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Abstract: The impact-sliding wear behavior of steam generator tubes in nuclear power plants is complex owing 

to the dynamic nature of the mechanical response and self-induced tribological changes. In this study, the effects 

of impact and sliding velocity on the impact-sliding wear behavior of a 2.25Cr1Mo steel tube are investigated 

experimentally and numerically. In the experimental study, a wear test rig that can measure changes in the 

impact and friction forces as well as the compressive displacement over different wear cycles, both in real time, 

is designed. A semi-analytical model based on the Archard wear law and Hertz contact theory is used to 

predict wear. The results indicate that the impact dynamic effect by the impact velocity is more significant than 

that of the sliding velocity, and that both velocities affect the friction force and wear degree. The experimental 

results for the wear depth evolution agree well with the corresponding simulation predictions. 
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1 Introduction 

In 1957, the world’s first commercial nuclear power 

plant (Shipping Port, USA) began generating electricity, 

indicating that humans had entered the era of peaceful 

nuclear energy usage [1]. Currently, second- and 

third-generation nuclear power reactors are operated 

normally worldwide. In the early 21st century, to 

improve the thermal efficiency and operational safety 

of existing nuclear power reactors, researchers began to 

study and develop fourth-generation nuclear reactors, 

whose commercial operations are expected to begin 

after the 2030s [2, 3]. 

The steam generator tube is an important com-

ponent of nuclear power plants that operate under 

harsh operating conditions. Currently, Inconel 600, 

690, and 800 steam generator tubes are installed in 

most active nuclear power plants [4, 5]. The 2.25Cr1Mo 

steel tube has been widely used in fourth-generation 

sodium-cooled experimental fast reactors, primarily 

owing to its high resistance to hydrogen attacks and 

excellent high-temperature strength [6]. However, 

owing to the combined effects of high flow rate, high 

fluid pressure and temperature, and narrow clearance 

between tubes and anti-vibration bars, various wear 

behaviors were observed on their surfaces, which 

significantly degraded their operating performance 

and service life [7–9]. 

The wear types that have been investigated for 

this type of tube include sliding, impact, and impact- 

sliding wear. These wear types are classified primarily 

based on the relative movements of the interacting 

surfaces. In sliding wear, one wear surface undergoes 

tangential slip motion relative to the other surface. 

Hence, the motion model of the test rigs used to 

investigate this type of wear always involves a fixed 

sample and another friction pair performing a 

reciprocating slip motion. Numerous specific conditions, 
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Nomenclature 

n Impact-sliding wear cycles Fs(t) Friction force vs. time (N) 

Δhmax Maximum wear depth for n cycle Fsmax Maximum friction force (N) 

hn 

 

Maximum wear depth after n wear  

cycles (μm)  

a 

b 

Half-width of contact area (mm) 

Half-length of contact area (mm) 

Δn Increment of wear cycles Δs Displacement amplitude per wear cycle (μm) 

hΔn 

 

Increment of wear depth after Δn wear 

cycles (μm) 

G 

  

Shear modulus of tube (MPa) 

Average friction coefficient 

V Wear volume (μm3) j Collected data point 

Fi(t) Impact force vs. time (N) μj Friction coefficient for each data point 

m Mass of impact block (g) dv Wear volume for each cycle (μm3) 

δi(t) Impact displacement vs. time (μm) wc Wear coefficient (μm3/(N·m)) 

E Effective elastic modulus (MPa) ds Increment of sliding amplitude (μm) 

R Effective radius (mm) ΔE Friction dissipated energy per cycle (mJ) 

R1 Diameter of cylinder (mm) vs Sliding velocity (mm/s) 

R2 Outer diameter of tube (mm) vs Sliding velocity vs. time (mm/s) 

E1 Young’s modulus of cylinder (MPa) Ed Cumulated dissipated energy (mJ) 

E2 Young’s modulus of tube (MPa) p(x,y) Contact pressure of point (x,y) (Pa) 

ʋ1 Poisson’s ratio of cylinder pimax Maximum compressive pressure (Pa) 

ʋ2 Poisson’s ratio of tube dh Increment of wear depth per cycle (μm) 

v0 Initial impact velocity (mm/s) dA Increment of wear area per cycle (μm2) 

δimax 

Fimax 

Maximum impact displacement (μm) 

Maximum impact force (N) 

dhmax 

 

Increment of ear depth at point of maximum  

contact pressure (μm) 

tc Phase of compression (ms) Δt Increment of wear contact time (ms) 

vi(t) Impact velocity vs. time (mm/s) A Contact area per cycle (mm2) 

μ Friction coefficient   

 

such as temperature, liquid solution, and contact model, 

have been investigated for these wear types [10–13]. 

