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Abstract: Ultrasonic impact peening (UIP) is not only a mature technique of surface treatment, 

but also a promising method of surface texturing for promoting performance and functionalities 

of components and devices. In the present work, we demonstrate the feasibility of applying UIP 

in the manufacturing of high precision surface micro-structures on 316L stainless steel using a 

YG6 cemented carbide tool. Specifically, analytical investigation of the material deformation 

map under UIP is carried out, which is validated by corresponding finite element simulations 

based on a combined nonlinear isotropic/kinematic hardening model, as well as experiments 

performed on home-made UIP apparatus. Finally, surface micro-structures of aligned grooves 

with a depth of 2 μm and a periodicity of 240 μm are fabricated by using UIP, and are 

subsequently subjected to linear reciprocating ball-disk sliding tests. Corresponding 

experimental results show that the micro-structures fabricated by UIP possess comparable 

accuracy of groove morphology and frictional properties with that fabricated by using ultrasonic 

elliptical vibration cutting using a single crystal diamond tool. The present work sheds lights on 

mailto:zhjj505@gmail.com
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2 

the low-cost fabrication of high precision surface micro-structures on ferrous metals by mature 

UIP technique.  

Keywords: Surface texturing; Stainless steel; Ultrasonic impact peening; Diamond cutting; 

Finite element simulation. 

 

1 Introduction 

Surface texturing is a promising technique for enhancing performance and functionality of 

components and devices by introducing micro/nano-scale surface structures. For instance, 

significant friction reduction between rubbing surfaces has been achieved by introducing 

micro-structures on stainless steel, which is a kind of widely used industrial engineering 

material for mechanical components [1-6]. Apart from the resultant enhanced tribological 

properties, how to effectively fabricate micro-structures with high accuracy on the ferrous metal 

of stainless steel is still intriguing.  

The non-traditional laser surface texturing (LST) has been widely used to fabricate 

microstructures on stainless steel for its high efficiency, high homogeneity and low 

material-selectivity [7-11]. However, it is still challenging for LST to maintain high accuracy for 

fabricating microstructures with depths below a few microns, in particular for the low cost 

nanosecond pulsed laser micromachining due to pronounced heat-affected zone [12-13]. 

Recently, ultra-precision diamond cutting has been demonstrated as one feasible traditional 

mechanical machining technique for the fabrication of high precision micro-structures on 

stainless steel [15-16]. However, the machinability of stainless steel by diamond cutting is 

greatly limited by the severe tool wear of diamond tool due to strong diffusion between carbon 

and iron [17-19]. Although the method of ultrasonic elliptical vibration cutting (UEVC) can 

significantly promote the machinability of difficult-to-cut materials [20-24], it requires high 

precision and high cost machining apparatus, as well as high requirement on operating skills. 
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For instance, expensive components such as aerostatic bearing spindle and natural single crystal 

diamond are indispensable in UEVC. Therefore, a low cost technique for the fabrication of 

stainless steel micro-structures with uncompromised high accuracy is greatly needed. 

Ultrasonic impact peening (UIP) is a widely used technique of cold surface treatment for 

increasing fatigue life and/or decreasing residual stress of welded metallic parts [25-28]. Based 

on the effect of high frequency oscillation impacts of treated part surface by high energetic 

needles, harmful tensile residual stresses in the top layer of treated surface are relieved. 

Consequently, the resultant compressive residual stress formation and metallographic structures 

refinement jointly lead to enhanced performance and mechanical properties of treated parts. 

Apart from the surface treatment purpose, UIP is also applied in the machining of metallic 

materials. For instance, a mirror surface of stainless steel with surface roughness of 0.1 μm can 

be directly achieved by using UIP [29-30]. However, the feasibility of low cost fabrication of 

stainless steel surface micro-structures by using UIP has not been explored. Although permanent 

plastic deformation-induced surface micro-structures fabrication by using UIP with increased 

oscillation amplitude could be expected, there are questions raised but not yet answered: 

Whether high precision surface micro-structures can be fabricated on stainless steel by 

controlling permanent plastic deformation behavior in UIP? If yes, what’re the underlying 

formation mechanisms of as-fabricated structures?  

Revealing involved mechanisms such as material deformation and correlated surface 

micro-structure formation is crucial to facilitate the feasibility of micro-structure fabrication by 

using UIP. In particular, the underlying deformation behavior of workpiece material in UIP and 

UEVC is significantly different from each other. Specifically, work hardening of workpiece 

material in UIP is more pronounced than that in UEVC due to the absence of material removal. 

Consequently, the configuration of finite element (FE) simulation, which serves as an important 

supplementary to experimental study, is of significant difference between UIP and UEVC. 

