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Abstract  In this study, the surface formation and damage mechanism of hard-brittle 
materials in axial ultrasonic-assisted grinding (AUAG) were revealed using the grinding force 
and grinding force ratio. Theoretical analysis presented that the grinding force and grinding
force ratio in AUAG are relatively small. AUAG is a machining method with a large tangential
force and a small normal force, which can promote the removal of hard-brittle materials and 
reduce the surface and subsurface damage (SSD). Scratching and grinding tests of nano-ZrO2

ceramics were conducted to validate the theoretical analysis. The results demonstrated that the
periodic tangential force under the AUAG promotes the nucleation and propagation of
shallower lateral micro-cracks, thereby allowing the easier removal of hard-brittle materials. 
Additionally, the proportion of brittle fracture was less, and the surface roughness and
maximum SSD depth were significantly small. Therefore, AUAG is a suitable ultra-precision 
machining technique for hard-brittle materials.  

 
1. Introduction   

Nano-ZrO2 ceramics exhibit excellent mechanical and physical properties such as heat tem-
perature resistant, wear resistance and corrosion resistance; therefore, they have widespread 
applications in aerospace, automotive, engineering machinery, biomedical, and other fields [1, 
2]. However, they are hard–brittle materials with poor machining performance due to high 
hardness and low fracture toughness [3]. Therefore, machining defects, including micro-cracks 
and residual stress, frequently occur during the conventional grinding (CG) of nano-ZrO2 ce-
ramics [4]. In particular, the severe subsurface damage (SSD) that occurs in machined sur-
faces significantly affects the performance and service lives of components. Therefore, it is 
crucial to improve the surface quality and reduce the degree of SSD during the precision and 
ultra-precision machining of nano-ZrO2 ceramics. Researchers have done a lot of work on how 
to improve the surface quality in grinding processes [5]. Talon et al. [6] formulated a new corro-
sion inhibitor (V-active VCI) and analyzed the effect of AISI 4340 steel using aluminum oxide 
grinding wheel under the different cutting fluid. The results showed that the cutting fluid with 
corrosion inhibitor was beneficial for the average roughness. In the recently, ultrasonic-assisted 
grinding (UAG) is considered as a highly suitable grinding method for processing ceramic ma-
terials, when compared with CG; it can effectively reduce both the grinding force and grinding 
heat as well as improve surface quality [7, 8]. Uhlmann et al. [9] found that the introduction of 
axial ultrasonic vibrations modified the formation mechanism of a machined surface during 
creep feed grinding and increased the overlap of adjacent abrasive tracks, which is beneficial 
for improving the subsurface quality. Liang et al. [10, 11] determined that compared to CG, 
axial UAG (AUAG) significantly reduces the SSD depth and can yield a higher grinding surface 
quality. Liu et al. [12] studied the relationship between cutting force and the maximum unde-
formed chip thickness (UCT) of brittle materials in rotary ultrasonic machining, and established 
a cutting force model. Experimental results show that the theoretical model can be used to 
predict the relationship between input variables and cutting forces. Zhang et al. [13] performed 

© The Korean Society of Mechanical 
Engineers and Springer-Verlag GmbH 
Germany, part of Springer Nature 2021 



 Journal of Mechanical Science and Technology 35 (3) 2021  DOI 10.1007/s12206-021-0232-x 
 
 

 
1188 

an ultrasonic-assisted scratch test (UAST) on C-plane sapphire. 
The experimental results show that the UAST can effectively 
reduce the scratch loads and inhibit the propagation of micro-
cracks as well as improve the plastic removal rate. Li et al. [14] 
studied the material removal mechanism and grinding force of 
SiC ceramics in UAG processing based on the varied-depth 
nano-scratch test and the grain trajectory during UAG. Bara-
heni et al. [15] investigated the generation of SSD in rotary 
ultrasonic-assisted face grinding under ductile deformation and 
brittle fracture. Their research indicated that UAG reduced the 
SSD depth by 30 % compared to CG. Wang et al. [16] estab-
lished the theoretical models of grinding force and material 
removal rate for UAG, and revealed the reasons that UAG 
reduces grinding force and improves surface quality. Yang et al. 
[17] found that the introduction of ultrasonic vibrations effec-
tively reduced the grinding force during the grinding of ZrO2 
ceramics and prolonged the service life of the grinding wheel. 
Although studies on the grinding mechanism of hard–brittle 
materials in UAG have advanced significantly, most research 
regarding the surface formation and damage mechanisms of 
hard-brittle materials primarily focus on the toughness process-
ing methods, and similar investigations of the brittleness proc-
essing methods have not progressed. 

Hence, the material removal mechanism of nano-ZrO2 ce-
ramics in AUAG based on brittleness was analysed in terms 
of the grinding force and grinding force ratio. Subsequently, 
combined with the comparative grinding test of nano-ZrO2 
ceramics, the mechanisms of material formation and surface 
damage in AUAG were analysed to promote the practical 
application of AUAG in ultra-precision machining of hard–
brittle materials. 

 
2. Mechanism of material removal in AUAG  

For this study, the following were assumed: (1) the particles 
are completely rigid cones and are uniformly distributed along 
the circumference of the grinding wheel; (2) the average con-
tact stress between the particles and the machined surface is 
Fp; (3) the amplitude and frequency remain unchanged during 
AUAG. 