Impact wear occurs when the steam generator tube  

is continuously impacted by another component. 

Souillart et al. [14, 15] used shakers to create an impact 

between a tube and a plate; the impact force or 

frequency during the wear process was adjustable. 

Cai et al. [16–18] controlled the kinetic impact energy 

to conduct impact wear testing on various steam- 

generating tubes. The dynamic responses of the impact 

force and energy dissipation can be monitored in 

real time during the wear process. In impact-sliding 

wear, normal impact and tangential slip movements 

occur simultaneously between the tube and its wear 

pair during the wear process. Guo et al. [19] and 

Van Herpen et al. [20] used a vibration generator to 

excite the tube and investigated its impact-sliding 

wear behavior. Chen [21] employed two voice coil 

motors with an orthogonal layout to drive the tube 

and its wear pair separately. The load and frequency 

of the impact motion, as well as the frequency and 

displacement amplitude of the sliding motion, can 

be set arbitrarily. Yin et al. [22, 23] developed an 

impact-sliding wear test rig to investigate the wear 

behavior of nuclear grade 690 alloy tubes under 

different impact kinetic energies and sliding velocities. 

Compared with pure impact or sliding wear, the 

relative motion between components that experience 
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impact-sliding wear was various and complex; con-

sequently, relevant experimental studies pertaining 

to this wear type became more complicated. 

The wear behavior of steam generator tubes is a 

complex dynamic process, and various studies have 

been conducted to comprehensively analyze the 

effects of different variables on their wear responses 

and damage mechanisms. Guo et al. [24] and Mi et al. 

[25] discovered that during the sliding wear process, 

as the normal load increased, the wear coefficient  

first decreased and then remained relatively constant. 

Xin et al. [26, 27] reported that the friction coefficient 

and wear volume increased with the sliding amplitude. 

Guan [28] concluded that increasing the initial impact 

velocity decreased the energy absorption ratio during 

each impact wear cycle. Souilliart et al. [14, 15] 

discovered that by increasing the impact angle, the 

wear volume first increased and then decreased. Sato 

et al. [29] observed that the wear volume caused by 

impact-sliding wear was significantly larger than 

that caused by pure impact or sliding wear under the 

same impulse. In addition to the various experimental 

studies conducted to investigate the wear behaviors 

of various steam generator tubes, different theoretical 

analyses and numerical calculation models of wear 

have been implemented. The classical Archard wear 

law and energy dissipation wear model have been 

widely employed to predict the wear characteristics 

of materials. The dynamic mechanical properties 

can be analyzed using the Hertz contact theory and 

Coulomb’s law [30]. The mechanical response, energy 

dissipation, wear mechanism, and other physical 

phenomena associated with impact-sliding wear are 

extremely complex. However, experimental studies 

and theoretical analyses remain relatively scarce and 

under-developed.  

In the present study, the effects of various impact 

and sliding velocities on the impact-sliding wear 

behavior of a test tube were experimentally and 

numerically investigated. Several mathematical 

formulas relevant to the mechanical equations and 

wear evolution of the test samples were derived based 

on the Hertz elastic contact theory and Archard wear 

law. All the test and simulation results were evaluated 

to obtain a better understanding of the tribological 

characteristics during the impact-sliding wear process 

and to provide reference values for the wear analyses 

of steam generator tubes. 

2 Materials and methods 

2.1 Experimental materials 

The sample tubes used in this study were 2.25Cr1Mo 

chromium molybdenum alloy steel, and the cylindrical 

impact head was a GCr15 bearing steel. A cylinder- 

tube contact mode was applied in this study (Fig. 1(b)). 

