initial contact of the rolling ball with
the machined surface occurs, and the individual component
of the total energy begins to vary and fluctuate. During the
stable texturing stage (0.05-0.25 s), artificial strain energy,
creep dissipation energy, damage dissipation energy, and
viscous dissipation are approximately 0. At this stage, the
work is mainly done by the external loads generated by static
pressure and dynamic impact force, which can be observed
from the gradual increase of the external work in Fig. 16(b).
Moreover, the internal energy, plastic dissipation, and strain
energy all show an overall increase accompanied by fluctua-
tions, which indicates that the USRP texturing was a process
of continuous plastic deformation and further proved the
strain hardening phenomenon of the micro-textured surface.
The internal energy of the system consists of plastic dissipa-
tion, strain energy, creep dissipation energy, and artificial
strain energy. Since artificial strain energy and creep dissipa-
tion energy are almost 0, the internal energy is superimposed
by plastic dissipation and strain energy. It can be seen that
at 0.25 s, the internal energy is ~7.0 mJ, the strain energy
is~1.5 mJ, and the plastic dissipation is~6.0 mJ. After the
rolling ball is lifted off the machined surface (0.25-0.3 s),
the kinetic energy first increases to a maximum value and
then decreases to 0. The internal energy, plastic dissipation,
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Fig. 16 Energy variety during USRP texturing process

and strain energy are all stable at positive values and slightly
lower than the maximum value generated during the stable
texturing process, indicating that the material undergoes par-
tial elastic recovery and a small amount of strain energy is
released. However, most of the strain energy remains stored
at the surface, causing permanent plastic deformation to
form micro-textured topography.

4 Experimental validation

To demonstrate the accuracy of the analytical model and
FEM model describing the USRP texturing process, the cal-
culated and simulated depth values of micro-grooves were
compared with the experimental results, respectively. The
USRP texturing test is conducted on a USRP device assem-
bled on the vertical machining center DAEWOO ACE-V500.
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The substrate to be micro-textured is AISI 5140 steel with
a size of 15x 15x5 mm®. A YG6 ball with a diameter of
6 mm is used as an ultrasonic rolling head. During USRP
texturing, ultrasonic vibration is applied to the rolling
ball along the machine spindle in the Z-direction, and the
machined steel sample is fixed on the table. The rolling ball
is fed in an S-shaped path in the X and Y directions concern-
ing the textured sample, as depicted in Fig. 17. The basic
machining parameters of the USRP texturing process are
listed in Table 4.

After USRP texturing, the surface topographies of
micro-textures are observed by a white light interferometer
(Wyko NT9300, Veeco Inc., USA). The micro-hardness H
is acquired by a nano-indenter (HM2000S, Helmut Fischer,
Germany) with the maximum applied load of 30 mN. For
each sample, three measurements are taken to ensure the
reliability of the data obtained.

Fig. 17 USRP texturing
experiment for AISI 5140 steel
substrate

After USRP texturing

Micro-grooves

“S” rolling path
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Table 4 The basic parameters of the USRP texturing process

Basic parameters Values
Frequency (kHz) 28
Amplitude (pm) 7

Static pressure (N) 300-900
Feed speed (mm/min) 1000
Step distance (pm) 50-300

The micro-groove morphology based on the FEM
model is first obtained and compared with the experimen-
tal results under the same processing parameters, as shown
in Fig. 18. The simulated and experimental texturing is
performed with an amplitude of 7 pm, a static pressure of
300 N, and a feed speed of 1000 mm/s. Besides, the simu-
lated data and experimental results of the cross-sectional
profile of a single micro-groove are compared under static
pressure of 300 N, 450 N, and 600 N, and the comparative
results are presented in Fig. 19. The surface morphology

Fig. 18 Simulated and experi-
mental topographies of single
micro-groove fabricated by
USRP

and dimension of the micro-grooves obtained by the FEM
model are basically consistent with the results obtained
from experimental processing, which proves that the estab-
lished FEM model for the single-pass USRP texturing pro-
cess is accurate and reliable.

