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Abstract: Hard and brittle materials such as sapphire (a-Al,Oj), silicon carbide (SiC), and optical glass are widely used in aerospace,
biomedicine, optoelectronic information, and other advanced fields. The compound demand for efficiency and quality has been a
long-standing problem in the development of ultraprecision machining technology for hard and brittle materials. Abrasive tools based
on rubber or other matrix materials can achieve nanometer-scale surface roughness while maintaining a high material removal
efficiency and avoiding surface scratches and damage through elastic contact adaptive grinding and polishing. However, the grinding
and polishing processes based on elastic abrasive tools are complex, and the material removal mechanism is unclear. An elastic

soft-bonded abrasive tool is proposed to evaluate the mechanism of flexible-contact ultraprecision grinding and polishing. Silicon
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rubber is selected as the matrix material, and an elastic soft-bonded abrasive tool is prepared by mixing micrometer-sized diamond
abrasives. A contact model between the elastic matrix and the processing object is established based on the Hertz contact theory. The
stress distribution in the contact area is then visualized and analyzed. The stress state of the soft-bonded abrasive grains in the matrix
during the grinding and polishing processes is analyzed using theoretical derivation and finite element simulation. Based on the
Preston equation, contact stress distribution, and kinematic analysis, an optimal material removal model for compliant grinding and
polishing is proposed, which considers the wear mechanism of a single abrasive grain and the number of effective abrasive grains. The
material removal rate and material removal profile in the machining area of the single-point dwell grinding and polishing are predicted.
The accuracy of the predictive model is verified by conducting compliant grinding and polishing experiments on quartz glass
specimens. The results showed that the material removal profiles measured by the theoretical simulation and experiment did not
exactly match; however, they had a high similarity, and the maximum deviation in the material removal depth was 13.1%. In the y-z
profile, the cross-sectional curve of the material-removal profile was distributed axially symmetrically. In the x-z profile, the position
of the maximum material removal shifted slightly along the x-axis direction. This is because the relative velocities in the contact area
are not symmetrically distributed when the elastic abrasive tool is at a certain inclination angle. The material removal rate of the
quartz glass specimen significantly increased with an increase in the grinding and polishing pressure, spindle speed, and tool
inclination angle, whereas the effect of the abrasive grain size was relatively small. When the process parameters were set to the
abrasive grain size of 100 pm, grinding and polishing pressure of 7 N, spindle speed of 1 500 r / min, and tool inclination angle of 20°,
after 60 min of grinding and polishing, the surface of the workpiece changed from having obvious grooves to having good uniformity
and the surface roughness of the machined workpiece was reduced from 1.069 um to 0.089 pm; the material removal rate was
8.893x10® um® / min, obtaining excellent surface quality while maintaining a high material removal rate. Under the aforementioned
experimental conditions, the accuracy of the material removal model proposed in this study was 36.7% higher than that of the classic
Preston model. The elastic abrasive tool has good technical feasibility in ultra-precision grinding and polishing for hard and brittle
materials The optimized material removal model can effectively describe the compliant grinding and polishing process of the elastic
abrasive tool, and provides technical and theoretical bases for deterministic material removal of hard and brittle materials.

Keywords: elastic abrasive tool; soft-bonded abrasive; grinding and polishing; material removal rate; multi-factor model
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Table 1 Simulation parameters

Parameter mEoi?jltlllcs / Poirsast?:’ s (E;Iisi;}:s/)
GPa
Silicone rubber matrix 0.006 0.47 910
Diamond abrasive 1100 0.10 3470
Quartz glass workpiece 72.5 0.14 2200

(b) Meshing

S, Mises

(Avg: 75%)
+1.309e+03
+1.200e+03
+1.091e+03
+9.817e+02
+8.727e+02
+7.636e+02
+6.545e+02
+5.454e+02
+4.363e+02
+3.272e+02
+2.182e+02
+1.091e+02
+4.561e-07

(d) Abrasive gradually fall off
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Fig. 2 Different states of abrasive fixed in the elastic matrix
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Table 2 Performance parameters of quartz glass

Parameter Value
Density / (g + cm™) 22
Poisson’ s ratio 0.14
Elastic modulus / GPa 72.5
Hardness / GPa 9.48
Fracture toughness / (MPa » m'?) 0.633
Coefficient of thermal expansion / 107 K~'(100 C) 5.1

P18 i AR ] 45 B e B L
Fig. 18 Elastic soft-bonded abrasive tool
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Table 3 Process parameters

Sampl Polishing Spindle speed /  Deflection Abrasive
e No. pressure / N (r + min™") angle/(°)  particle size / pm
Al 5 1200 10 100
A2 6 1200 10 100
A3 7 1200 10 100
A4 8 1200 10 100
Bl 6 900 10 100
B2 6 1200 10 100
B3 6 1500 10 100
B4 6 1 800 10 100
Cl 6 1200 10 100
C2 6 1200 15 100
C3 6 1200 20 100
C4 6 1200 25 100
D1 6 1200 10 50
D2 6 1200 10 75
D3 6 1200 10 100
D4 6 1200 10 125
D5 6 1200 10 150
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Comparison of micro morphology of workpiece surface before and after polishing
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