The diameter and length of the cylinder were 10 and 

15 mm, respectively. The tube had an external diameter 

of 16 mm, thickness of 2.5 mm, and length of 30 mm. 

The mechanical properties of the investigated materials 

are listed in Table 1. Because both materials were 

homogenous, it was assumed that the material 

properties did not affect the analysis or experimental 

results. Prior to wear testing, the samples were ground 

with 1,500 grit paper and polished with 0.5 μm diamond 

suspension. After processing, all test samples were 

ultrasonically cleaned in ethyl alcohol and then dried 

with compressed air. 

2.2 Impact-sliding wear test rig 

An impact-sliding wear test rig (Fig. 1(a)) was designed 

to investigate the wear behavior of the test samples. 

During each wear cycle, the tube (4 in Fig. 1(a)) slid 

at a constant velocity (vs) driven by a linear motor 

along the sliding direction (1 in Fig. 1(a)). The cylinder 

(9 in Fig. 1(a)) was fixed on the impact block (6 in  

Fig. 1(a)), and its kinetic energy was provided by a 

linear motor in the impact direction (7 in Fig. 1(a)). 

When the velocity of the impact block reached a 

specified value (v0), the impact block was disengaged 

from the motor and rubbed against the sliding tube 

(4 in Fig. 1(a)). After the impact-sliding wear process 

was completed, the impact block was reversed   

(Fig. 1(c)). Additional details regarding to the test rig 

are available in Refs. [19, 20]. In each wear cycle, the 

normal impact load and tangential friction force 

exerting on the test tube over time were acquired using 

two piezoelectric force sensors (2 and 8 in Fig. 1(a)). 

The variations in the displacement of the impact block 

were recorded using a grating sensor (5 in Fig. 1(a)) 

in the impact direction.  
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2.3 Semi-analytical method 

A semi-analytical contact solver, which enables the 

solution of discretized three-dimensional (3D) contact 

problems in an extremely short central processing 

unit time, was used to predict the wear evolution of 

the tube under different cycles in each impact-sliding 

wear test. The Hertzian contact mechanics and 

Archard wear law were applied to analyze the wear 

evolution and mechanical behavior; details regarding  

this semi-analytical element method are available in 

Refs. [31–33]. Because the impact velocity of the cylinder 

was significantly lower than that of the elastic waves 

propagating in the investigated materials, the impact- 

sliding wear contact behavior was considered to be 

quasi-static. A flowchart of the iteration procedure 

used to simulate this wear is shown in Fig. 2. Initial 

input parameters, including the normal force, sliding 

displacement, material properties, and geometry, were 

required. At each time step, the normal force was 

determined from the current impact velocity, and 

the normal impact load was used as the input to 

the classical elastic–plastic contact model. During 

the solution process, the contact pressure and wear 

deformation were simultaneously solved via an iterative  

 

Fig. 2 Flow chart of semi-analytical impact-sliding model.  

 

Fig. 1 Chematic illustration of impact-sliding wear. (a) Impact-sliding wear test rig (1-Linear motor-sliding, 2-Sliding displacement 
sensors, 3-Impact force sensors, 4-Tubes, 5-Grating sensors, 6-Impact blocks, 7-Linear motor impacts, 8-Friction force sensors, and 
9-Cylinders), (b) tube and cylinder, and (c) impact-sliding wear process.  

Table 1 Mechanical properties of cylinder and tube. 

Material E (GPa) υ Density, ρ (kg/m3) Shear modulus (GPa) Hardness (HV0.2)

2.25Cr1Mo 179.32 0.33 7.75 67.5 207.02 

GCr15 210 0.30 7.81 74.33 763.11 

 



Friction 10(3): 473–490 (2022) 477 

www.Springer.com/journal/40544 | Friction 
 

procedure based on the conjugate gradient method, 

and the repeated evolution of contact deformation 

was realized via a fast Fourier transform. Repeated 

iterations for each load and displacement increment 

were tested until convergence was achieved [34, 35].  

The effects of the impact velocity of the cylinder and 

sliding speed of the tube on the impact-sliding wear 

behavior of the tube were investigated in this study. 