Specifically, the widely used Johnson-Cook constitutive law for FE simulations of metal cutting 



4 

[31-33] may be not proper to fully describe the work hardening behavior of materials under UIP, 

due to the overestimation of surface residual stress under cyclic loading conditions [34]. The 

combined isotropic-kinematic hardening model has been successfully applied to describe 

material behavior under cyclic loading conditions. Zheng et al. built a FE model based on the 

combined isotropic kinematic material plasticity model to investigate the effect of ultrasonic 

impact treatment on residual stress of 304L stainless steel weld joints, and found that the 

predicted distributions and magnitude of residual stress agree well with experimental results 

[35]. Liu et al. developed a FE model of ultrasonic surface rolling of 40Cr that implements the 

combined non-linear isotropic kinematic hardening model, which is capable of providing 

consistent predictions of surface layer nanocrystallization, residual stress and work hardening 

with experimental results [36]. However, the feasibility of applying the combined 

isotropic-kinematic hardening model in the surface micro-structures fabrication by using UIP 

has not yet been reported. Thus, developing an accurate FE model based on the combined 

isotropic-kinematic hardening model is essentially required for revealing underlying 

fundamental mechanisms involved in the UIP-based micro-structures fabrication.  

Therefore, in the present work we investigate the feasibility of applying UIP in the surface 

micro-structures fabrication on 316L stainless steel. Specifically, the theoretical map of material 

deformation in UIP process is analytically investigated, and is validated by both FE simulations 

of UIP based on the combined isotropic/kinematic work hardening and experiments carried out 

on home-made UIP apparatus. Subsequently, fabrication of surface micro-structures composed 

of aligned grooves with a depth of 2 μm and a periodicity of 240 μm by using UIP is 

experimentally achieved. Furthermore, the formation accuracy and the tribological property of 

as-fabricated micro-structures by using UIP are compared with the same micro-structures 

fabricated by using UEVC.  
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2 Methodology 

2.1 Experimental setup of UIP 

 

Fig. 1 Experimental setup of UIP apparatus. (a) Overall configuration; (b) enlarged view of 

tool-workpiece contact. 

Fig. 1 shows the configuration of home-made apparatus of UIP, which mainly consists of 

two parts, as an ultrasonic impact tool and a three-dimensional motion stage, respectively. The 

ultrasonic impact tool contains an ultrasonic transducer and a YG6 cemented carbide ball with a 

diameter of 8 mm. The ultrasonic transducer converts input electrical energy into mechanical 

energy with ultrasonic waves, which result into the oscillations of the ball with a constant 

frequency of 27 KHz and an amplitude of 6 μm. The ultrasonic impact tool is fixed with the 

vertical linear guideway of the motion stage, while the specimen is statically fixed on the 

two-directional crossed horizontal guideways of the motion stage.  

Fig. 2 illustrates the UIP-based microstructure fabrication process. Specifically, the 

specimen surface contacted with the ball moves precisely by the horizontal movements of 

two-directional crossed guideways according to pre-determined motion strategy, while keeping 

the vertical oscillation of the ball. Table. 1 lists the utilized machining parameters in UIP process, 

which are determined from the specifications of the home-made UIP apparatus. The specimen 
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material is a cold-rolled austenitic 316L stainless steel with an average grain size of 15 μm, 

which has a Young’s modulus of 192 GPa and a yield strength of 300 MPa. We note that the 

initial states of the specimen, such as treatment methods and metallographic structures, would 

have a strong impact on the deformation-dominated UIP process. The specimen has a dimension 

of 20 mm in length, 20 mm in width and 10 mm in height. Prior to UIP, the stainless steel is 

grounded to a mirror surface with a surface roughness of 0.1 μm and a flatness of 1 μm. The 

morphology and surface profile of specimen is characterized by a Zeiss Merlin Compact 

scanning electron microscope (SEM) and a surface profilometer of Mitutoyo SurfTest SJ210, 

respectively. The profilometer has a tip radius of 5 μm and a tip angle of 90o with a measuring 

force of 4 mN, which resolves 2 nm vertically. 

  

 Fig. 2 Schematic diagram of surface micro-structures fabrication by using UIP.  

 

Table. 1 Machining parameters used in UIP and UEVC 

Parameters UIP UEVC 

Frequency (kHz) 25 41.6 

Amplitude (μm) 6 4 
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Feed (μm) 240 20 

Velocity (m/min) 2 1 

Cutting depth (μm) 6 6 

Tool parameter YG6 cemented carbide Single crystalline diamond 

 Diameter of 8 mm 

Rake angle 0o, clerance angle 

10o, nose radius 1 mm 

 

2.2 FE modeling of UIP 

 

Fig. 3 3D FE model of UIP.  

Fig. 3 shows the 3D FE model of UIP-based surface micro-structures fabrication, which 

contains a stainless steel specimen and a YG6 cemented carbide ball. The specimen has a 

dimension of 8 mm in length, 8 mm in width and 0.8 mm in height. And the target region 

subjected to UIP has a dimension of 1.48 mm in length, 1.48 mm in width and 0.8 mm in height. 

