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excellent wear resistance, and chemical stability. However, their intrinsic brittleness makes them suscepti-
ble to severe stress concentration under dry friction or boundary lubrication, leading to aggravated wear
and premature failure. Surface micro-texturing has been recognized as an effective strategy for regulating
interfacial contact states and improving tribological performance. In this study, femtosecond laser process-
ing was employed to fabricate friction-reducing and wear-resistant micro-textures on zirconia (ZrQO») ceram-
ic surfaces. Finite element simulations, response surface methodology (RSM) optimization, and lubricat-
ed friction and wear tests were integrated to systematically elucidate the effects of micro-groove geometric
parameters on stress distribution and wear behavior at the ceramic friction interface. The finite element re-
sults show that scanning interval, groove depth, and groove orientation significantly influence the maxi-
mum equivalent stress distribution on the ceramic surface. Smaller scanning intervals and greater groove
depths tend to induce stress concentration, whereas an appropriate groove orientation facilitates the redistri-
bution of contact stress. The RSM analysis indicates that laser energy is the dominant factor governing
groove depth and width, while scanning speed exerts an inhibitory effect and the number of scanning pass-
es promotes groove expansion through cumulative ablation. Friction and wear tests demonstrate that, un-
der the optimized parameters, the average friction coefficient of ZrO: ceramics is reduced from 0. 57 to
0. 358 4, corresponding to a reduction of 37.12% , with a wear volume of 0. 267X 10° pm®. These results
demonstrate that femtosecond laser-fabricated micro-groove structures can effectively enhance the friction-
reducing and wear-resistant performance of ceramic materials, providing a feasible approach for improving
the service reliability of ceramic friction pairs.

Key words: ceramic materials; femtosecond laser; micro-groove textures; friction and wear; finite ele-

ment simulation
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Tab.1 Material properties of ceramic block/ball samples

Materials name Block/Ball sample

(ZrO, ceramic)

Material properties

Density/(kgem °) 6 000
Modulus of elasticity/GPa 210
Poisson's ratio 0.3
Vickers Hardness/GPa 14
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Fig.1 Simulation model of ZrO, ceramic surface under sphere-surface contact conditions
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Tab.2 Single-factor experimental design for ZrO, ceramics

Serial num- Laser energy/ Scan speed/  Number of

ber mW (mmes™") scans
1 100 10 60
2 200 10 60
3 300 10 60
4 400 10 60
5 500 10 60
6 200 10 60
7 200 20 60
8 200 30 60
9 200 40 60
10 200 50 60
11 200 10 20
12 200 10 40
13 200 10 60
14 200 10 80
15 200 10 100
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Fig.2 Schematic of femtosecond laser surface micro-texturing process
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Tab.3 Factor levels of response surface methodology

based on Box-Behnken design

Level
Factor
—1 0 1
Laser energy /mW 150 200 250
Scan speed/(mmes ') 10 20 30
Number of scans 40 60 80
2.4 %
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Fig.3 Schematic illustration of friction and wear mechanisms on ceramic surfaces
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Fig. 4 Maximum stress results from finite element simulation
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Tab.4 Significant analysis of process parameters on

groove morphology of ZrO, ceramics

) Groove Groove
Variable )
width( W) depth(D)
Laser energy/mW <20.000 1 <20.000 1
Scan speed/(mmes ') 0.000 2 <20.000 1
Number of scans 0.0017 <C0.000 1

D=—14.4725+ 0. 244 85¢ — 1. 270 87s +
0. 240 562n — 0. 010 47es + 0. 002 5en —
0. 009 787sn + 0. 000 034¢” +
0. 066 0125* — 0. 001 659", (2)
ZrO, big e 10 Rl 5 B2 B [l AR TR 3 S s
W =—40. 28875+ 0. 762 092¢ — 2. 862 215 +
0. 883 51— 0. 000 705es + 9. 953 27 X 10" Yen +

0. 011 525sn — 0. 001 053¢” + 0. 035 821s5* —
0. 007 0267°.

(3)

W SR, 25 1T ZrOo M % 10 8 B k)

R v B8 ] AR R 1) T 22 A A A 2R o XTI A TR
FERII  H p{E/NTF 0,000 1, 2 W Fir 2 57 1 (3] 19
BARITEGE 7 B BA & 8 M AL Ry R
I (Lack of Fit) A 3 (p=0. 1546) , i B # Bl
FIE A% 55 - 3t 41 38 52 50 B4 (0 A8 A i # o [A), OR
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Tab.5 Analysis of variance for ZrO, ceramic regression model

Source of variance ~ Sum of squares  Degree of freedom  Mean square error  F-value p-value Significance
For Groove depth
Model 2 865. 89 9 318.43 141.62 <C0.000 1 Significant
Residual 11.24 5 2.25
Lack of Fit 10. 05 3 3.35 5.63 0.154 6  Not significant
Pure error 1.19 2 0.5956
Modified coefficient of determination=0. 989 1
Predictive coefficient of determination=0. 943 2
Signal-to-noise ratio=40. 768 5
For Groove width
Model 3119.19 9 346.58 55.54 0.000 2 Significant
Residual 31.2 5 6.24
Lack of Fit 28.85 3 9.62 8.18 0.1109  Not significant
Pure error 2.35 2 1.18

Modified coefficient of determination=0. 972 3

Predictive coefficient of determination=0. 851 8

Signal-to-noise ratio=26. 289 8
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Fig. 5 Model verification of regression models
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sliding friction
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Fig. 11 SEM micrographs of wear morphologies on ZrO. ceramic surfaces with different groove depths after 1 800 s of slid-

ing friction
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Fig. 12 SEM micrographs of wear morphologies on ZrO. ceramic surfaces with different groove angles after 1 800 s of slid-

ing friction
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Fig. 14 Confocal microscopy characterization of the wear scar on the ZrO. ceramic ball after friction
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