The impact velocity was selected based on the actual 

range of normal impact force generated between the 

steam generator tube and its supporter, whereas 

the sliding velocity was selected based on the actual 

fretting amplitude. The main experimental parameters 

of the impact-sliding wear test are listed in Table 2. 

The wear test for each set of experimental parameters 

was repeated three times (I, II, and III) to ensure the 

accuracy and repeatability of the results. 

After wear testing, the surface morphologies and 

profiles of all the wear scars were observed using a 

scanning electron microscope (JSM-6610, Japan) and 

a 3D optical microscope (Bruker Contour GT-1, 

Germany), respectively. All the wear test results were 

analyzed to comprehensively understand the evolution 

of the mechanical and tribological mechanisms of the 

tube under different wear conditions. 

3 Results and discussion 

3.1 Dynamic mechanical behavior 

The test tube was subjected to pure normal impact 

wear when the sliding speed was zero (vs = 0, Fig. 3). 

The Hertz theory of normal contact between two  

 
Fig. 3 Schematic illustration of impact wear of tube. 

perpendicularly crossed elastic cylinders was used to 

investigate the mathematical relationships among the 

impact velocity, force, and displacement. The impact 

displacement and force were determined from the 

impact velocities. Based on Newton’s second law 

and the Hertz elastic theory, at each instant during 

the impact contact process, the rate of change of the 

impact velocity depends on the interaction force and 

compressive displacement, which are expressed in 

Eqs. (1) and (2). The impact force and compressive 

displacement reached their maximum values as the 

instantaneous impact velocity was reduced to zero, 

which is consistent with Eqs. (3)–(7) [36, 37]. The 

constant k0 represents the stiffness parameter, which 

depends on the structural and functional characteristics 

of the impact-sliding wear test rig.  
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Table 2 Impact-sliding wear test conditions. 

Contact model Cylinder/Tube 

Mass of impact block (g) 600 

Number of wear cycles, n 104 

Temperature (°C) 27 

Impact velocity (mm/s) 60 
I 

Sliding velocity (mm/s) 0 30 45 60 75 90 

Impact velocity (mm/s) 30 45 60 75 90 — 
II 

Sliding velocity (mm/s) 0 

Impact velocity (mm/s) 30 45 60 75 90 — 
III 

Sliding velocity (mm/s) 60 
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Based on the experimental results, the approximate 

value of k0 was derived to be 0.06. The concrete 

expressions for the maximum impact displacement 

and force are expressed in Eqs. (8) and (9), respectively. 

Figrue 4 shows the experimental and calculated data 

for both the maximum impact displacement and force 

at different impact velocities. When the impact velocity 

increased from 30 to 90 mm/s, the maximum impact 

displacement increased from approximately 15.6 to 

37.6 μm, as shown in Fig. 4(a). The corresponding 

maximum impact forces increased from 43.4 to 161.7 N, 

as shown in Fig. 4(b). All the data obtained from the 

derived mathematical equations agreed well with the 

experimental results.  
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The period during which the cylinder impacted the 

tube can be segregated into an initial compression 

phase (tc) and a subsequent restitution phase (tr). 

Because we assumed that these phases were per-

fectly elastic and that kinetic energy dissipation was 

negligible, the impact deformation was perfectly 

reversible (tc ≈ tr) [38]. The compression phase was 

terminated when the velocity of the impact block 

became zero. At this moment, both the compressive 

relative displacement and interaction impact force 

were maximized, as indicated by Eq. (10). Hence, 

based on Eqs. (4) and (11), as well as the experimental 

results, the relationship between the compression 

period tc and initial impact velocity v0 is defined as 

shown in Eq. (12) [36, 38]. 
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Fig. 4 Maximum impact displacement and force vs. impact velocity: (a) maximum impact displacement and (b) maximum impact force.
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The variation in the Hertz impact force over time  

is nonlinear and expressed as a definite integral. 

Therefore, the expression of the impact force vs. time 

can be substituted with a sine function to simplify 

the treatment for Eq. (13) [36–38]. Substituting 

Eq. (13) into Eq. (2) yields the expression for the 

impact displacement at any time node, as indicated 

by Eq. (14): 
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Figures 5(a) and 5(b) present the evolutions of the 

impact force and displacement over time at different 

impact velocities, respectively. The impact force and 

displacement, which varied with respect to time, were 

calculated using Eqs. (13) and (14), respectively. As 

shown in Fig. 5, the results obtained using the present 

expressions were similar to the experimental data. 