The target region is meshed by C3D8R elements. The minimum mesh size adopted in the FE 

model of UIP is closely related with the size of single impact indentation on specimen surface. 

Klemenz et al. demonstrated that the smallest element size should be one-tenth of the diameter 

of a single impact indentation, for ensuring the prediction accuracy of the FE simulation of high 

frequency impact indentation [37]. While the diameter of the impact ball is 8 mm and the 
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indentation depth is 6 μm, the theoretically calculated diameter of a single impact indentation is 

438 μm. Therefore, the minimum mesh size is set to 15 μm × 15 μm × 2 μm, corresponding to 

30 units in each impact indentation. Furthermore, a configuration of transition elements is 

applied in the rest of the specimen except for the target region. The impact ball is treated as an 

analytical rigid body for its higher hardness of 1424 HV than that of 156 HV for 316L stainless 

steel.  

To be consistent with the UIP experiments, in the FE simulations of UIP the ball impacts 

the target surface with a frequency f of 25 KHz and an amplitude A of 6 μm. Since ultrasonic 

impact is generated by ultrasonic transducer converting electrical energy with sinusoidal form of 

alternating current into mechanical energy, in the FE simulations of UIP the mechanical 

vibration of the ball follows a form of harmonic vibration, which is expressed in Eq. (1): Y = Asin(ωt − φ)                        (1) 

where Y is a vertical position, ω is vibration period and φ is shift angle that is zero in the 

current study. In the micro-structures fabrication process, the impact ball moves with a constant 

speed of 20 mm/s. 

In the ultrasonic impact process, the specimen undergoes severe elastoplastic deformation 

under the cyclic impacting with ultrasonic frequency. In order to describe the significant work 

hardening of the material under UIP, a constitutive model considering combined nonlinear 

isotropic/kinematic hardening under cyclic loading is utilized. The isotropic hardening 

component σ0, which describes an equivalent force change that defines the size of yield surface, 

is expressed in Eq. (2): 

σ0 = σ|0 + 𝑄∞(1 − 𝑒−𝑏�̅�𝑝𝑙)                       (2) 

where σ|0 is the initial stress at zero plastic strain, 𝑄∞ is the maximum change in the size of 

yield surface, 𝜀̅𝑝𝑙 is a function of equivalent plastic strain, and b is the strain range at which the 

stress-strain curve is obtained. The non-linear kinematic hardening component describes the 
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backstress-induced translation of yield surface in stress space. The overall backstress α is 

composed of multiple backstress components 𝛼𝑘, which can be described in Eq. (3): α = ∑ 𝛼𝑘𝑁𝑘=1                              (3) 

where the evolution of backstress components α̇k  is defined as Eq. (4):  α̇k = 𝐶𝑘𝜀̅̇𝑝𝑙 1𝜎0 (𝜎 − 𝛼) − 𝛾𝑘𝛼𝑘𝜀̅̇𝑝𝑙 + 1𝐶𝑘 𝛼𝑘�̇�𝑘                (4) 

where Ck is the initial kinematic hardening moduli, γk is related to the rate at which the 

kinematic hardening modulus decreases with the increase of plastic deformation, �̇�𝑘 is the 

change rate of Ck with respect to temperature and field variables, and 𝜀�̅�𝑙 is a function of 

equivalent plastic strain. Table. 2 lists utilized parameters of the non-linear isotropic/kinematic 

hardening model for 316L stainless steel, which are successfully utilized to describe ratchetting 

process of 316L stainless steel under tension-torsion loadings [38]. 

Table. 2 Parameters of non-linear isotropic/kinematic hardening model for 316L stainless steel. 

N σ0 (MPa) C1 (MPa) γ1 C2 (MPa) γ2 Q∞ (MPa) b 

2 300 10125 1051 6546 81 120 13.2 

 

2.3 Experimental setup of UEVC 

In addition to UIP, surface micro-structures fabrication by using UEVC with a diamond 

tool is also conducted. By precisely controlling the motion of machine tool itself in the cutting 

depth direction, the envelope of cutting edge can be precisely transferred to machined surface, 

which leads to successfully fabrication of micro-/nano-structures. In the present work, the 

diamond tool elliptically vibrates with a vibration frequency of 41.6 kHz and an amplitude of 4 

μm in both the cutting direction and the cutting depth direction. With the pick feed of 20 μm, 

each micro-nano structure is fabricated within 12 cutting cycles. Table. 1 also lists the utilized 

parameters for micro-structures fabrication by using UEVC. The detailed description can be 
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found elsewhere [22]. FE simulation of UEVC of 316L stainless steel is also performed. The 

basic configuration of the specimen is the same with that used in FE simulation of UIP. The 

specific details of FE modeling of UEVC can be refereed to Ref. [39].  