The micro-groove array is then simulated by the multi-
pass FEM model of the USRP texturing process with the
same texturing parameters as in Fig. 18. The step distance
is 300 pm. The comparison result with the experimental
morphology is shown in Fig. 20. As shown in Fig. 20, the
simulated morphology of the micro-textures is in good
agreement with the experimental results. The spacing of
adjacent micro-textures is 300 pm, which is consistent with
the set step distance. The micro-grooves all show a uniform
and regular arrangement. Figure 21 shows the simulated and
experimental cross-sectional profile of the micro-groove
array fabricated by USRP depicted in Fig. 20. It can be seen
that the simulated micro-groove array has a regular profile
with uniform depth variation. In contrast, the experimen-
tally obtained depths between adjacent microgrooves are

Experimental morphology
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Fig. 19 Simulation and experimental dimensions of single micro-groove fabricated by USRP
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Fig.20 Simulated and experi-
mental surface topography

of multi-pass micro-grooves
fabricated by USRP at the step
distance of 300 pm

1.0 Simulation results
@ Experimental results

Fig.21 Comparison of the simulated and experimental profile of
multi-pass micro-grooves fabricated by USRP at the step distance of
300 pm

less uniform, which is influenced by the formation of micro-
bulge structure and the mutual restraint of plastic flow of
materials in adjacent passes. The errors in Fig. 21 are caused
by the differences between the actual plasticity behavior and
the theoretical plasticity model of AISI 5140 steel. Overall,
these errors are acceptable and the FEM model for the multi-
pass USRP texturing process is reliable.

Finally, the consistency of the results between the analyti-
cal model, the FEM model, and the experimental machining
is judged. The average micro-hardness H of polished AISI
5140 steel surface is 7.44 GPa. As a result, the theoretical
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Fig.22 Comparison results and relative errors of the micro-groove
depth obtained from the analytical model, FEM prediction, and
experimental machining

result of the micro-groove height is calculated according to
Eq. (20). The comparison results and relative errors of the
calculated data, FEM result, and the experimental value of
the micro-groove height are summarized in Fig. 22. When
the rolling forces were 385.5 N, 542 N, and 700 N, compared
with experimental values, the theoretical model showed a
relative error of 5.7%, 17.4%, and 22.7%, respectively, and
the FEM model showed the relative error of 3.4%, 9.0%,
and 3.7%, respectively. Accordingly, the established FEM
model is feasible and accurate to predict the USRP texturing
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process, and further revisions to the theoretical model may
be required for accurately predicting the micro-textured
dimension under high rolling force processing.

5 Conclusions

In this study, the theoretical model and FEM model of the
micro-texture formation mechanisms based on USRP textur-
ing were established. The main contributions are as follows:

(1) Focusing on the elastic—plastic deformation behavior
of USRP combined with the micro-structure strength-
ening mechanism, the feasibility of fabricating micro-
textures by USRP was analyzed, and the effective gain
of USRP texturing was summarized.

(2) The theoretical model was deduced to describe the
geometrical relationship of the contact regions form-
ing the micro-textures during USRP texturing, and
the geometric controllability of the fabricated micro-
textures was discussed. The dimension parameters of
micro-grooves were closely related to USRP machining
parameters, including amplitude, frequency, static pres-
sure, machining step, and feed speed. The relationship
between micro-texture depth and USRP machining
parameters, which is proportional to the rolling force,
was quantitatively evaluated.

(3) Based on the ultrasonic single-point impact FEM
model, the dynamic response of the rolling head was
analyzed and the effect of USRP machining parameters
on the micro-texture size was predicted. The further
developed multi-pass USRP texturing FEM model
revealed the generation mechanism and enhanced
mechanical response characteristics of micro-textures
from the stress, strain, and energy perspectives. The
theoretical and FEM models were examined and com-
pared with the experimental micro-texture characteriza-
tion, showing good agreement.

(4) Through analytical, simulation, and experimental anal-
ysis, USRP is demonstrated to be a potential surface
texturing method capable of producing micro-texture
arrays with high accuracy and efficiency. The overall
results indicate that the proposed models can serve as
a useful approach for predicting the micro-texture fab-
ricating process and designing appropriate texturing
process parameters.
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