In this study, the speed ranges of the moving tube 

and cylinder were in units of millimeters per second; 

hence, the impact-sliding wear can be considered as 

a quasi-static process. Within each cycle, the shape 

of the wear contact area between the cylinder and 

tube remained elliptical. Moreover, because full 

sliding conditions were used and the two materials 

indicated similar Young’s moduli and Poisson’s 

ratios, no coupling occurred between the normal 

and tangential problems. Hence, it can be inferred 

that the tangential friction force did not contribute to 

the normal elastic approach. The normal contact in 

this study remained within the framework of Hertz’s 

hypotheses [37, 39]. 

Figure 6(a) presents the changes in the impact force 

with respect to time at various sliding velocities and 

an impact speed of 60 mm/s. The differences between 

the results for different sliding velocities were 

insignificant. At a constant sliding velocity of the tube, 

the evolution of the dynamic impact force in a single 

wear cycle, which was affected by various impact 

velocities, is shown in Fig. 6(b). The results indicate  

that the impact force subjected to the tube during the 

impact-sliding wear process was identical to that in 

the case of pure impact wear. The experimental data 

for the maximum impact force for different numbers 

of wear cycles under each impact-sliding wear condition 

are shown in Figs. 6(c) and 6(d). No significant changes  

were indicated in the maximum impact force as the 

number of wear cycles increased. 

Figure 7(a) presents curves that indicate changes in  

Fig. 5 Impact force and displacement vs. time for various impact velocities: (a) impact force with respect to vi and (b) impact 
displacement with respect to vi. 
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the impact displacement over time at various sliding 

velocities. Despite the slight difference among them, 

they were considered the same in the range of 

experimental errors. Figure 7(b) shows that, when 

the impact velocity increased from 30 to 90 mm/s, the 

experimental data corresponding to the maximum 

impact displacement increased from approximately 

15.2 to 38.3 μm. The data agreed well with the 

calculation results.  

The impact displacement was primarily driven by 

the impact velocity, and the sliding velocity affected the 

tangential friction force. Although coupling occurred 

between the normal and tangential behaviors, the 

impact velocity affected the impact displacement, and 

it was a second-order effect.  

During each cycle of the impact-sliding wear contact 

process, the tube propagated unidirectionally along 

the y-axis in a steady sliding motion, as shown in 

Fig. 8(a). A tangential friction force was exerted along 

with the normal impact force on the wear surface, as 

shown in Fig. 8(b). The normal impact force resulted 

in Hertz contact stresses with maximal subsurface 

shear stresses, whereas the tangential friction force 

resulted in shear tractions. The effects of bot stress on 

wear must be determined [37].  

Figures 9(a) and 9(b) show the evolutions of the 

maximum friction force with respect to the number 

of wear cycles for different tube sliding velocities 

and cylinder impact speeds. The data presented were 

acquired using a piezoelectric force sensor. It is 

noteworthy that the magnitude of the friction force 

depends on many factors, such as the normal impact 

force, surface morphology, and contact time; hence, 

in many cases, it is difficult to predict a definite value 

of the friction force based on standard mathematical 

expressions for different wear conditions [40]. Under 

each wear condition investigated in this study, the 

friction forces increased with the number of wear 

cycles at the initial running-in wear stage, and then 

fluctuated slightly within a stable range as the wear 

 

Fig. 6 Impact force for various impact and sliding velocities: (a) impact force for various vs, n = 10; (b) impact force for various vi, n = 10;
(c) maximum impact force vs. cycles for various vs; (d) maximum impact force vs. cycles for various vi. 
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began to stabilize. Additionally, the maximum friction 

force increased with the tube’s sliding velocity or the 

cylinder’s impact speed. 