 

2.4 Experimental setup of friction test 

The as-fabricated surface micro-structures on 316L stainless steel by using both UIP and 

UEVC are subjected to linear reciprocating ball-on-disk sliding tests on the Bruker 

CTER-UMT-3 tribometer. The counterbody is a GCr15 steel ball with a diameter of 4 mm. The 

specimen is completely immersed into a lubricant of non-additive poly-alpha-olefin oil (PAO 40) 

for 30 minutes to achieve full fluid film lubrication before each sliding test. The test direction is 

perpendicular to the groove direction. Real-time friction coefficient, defined as the ratio of 

friction force to normal load after the running-in period, is recorded. For each specimen, three 

repeated sliding tests with the same friction conditions are performed. The duration of each 

sliding test is 10 minutes, the stroke length is 10 mm, the normal load is 1.5 N and the sliding 

speed is 10 mm/s. The detailed description about the friction test can also be found elsewhere 

[10].  

 

3 Results and discussion 

3.1 Analytical investigation of UIP 

The morphology and residual stress profile of groove microstructures fabircated by using 

UIP are analytical investigated. Fig. 4(a) presents the cross-sectional profile of as-fabricated 

grooves. Given the ultrashort duration of impact ball oscillations, the ball feed can be treated as 

sequential impact events. Specifically, the ball firstly impacts the specimen surface with 

specified frequency and amplitude in individual impact events, which lead to formation of 

dimple structures. And the height of previously formed dimple is lowered by the intersecion of 
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adjacent dimple. Therefore, sequential impact events lead to the formation of a groove 

composed of dimples with reduced height.  

 

Fig. 4 Schematic diagram of UIP processing. (a) Holistic diagram of sequential impact events; 
(b) Enlarged view of sequential impact events. 

Wang et al. demonstrated that high intensive dislocation slip is one dominant deformation 

mechanismns of 316L stainless steel under UIP, which leads to signifiant grain refinement [40]. 

XX et al. experimentally correlated the valleys formed by UIP with deformationability of treated 

materials [41]. Fig. 4(b) shows the enlarged view of three sequential impact events, in which 

black dash line refers to the original surface prior to UIP, black line indicates the specimen 

surface at the maximum deformation amount in the loading stage, and red dashed line is the 

specimen surface after unloading.  

Due to the ultrashort duration of 0.04 ms for one loading cycle, the contact between ball 

and specimen surface can be treated as a continuous status. Therefore, the maximum 

deformation amount of the specimen  𝐻1 is equal to the displacement of the ball 𝐴, i.e., 𝐻1 =
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𝐴. In the case of without the consideration of plastic recovery, the distance of the local groove 

peak resulted by the intersection of two adjacent dimples to the original surface can be derived 

based on the geometrical relationship expressed in Eq. (5): 

H2 = H1 − R + √R2 − (∆x2 )2                        (5) 

where R is the diameter of the ball, and ∆x = VXf   is the distance between two peaks, in which 𝑉𝑥 represents the transverse feed speed. The contact length 2b at the end of loading stage with 

the maximum deformation amount in one impacting event can be deduced by Eq. (6): 2b = 2√R2 − (R − H1)2                          (6) 

However, plastic recovery plays an important role in UIP due to signifant work hardening. 

Big-Alabo et al. theoretically investigated the material deformation in impact process and found 

that the amount of plastic recovery is ( 3Fc4E∗R12)23  , where 𝐹𝑐 represents the contact force at the 

maximum deformation amount [42]. E∗ = 𝐸1−𝑣2 represents the the effective elastic modulus for a 

rigid ball with an infinite large hardness, where E and v represents the Young’s modulus and the 

Poisson’s ratio of the specimen material, respectively. Therefore, with the consideration of 

plastic recovery of the impacted surface, the maximum irreversible deformation amount H1′  is 

expressed in Eq. (7): 

H1′ = H1 − ( 3Fc4E∗R12)23                          (7) 

And the distance of the peak resulted by two adjacent impacts to the original surface H2′  
can be derived from Eq. (8): 

H2′ = H2 − ( 3Fc4E∗R12)23                          (8) 

Therefore, the distance from peaks to groove bottom ∆H can be derived by Eq. (9): 
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∆H = H2′ − H1′ = √R2 − (VX2f)2 − R                 (9) 

Regardless of material plastic flow and other factors, the surface roughness Ra of the 

groove bottom can be simplified as Ra = ∆H2 , which has the magnitude of a few nanometer. 