3.2 Wear evolution 

In the present study, it was assumed that no stick or 

partial slip occurred between the cylinder and tube 

during the entire impact-sliding wear process; in  

other words, the wear contact surface was in a com-

plete sliding condition. Hence, the friction coefficient 

provided a crude first-order approximation of the 

quotient of the tangential frictional force and normal 

impact force, as expressed by Eq. (15):  

  s smax

i imax

( )

( )

F t F

F t F
              (15) 

 

Fig. 7 Impact displacement for various impact and sliding velocities, n = 10. (a) Impact displacement for various vs; (b) impact 
displacement for various vi. 

 

Fig. 8 Diagram of impact-sliding wear process: (a) cylinder wear with tube; (b) impact and friction forces. 

 

Fig. 9 Friction force vs. number of cycles for different impact and sliding velocities: (a) friction force for different vs; (b) friction force
for different vi. 
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During the wear process, the continuous impact 

between the cylinder and sliding tube along the 

perpendicular axes (with radii R1 and R2, respectively) 

resulted in an elliptical contact area. Figure 10 shows 

the contact area at the moment when the impact speed 

of the cylinder was reduced to zero. The width and 

length of the semi-axes of the contact area can be 

calculated using Eq. (16) [41]. The width and length 

were affected by the impact velocity; both increased 

with the impact velocity of the cylinder, as shown 

in Fig. 11(b).  





 




1 imax

2 imax

a R

b R
             (16) 

The magnitude and direction of the tube’s sliding 

velocity remained constant in each wear cycle; hence, 

the relative displacement of the wear surface was 

proportional to the sliding velocity of the tube, as 

indicated by Eq. (17) [38]. Based on the relationships 

among the normal impact force, tangential displace-

ment, and shear stress, the displacement of the surface 

points inside the wear contact area is expressed in 

Eq. (18) [38]. It can be concluded that the friction 

coefficient is always proportional to the surface 

displacement, and the length of the contact area is 

inversely proportional to the impact force, as shown 

in Eq. (19) [38, 41]. Thirty data points were acquired 

from each impact-sliding wear test. The mean friction 

coefficient is the average value of all the friction 

coefficients, as expressed by Eq. (20). 
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Fig. 10 Illustration of cylinder contact with tube: (a) contact between cylinder and tube; (b) contact area. 

 

Fig. 11 Half width and length of contact area under different wear conditions: (a) vi = 60 mm/s; (b) vs = 60 mm/s. 
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Figures 12(a) and 12(b) show the changes in the 

friction coefficient over the wear cycles under 

different wear conditions. The variation tendency 

against number of cycles was similar to that of the 

friction force. In the running-in stage, the friction 

coefficient increased continuously with the number 

of wear cycles, which is attributable to the increased 

adhesion and abrasion on the wear contact surface. 

After equilibrium was attained between the generation 

and ejection of wear debris, the wear process stabilized, 

and the friction coefficient fluctuated only within a 

small range. The average friction coefficient for the 

entire wear process increased from approximately 

0.156 to 0.295 as the sliding velocity increased from 30 

to 90 mm/s at an impact velocity of 60 mm/s. In this 

case, the normal impact force remained unchanged, 

and the tangential friction force increased with the 

sliding velocity; hence, the average friction coefficient 

increased, as shown in Fig. 12(c). At a sliding velocity 

of 60 mm/s, the average friction coefficient decreased 

from 0.215 to 0.167 as the impact velocity increased 

from 30 to 90 mm/s. When the sliding velocity was 

constant, both the tangential friction force and normal 

impact force increased with the impact velocity. 

However, the effects of the impact velocity on the 

normal impact force were more significant than those 

on the tangential friction force. Therefore, the friction 

coefficient decreased slightly as the impact velocity 

increased, as shown in Fig. 12(d).  

Wear is often manifested as material loss due to 

the relative motion between contacting surfaces. 

Figure 13 shows the difference in the maximum 

wear depth and wear volume of the wear scar under 

various wear conditions. The data presented were 

obtained using a 3D optical microscope. Both the 

wear volume and maximum wear depth increased 

with the sliding or impact velocity. When the impact 

velocity was 60 mm/s, the maximum wear depth and 

wear volume increased by approximately 1.4 μm 

and 6.68 × 105 μm3, respectively, as the tube’s sliding 

velocity increased from 30 to 90 mm/s, as shown in 

Fig. 13(a). As the impact velocity increased from 30 to 

90 mm/s at a sliding velocity of 60 mm/s, the maximum 

wear depth and wear volume increased from 

approximately 1.03 to 6.49 μm and from 3.38 × 105 to 

16.12 × 105 μm3, respectively, as shown in Fig. 13(b). 