Big-Alabo et al. reported that the material deformation in impact process can be simplified into 

three stages, as elastic deformation, (linear) elastoplastic deformation and complete plastic 

deformation, respectively [42]. Accordingly, the contact force 𝐹𝑐 in the three stages can be 

deduced from Eq. (10): 

Fc = {  
  43E∗R12H132 H < Hy elastic deformation43E∗R1/2[(H1 − Hy)3/2 + Hy3/2] Hy < 𝐻 < Hp elastoplastic deformationπRσy(4.6H1 + Hp − 2.8Hy) H > 𝐻p complete plastic deformation(10) 

where Hy  = 0.681π2Rσy2E2  represents the deformation amount at yielding point, σy is the yielding 

stress of the specimen material. Hp = 7.84Hy represents the maximum amount of elastoplastic 

deformation [43]. The average contact stress σc can be expressed in Eq. (11): σc = Fcπb2 = FcπH1(2R−H1)                       (11) 

According to Hertz contact theory, the contact-induced compressive stress distribution of a 

rotating body σ(r) can be expressed in Eq. (12): 

σ(r) = σm (1 − 𝑟2𝑏2)12                          (12) 

Therefore, the contact force at the maximum deformation Fc can also be derived from Eq. 

(13): Fc = ∫ σ(𝑟)2𝜋𝑟𝑑𝑟𝑏0 = 23σ𝑚𝜋𝐻1(2𝑅 − 𝐻1)               (13) 

where r is the horizontal distance of contacting point to the ball center, and σm is the maximum 

contact force as σm = 32  σc. Therefore, the contact stress σ1 at H1 can be expressed in Eq. 

(14): 
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σ1 = σm = 32σc                          (14) 

 

3.2 FE simulation validation of analytical model of UIP 

To validate the analytical results of UIP summarized in Section 3.1, FE simulation of UIP 

that contains only single impact within one loading cycle is performed. Be consistent with the 

theoretical process of UIP, the FE simulation of single impact process includes two stages of 

loading and following unloading. In the loading stage, the ball penetrates into the specimen 

surface until a maximum displacement of 6 μm is reached within 0.02 ms. In the subsequent 

unloading stage, the impact ball is withdrawn from the specimen to its original position. The 

trajectory of the ball in the loading stage follows the Eq. (1). After the unloading stage, the ball 

continuously moves upwards for 10 μm to allow for stress relaxation.  

 

Fig. 5 FE simulation results of surface evolution in single impact process. a) Start of loading 
stage; b) End of loading stage; c) Initial period of unloading stage; d) End of unloading stage. 
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Fig. 5 presents the contours of Mises stress distribution on the treated specimen surface by 

the FE simulation. In the loading stage, Fig. 5(b) shows that the contact stress distribution is 

centered around the contact center with circular symmetry, and expands with increased contact 

area accompanied with the increase of penetration depth. Fig. 5(c) shows that significant stress 

relaxation is occurred in the unloading stage. After the complete separation of the ball from 

specimen surface, there is residual stress within the top layer observed, as shown in Fig. 5(d). 

 

 Fig. 6 Analytical investigation and FE simulation of single impact process. (a) distribution of 
vertical stress; (b) Comparison of groove profile; (c) Cross-sectional stress profile of contacted 

surface; (d) Contact force. 

Fig. 6(a) shows the vertical stress distribution on the workpiece surface at the end of 

loading stage by the FE simulation. And Fig. 6(b) shows groove profiles, in which red and 

yellow line represents the profile at the end of loading stage and unloading stage, respectively. 
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Fig. 6(b) demonstrates a significant plastic recovery of approximate 2 μm of treated surface after 

fully unloading. The profile of the groove after unloading derived from analytical analysis is 

also presented by the blue line in Fig. (b). It is seen from Fig. 6(b) that the maximum irreversible 

deformation amount of the contact area by FE simulation is 4.44 μm, which has an error of 3.64% 

to the theoretical value of 4.285 μm derived from Equ. (7). Fig. 6(c) shows the contact stress 

contour of the specimen-ball contact interface at the end of loading stage, demonstrating the 

consistence between FE simulation (red curve) and analytical investigation (blue curve). 

Specifically, FE simulation shows that the maximum contact stress occurred at the groove 

bottom is 923.6 MPa, which has a deviation of 8% from the theoretical value of 855 MPa.  

Fig. 6(d) shows the variation of contact force with tool displacement during the single 

impact process, in which the red and black line corresponds to analytical investigation and FE 

simulation, respectively. Fig. 6(d) indicates that the contact forces predicted by analytical 

investigation and FE simulation are in good agreement with each other. Specifically, the 

maximum contact force after loading is 128.4 N for analytical investigation, which has an 

deviation of 2.3% from 131.3 N for FE simulation. Therefore, FE simulation results are in good 

agreement with theoretical results, in terms of the maximum unrecoverable deformation amount 

and contact stress distribution. 