The wear process is a friction energy dissipation 

process that generates wear particles [42]. The classical  

 

Fig. 12 Friction coefficient for different impact and sliding velocities: (a) friction coefficient for various vs; (b) friction coefficient for 
various vi; (c) average friction coefficient vs. vs; (d) average friction coefficient vs. vi. 
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Archard model assumes that the wear volume is 

proportional to the normal load and sliding dis-

placement, and inversely proportional to the material’s 

hardness [43]. Combined with the Coulomb friction 

model, the Archard model can be transformed into 

Eq. (21). In this study, the dissipated friction energy 

in each wear cycle can be calculated using Eq. (22), 

and the total friction energy dissipated in each wear 

test is the sum of all the ΔE values, as indicated by  

Eq. (23). The wear volume appears to be directly 

proportional to the dissipated friction energy, and 

the wear coefficient under each wear condition can 

be calculated using Eq. (24). The values of the total 

wear volume were obtained from the experimental 

results. 
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The friction energy dissipation per wear cycle and 

wear coefficient under each wear condition are shown 

in Fig. 14. As the tube sliding velocity or cylinder 

impact speed increased, the dissipated friction energy 

in each wear cycle increased. The wear coefficient 

decreased as the sliding velocity increased, whereas 

it increased with the impact velocity. 

When the cylinder’s impact velocity was reduced 

to zero, the normal impact force was maximized, 

and the pressure distribution in the contact area is 

 

Fig. 13 Wear depth and volume for various impact and sliding velocities, n = 104. (a) Wear depth and volume for various vs; (b) wear 
depth and volume for various vi. 

 

Fig. 14 Dissipated friction energy for each cycle and wear coefficient: (a) vi = 60 mm/s; (b) vs = 60 mm/s. 
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expressed as shown in Eq. (25). Based on the values 

estimated through a preliminary finite element 

analysis, the mathematical relationship between the 

maximum impact force and compressive stress is as 

shown in Eq. (26) [38]. The maximum compressive 

stress is proportional to the maximum impact force 

and inversely proportional to the wear contact area. 


  

22

imax 2 2

( )( )
( , ) 1

y bx a
p x y p

a b
      (25) 

 imax
imax 0.0256

F
p

ab
              (26) 

The followings were assumed for the semi-analytical 

simulations presented herein: The friction coefficient 

in each test was assumed to be constant and equal to 

the average friction coefficient. In each simulation test, 

the normal load and local sliding amplitude were 

assumed to be constant during the wear cycles. Every 

impact-sliding wear cycle was equally partitioned 

into k increments, and the tube’s sliding displacement 

increment was ds.  

Based on the modified Archard equation expressed 

by Eq. (27), the wear depth increment at the point of 

maximum impact force was determined using Eq. (28). 

Additionally, because the wear amount in a single 

cycle must be low, we assumed that the maximum 

contact pressure was constant during every Δn wear 

cycle. Hence, the cumulative wear depth of the tube 

during the next Δn wear cycles can be calculated 

using Eq. (29). The calculations were terminated when 

the number of wear cycles exceeded the set maximum 

number of wear cycles [34, 35].  
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The evolution of the contact pressure curves along 

the y-axis at the point where the cylinder’s impact 

velocity was reduced to zero is shown in Figs. 15(a) 

and 15(b). As the impact-sliding wear progressed,  

the peaks of all the contact pressures decreased. 

Additionally, two small local peaks appeared at both 

edges of the contact region, possibly owing to the 

sharp profiles at the edges of the wear region and the 

discontinuity of the curvature radius at the borders 

between the worn and unworn regions, both of which 

can result in local stress concentrations [35, 44]. 

Figures 15(c) and 15(d) show the semi-analytical 

predicted changes in the maximum contact pressure 

vs. the number of wear cycles under various test 

conditions. All the values decreased as the number of 

wear cycles increased owing to the increasing contact 

area caused by the wear between the tube and cylinder. 