In addition to single impact process, FE simulations of groove formation by continuous 

impact process are also carried out. The feed speed of the impact ball is 20 mm/s, the amplitude 

is 6 μm, the vibration frequency is 25 kHz, and the distance between neighboring grooves is 300 

μm. Fig. 7 presents sequential evolution of treated surface morphology. It can be seen from Fig. 

7(b) that the initial period of the first groove processing is accompanied with material 

accumulation occurred in the feed direction, which becomes more pronounced with the feed of 

the ball. It can be seen from Fig. 7(b) that the material deformation is caused by the combined 

action of the vertical impact and the horizontal rolling of the ball. Material accumulation is an 

important factor that affects the accuracy of micro-structure topography. In addition, it can be 
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seen from Fig. 7(c) that the processing of the second groove interferes with the shape of the 

previous one, leading to the reduction of the width of the first groove. However, Figs. 7(c) and 

(d) show that both the topographies of the second and third grooves are not uniform, which is 

caused by the influence of accumulation of displaced materials.  

 

Fig. 7 FE simulation of surface morphology evolution in continuous impact process. (a) Start 
processing, (b) one groove, (c) two grooves, (d) three grooves. 
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Fig. 8 Morphology of groove bottom surface by using UIP. (a) Groove profile along groove 
direction; (b) Enlarged view of groove bottom. 

Fig. 8 plots the profile of the first groove bottom surface along groove direction obtained in 

the FE simulation. It is seen from Fig. 8(a) that the surface pile-up on the front side of the 

groove is more pronounced than that on the back side, which can be attributed to significant 

material accumulation in front of the ball and plastic recovery behind the ball. The maximum 

height of surface pile-up on the front side is 2.17 μm. In addition, it is seen from Fig. 8(b) that 

the deviation of groove bottom height is less than 0.2 μm, indicating a smooth morphology of 

groove bottom. 

 

Fig. 9 Stress distribution at different depths at the groove bottom. (a) Mises stress distribution; 
(b) Variations of residual stress with depth. 

Fig. 9 presents variations of residual stress components at the groove bottom along 

different directions with depth. It is seen from Fig. 9(b) that the residual stress in the X direction 

firstly decreases with increasing depth, and reaches a minimum value of -275 MPa at a depth of 

100 μm, after which gradually increases with increasing depth. Furthermore, the residual 

stresses in the Y and Z directions have similar trends of variations with that in the Z direction. 

The residual stress in the Y and Z direction has a minimum value of -254 MPa at a depth of 150 

μm and a minimum value of -50 MPa at a depth of 268 μm, respectively. Thus, Fig. 9 indicates 

that there are compressive residual stresses existed in the X, Y and Z directions of groove 

bottom when depth is not higher than 400 μm. Wang et al. also experimentally observed 
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considerable compressive residual stresses at the surface of 316L stainless steel treated by UIP 

[40]. 

 

3.3 Experiment validation of analytical model of UIP 

To further validate the theoretical analysis and FE simulation results, single groove is 

experimentally fabricated on 316L stainless steel in the home-made UIP apparatus. The 

experimental machining parameters are the same with that used in the analytical investigation 

and FE simulation. Fig. 10(a) shows SEM image of as-fabricated single groove, indicating a 

smooth groove bottom surface with high surface integrity. The measured surface roughness of 

groove bottom is 5 nm. The width of as-fabricated groove is 477 μm, which has a deviation of 

8.9% from the theoretical value of 438 μm. Fig. 10(b) shows the topography of the cross section 

of the groove. The depth of as-fabricated groove is 4.2837 μm, which has a deviation of less 

than 1% from the theoretical value of 4.285 μm, as well as a deviation of 3.52% from the value 

of 4.440 μm by FE simulation. And Fig. 10(b) also shows that the surface pile-up on the two 

side of the groove is not symmetrical. Specifically, the maximum height of surface pile-up on 

the right side of the groove is 2 μm, which has a deviation of 8.5% from the value of 2.17 μm by 

FE simulation. 

 

Fig. 10 Morphology of single groove by using UIP. (a) SEM image of groove morphology; (b) 
Groove profile. 
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3.4 Micro-structures fabrication by UIP 

Above theoretical analysis, FE simulation and experimental work jointly demonstrate the 

feasibility of fabrication of high precision single groove micro-structure on 316L stainless steel 

by using UIP. Therefore, surface micro-structures composed of aligned grooves with a depth of 

2 μm and a periodicity of 240 μm are fabricated on 316L stainless steel by using UIP with a 

YG6 cemented carbide tool. In addition, the same micro-structures are also fabricated by using 

UEVC with a single crystal diamond tool.  

 

Fig. 11 Micro-structures composed of aligned grooves fabricated on 316L stainless steel. (a) 
Schematic illustration of micro-structures fabrication strategy; (b) Characterization of 

micro-structures by an optical microscopy; Fabricated micro-structures by using (c) UIP and (d) 
UEVC. 

Fig. 11(a) illustrates the tool motion strategy employed in the micro-structures fabrication, 

which is the same for both UIP and UEVC. Specifically, the tool firstly moves in the processing 

direction to achieve the fabrication of the first groove, and then moves in the feed direction to 
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fabricate the neighboring second groove. By precisely controlling the feed of the tool, groove 

micro-structures with a depth of 2 μm can be fabricated by the intersection of adjacent grooves. 

A SuperEyes B011 optical microscope is utilized to characterize the surface image of the 

microstructures, as shown in Fig. 11(b). Accordingly, Fig. 11(c) and (d) shows the optical image 

of as-fabricated micro-structures by using UIP and UEVC, respectively, which both show 

well-aligned uniform grooves fabricated on stainless steel. Since a blunt spherical cutting edge 

is used in UIP, the resulting form accuracy of as-fabricated grooves by using UIP is lower than 

that by using UEVC with an ultra-sharp cutting edge. And there are also minor flaws observed 

on the micro-structures by using UIP. 

 

Fig. 12 Geometrical features of as-fabricated micro-structures on stainless steel. Morphology of 
groove by using (a) UIP and (b) UEVC; (c) Surface profile of grooves; (d) Variations of groove 

bottom surface height.  

The geometrical features of as-fabricated micro-structures are further characterized by a 

Zygo white light interferometer. Fig. 12(a) and (b) presents morphology of as-fabricated 
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micro-structures by using UIP and UEVC, respectively, which shows long range uniformity of 

micro-structures for each method. Fig. 12(c) further plots surface profiles of micro-structures, 

which show a highly agreement in groove width for the two machining methods. However, the 

groove depth by using UIP is 2.14 μm, which is slightly higher than that of 1.92 μm by using 

UEVC. Furthermore, the groove uniformity by using UIP is better than that by using UEVC. Fig. 

12(c) also demonstrates a sharper groove peak by UEVC than that by UIP, which is also 

attributed to different tool geometries used. Fig. 12(d) further plots variations of groove bottom 

surface height with groove length, which indicate less pronounced fluctuations by using UIP 

than that by using UEVC, thus suggesting a smoother groove bottom can be achived by using 

UIP. Although above results indicate that high precision surface micro-structures can be 

successfully fabricated on 316L stainless steel by using UIP with the machining strategy shown 

in Fig. 11(a), the ratio of width to depth for the as-fabricated micro-structures is greatly limited, 

due to the small vertical vibration amplitude and the blunt spherical cutting edge. 

 

3.5 Frictional properties of as-fabricated micro-structures 

 

Fig. 13 Frictional properties of as-fabricated microstructures. (a) Variations of friction 
coefficient within 2 sliding cycles; (b) Variations of average friction coefficient within entire 

friction test of 300 sliding cycles. 

The as-fabricated micro-structures by using both UIP and UEVC are subjected to linear 

reciprocating ball-disk sliding tests. Fig. 13(a) depicts the friction coefficient of as-fabricated 
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micro-structures in the first two sliding cycles after the running-in period. It is seen from Fig. 

13(a) that the variation of friction coefficient for each method has similar characteristics. 

Specifically, friction coefficient fluctuates around constant values in both forward and backward 

sliding processes. Furthermore, the constant value in forwarding sliding process is larger than 

that in backward sliding process. However, the friction coefficient of the micro-structures by 

using UIP is slightly higher than that by using UEVC.  

Fig. 13(b) further depicts variations of average friction coefficient with sliding cycle 

number in the entire sliding tests of the two micro-structures. The average friction coefficient is 

derived by averaging the friction coefficient in three repeated sliding tests, and corresponding 

error bars are also presented. It is seen from Fig. 13(b) that the variation of average friction 

coefficient for each machining method has similar features, as descending in the running-in 

period and then fluctuating around a constant value in the following stable sliding stage. 

However, the duration of running-in period is shorter for the micro-structures fabricated by 

using UEVC than that by using UIP. Furthermore, the constant friction coefficient for the 

micro-structures fabricated by using UEVC is 0.106, which is smaller than that of 0.113 by 

using UIP. The higher friction coefficient for the micro-structures fabricated by using UIP than 

that by using UEVC can be attributed to more serious work hardening occurred within treated 

material without material removal.  

Fig. 14 presents FE simulation results of residual stress distributions within treated 

specimen surface after processing by using UIP and UEVC. It is seen from Figs. 14(a) and (b) 

that there are mainly residual compressive stresses existed on the specimen surface for the two 

machining methods. However, there are also considerable residual tensile stress existed on the 

surface for UIP, as demonstrated in Fig. 14(a). For UEVC, the residual tensile stress is mainly 

confined within the formed chip. Fig. 14(c) and (d) further quantitatively plots the variations of 

horizontal residual stress and vertical residual stress with machining length, respectively. Fig. 