The reduction rate of the contact pressure decreased 

gradually and finally stabilized. 

The maximum wear depth vs. the number of cycles 

under different impact-sliding wear conditions is 

shown in Fig. 16. The maximum wear depth increased 

with the tube sliding velocity or cylinder impact 

velocity, whereas it decreased as the number of wear 

cycles increased, indicating that the wear process 

stabilized gradually. 

The wear contact area per cycle in each impact- 

sliding wear test can be calculated using Eq. (30) [38]. 

Figure 17(a) shows the size of the contact area affected 

by different sliding velocities at a certain impact speed. 

The changes in the wear contact area at various impact 

velocities when the sliding velocity of the tube was 

60 mm/s are shown in Fig. 17(b). The results indicate 

that the magnitude of the increase in the contact area 

caused by the impact velocity was higher than that 

caused by the sliding velocity. The area expanded  

by approximately 0.065 mm2 as the sliding velocity 

increased from 30 to 90 mm/s, whereas the area 

increased by approximately 0.887 mm2 as the impact 

velocity increased from 30 to 90 mm/s at a sliding 

velocity of 60 mm/s. 

 
s c

π ( )A a b v t
             (30) 

It is noteworthy that the results presented above 

were calculated values. However, in the actual wear 

test, owing to changes in the contact surface mor-

phology, wear particle generation, and other factors, 

the maximum impact displacement of the cylinder  
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changed constantly during the wear cycles. The length 

and width of the contact area increased with the 

number of wear cycles. Figure 17(c) shows the worn 

surfaces after 104 cycles of the impact-sliding simulation 

wear tests. As shown, all the scars were elliptical. The 

size of the wear surface increased with the impact or 

sliding velocity. 

Figure 18 shows the 3D profile micrographs and 

global views of the wear scars. Sliding marks were 

visible on the wear surfaces. The maximum wear 

depth appeared around the center of the sliding 

direction. Notable detachments were observed on all 

the worn surfaces, indicating abrasive wear and 

delamination. Additionally, debris was observed in 

the wear area, although most of them were on the edge 

of the wear scar. 

 

Fig. 15 Changes in maximum compressive stress vs. number of cycles: (a) contact pressure curves, vi = 60 mm/s; (b) contact pressure 
curves, vs = 60 mm/s; (c) maximum compressive stress vs. vs; (d) maximum compressive stress vs. vi. 

 

Fig. 16 Maximum wear depth vs. number of cycles: (a) maximum wear depth vs. cycles, vi = 60 mm/s; (b) maximum wear depth vs. cycles,
vs = 60 mm/s. 
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4 Conclusions 

The effects of different impact and sliding velocities 

on the impact-sliding wear behavior were investigated 

experimentally and numerically. The following con-

clusions are obtained: 

1) During the impact-sliding wear process, an 

increase in the impact velocity increased the normal 

 

Fig. 17 Wear area under different wear conditions: (a) contact area vs. vs, vi = 60 mm/s; (b) contact area vs. vi, vs = 60 mm/s;
(c) simulated wear scars, n = 104. 

 

Fig. 18 Micrographs of wear scars under different wear conditions, n = 104. (a) vi = 30 mm/s, vs = 60 mm/s; (b) vi = 60 mm/s, vs = 60 mm/s;
(c) vi = 90 mm/s, vs = 60 mm/s. 
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impact force and displacement; however, changing 

the sliding velocity did not significantly affect these 

two values. The friction force increased with the 

impact and sliding velocities. 

2) As the number of wear cycles increased con-

tinuously, the maximum impact force under each 

impact-sliding wear condition remained unchanged, 

whereas the maximum friction force first increased 

and then maintained a steady fluctuation in a small 

range.  

3) The friction energy dissipated during each wear 

cycle increased with the sliding or impact velocity, 

thereby intensifying the wear of the sample tube. The 

wear coefficient decreased as the impact or sliding 

velocity increased.  

4) As the impact-sliding wear progressed, the 

maximum wear depth increased continuously. The rate 

of increase decreased gradually and then stabilized. 

It was discovered that abrasive wear and delamination 

were the main wear mechanisms for this type of 

material.  
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