14(c) shows that the horizontal compressive residual stress for UIP ranges from 50 MPa to 
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150MPa. Hu et al. measured the residual stress of UIP-treated 316L welded butt-joint through 

blind-holes method, and found that the horizontal compressive residual stress is 95 MPa, which 

agrees well with the predicted values shown in Fig. 14 [44]. 

 

Fig. 14 Cross-sectional residual stress contour of specimen treated by using (a) UIP and (b) 
UEVC; Variation of residual stress in (c) horizontal stress and (d) vertical stress. 

It is seen from Figs. 14(c) and (d) that there are small horizontal residual stress and large 

vertical stress generated on the surface for UEVC, as compared to that for UIP. In particular, the 

vertical stress for UIP is significantly reduced compared to that for UEVC, indicating a stable 

state of material deformation. Furthermore, the residual stresses in both horizontal and vertical 

directions for UIP have significantly less pronounced fluctuations than that for UEVC. The 

homogeneous distribution of residual stress for UIP can be mainly attributed to refinement of 

surface grains [45-46]. Rai et al. reported that the applying of UIP leads to grain refinement up 

to nano scale in surface region of 316L stainless steel, accompanied with enhanced mechanical 

properties such as microhardness, yield strength, tensile strength [45]. The existence of residual 

stress is closely related with mechanical properties of machined surface. Gale et al. showed that 
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the yield stress of DMLS 316L stainless steel treated by UIP is 37% higher than untreated one 

[47]. Therefore, the friction coefficient for UIP is larger than that for UEVC, due to more 

pronounced residual stress formed.  

 

4 Summary 

In summary, we demonstrate the feasibility of applying UIP in the fabrication of high 

precise surface micro-structure on 316L stainless steel using a YG6 cemented carbide tool. 

Specifically, the deformation map of the material in cyclic loading is analytical investigated, and 

the analyzed groove geometry and contact stress are validated by FE simulation of UIP based on 

a combined non-linear isotropic/kinematic hardening model. Meanwhile, single groove 

microstructure is fabricated on home-made UIP apparatus to further validate the theoretical and 

FE simulation results. Subsequently, surface micro-structures composed of aligned grooves with 

a depth of 2 μm and a periodicity of 240 μm are successfully fabricated on 316L stainless steel 

by using UIP, which are then subjected to linear reciprocating ball-disk sliding tests. The 

as-fabricated micro-structures by using UIP possess fairly comparable geometrical accuracy and 

frictional properties with the same micro-structures fabricated by using UEVC with a diamond 

tool. 
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Figures

Figure 1

Experimental setup of UIP apparatus. (a) Overall con�guration; (b) enlarged view of tool-workpiece
contact.

Figure 2

Schematic diagram of surface micro-structures fabrication by using UIP.



Figure 3

3D FE model of UIP.

Figure 4

Schematic diagram of UIP processing. (a) Holistic diagram of sequential impact events; (b) Enlarged view
of sequential impact events.



Figure 5

FE simulation results of surface evolution in single impact process. a) Start of loading stage; b) End of
loading stage; c) Initial period of unloading stage; d) End of unloading stage.



Figure 6

Analytical investigation and FE simulation of single impact process. (a) distribution of vertical stress; (b)
Comparison of groove pro�le; (c) Cross-sectional stress pro�le of contacted surface; (d) Contact force.



Figure 7

FE simulation of surface morphology evolution in continuous impact process. (a) Start processing, (b)
one groove, (c) two grooves, (d) three grooves.

Figure 8

Morphology of groove bottom surface by using UIP. (a) Groove pro�le along groove direction; (b) Enlarged
view of groove bottom.



Figure 9

Stress distribution at different depths at the groove bottom. (a) Mises stress distribution; (b) Variations of
residual stress with depth.

Figure 10

Morphology of single groove by using UIP. (a) SEM image of groove morphology; (b) Groove pro�le.



Figure 11

Micro-structures composed of aligned grooves fabricated on 316L stainless steel. (a) Schematic
illustration of micro-structures fabrication strategy; (b) Characterization of micro-structures by an optical
microscopy; Fabricated micro-structures by using (c) UIP and (d) UEVC.



Figure 12

Geometrical features of as-fabricated micro-structures on stainless steel. Morphology of groove by using
(a) UIP and (b) UEVC; (c) Surface pro�le of grooves; (d) Variations of groove bottom surface height.

Figure 13

Frictional properties of as-fabricated microstructures. (a) Variations of friction coe�cient within 2 sliding
cycles; (b) Variations of average friction coe�cient within entire friction test of 300 sliding cycles.



Figure 14

Cross-sectional residual stress contour of specimen treated by using (a) UIP and (b) UEVC; Variation of
residual stress in (c) horizontal stress and (d) vertical stress.