 
2.1 Kinematics analysis of a single particle in 

AUAG 

The cutting motion model of AUAG is displayed in Fig. 1. The 
workpiece is subjected to high-frequency ultrasonic vibrations 
along the Y-axis direction (frequency f, amplitude A), to un-
dergo AUAG. According to the model shown in Fig. 1(a), the 
cutting path of a single particle during AUAG can be expressed 
by Eq. (1). 
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where vw is the feed rate (m/min), R is the grinding wheel ra-
dius (mm), ωs is the grinding wheel angular speed (rad/s), i.e., 
ωs = 2πns (where ns is the rotation speed of grinding wheel), ω 
is the angular frequency of the workpiece (rad/s), i.e., ω = 2πf, 
and φ is the initial phase of the ultrasonic vibration (rad), as-
suming φ = 0. 

Based on Eq. (1), the relative velocity of a single particle is 
expressed by Eq. (2), and the relative acceleration of a single 
particle is expressed by Eq. (3). 
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Using Eq. (2), the cutting track length of a single particle dur-

ing AUAG (ls) can be expressed as follows: 
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(a) The cutting motion model 
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(b) The grinding width 

 
Fig. 1. Cutting model of AUAG. 
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In addition, according to Fig. 1(b), the grinding width of a 
single particle (b) in AUAG can be expressed as follows: 

 
sin(2 )

  

2

2 tan sin(2 )p

A ftb B

a A ft

π

θ π⎡ ⎤
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= +

= +
 (5) 

 
where ap is the grinding depth (mm), and θ is the half–apex 
angle of particle. 

Based on the kinematics analysis of AUAG, the movement 
trajectory can be obtained by MATLAB (simulation parameters: 
f = 20 kHz, A = 20 μm, ns = 1450 r/min, R = 200 mm, vw = 0.6 
m/min). The simulation results are presented in Fig. 2. 

According to the simulation results, compared to CG, in 
AUAG, the grinding width of a single particle is wider and the 
cutting track is longer and presents a regular sinusoidal trajec-
tory along the axis of the grinding wheel. This will cause the 
cutting tracks between adjacent grains to interfere with each 
other, which is conducive to reducing the size of the abrasive 
debris. 

 
2.2 Analysis of material removal mechanism 

During the grinding process, the UCT is an important pa-
rameter index to characterize the material removal mechanism. 
Therefore, the UCT in the AUAG process is analysed first. It is 
also assumed that hard–brittle materials are removed by brittle 
fracture because the grinding depth in this study is greater than 
the critical depth of the ductile-to-brittle transition. The material 
removal process in single-grit scratching is illustrated in Fig. 3. 
The depth of the lateral crack (Ch) and the depth of the median 
crack (Cm) in AUAG can be expressed as follows [18]: 
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where E is the elastic modulus, υ is Poisson’s ratio, σy is the 
yield stress, hi is the UCT, KID is the dynamic fracture tough-
ness, and KID = 0.3 KIC (where KIC is the static fracture tough-
ness), HV is Vickers hardness, and β is the material parameter 
determined by elastic recovery. 

Considering the influence of the intersections between lateral 
cracks, the material removal volume (MRV) can be approxi-
mated as a quadrangular pyramid, as depicted in Fig. 4. Ac-
cording to Fig. 4(b), the MRV of a single particle per unit time 
( gV ) in the AUAG process can be expressed as follows: 
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where Cl is the length of a lateral crack, 1 7l mC C= [19]. 

Furthermore, the maximum MRV of a single particle (Vg-max)  

 
 
Fig. 2. The simulation of cutting track of a single particle. 

 

2θ

 
Fig. 3. Material removal process during single-grit scratching. 

 

 
Fig. 4. Material removal volume of a single particle: (a), (b) the theoretical 
volume of the material removal; (c) the equivalent volume of the material 
removal. 
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can be expressed as follows: 
 

7 3
-max m

2
21g sV h lκ= ⋅ ⋅ ⋅  (9) 

 
where hm is the maximum UCT. 

According to Eq. (9), the theoretical volume of the material 
removal per unit time (MRVS) by the wheel can be expressed 
by Eq. (10). 
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where vs is the linear velocity of grinding, Nd is the dynamic 
distribution density of the grains per area, and N is the number 
of active grains per area.  

Simultaneously, the theoretical volume of the material re-
moval per unit time (MRVw) of the workpiece can be expressed 
as follows: 

 
( )w w pMRV v a b= ⋅ ⋅ . (11) 

 
As the actual grinding width of the AUAG process becomes 

wider, the material removal rate (MRR) increases. Equating 
(MRVs) with (MRVw), the maximum UCT of a single particle in 
AUAG can be obtained as Eq. (12). 
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The surface formation mechanisms of hard–brittle materials 

are a synchronous mechanism of brittleness and toughness. 
When the maximum UCT is less than the critical depth of 
toughness removal, the material is mainly removed by the 
mechanism of toughness; otherwise this occurs according to 
the mechanism of brittleness. It can be seen form Eq. (12) that 
the maximum UCT of a single particle in AUAG is significantly 
reduced because of the interference between adjacent abra-
sive particles. Therefore, the material removal volume based 
on the removal modes of toughness is larger and the work-
piece surface quality is improved. 

The UCT varies with the grinding depth, which is inconven-
ient for the study of the grinding force. Therefore, the MRV is 
considered to be equivalent to a quadrangular prism, as pre-
sented in Fig. 4(c). According to Figs. 4(b) and (c), the relation-
ship between the maximum UCT (hm) and the average UCT 
( h ) can be expressed by Eq. (13). 
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2.3 Model of grinding force in AUAG 

According to Zhao et al. [20], the grinding force in CG can be 
expressed as follows: 
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 (14) 

 
where Fgt and Fgn are the tangential and normal grinding forces 
under CG, respectively, Ftc and Fnc are the tangential and nor-
mal forces generated by the cutting deformation, respectively, 
Fts and Fns are the tangential and normal forces produced by 
friction, respectively. 

According to the superposition principle of mechanics, the 
grinding force in AUAG is composed of the grinding force in 
CG and the periodic pulse force generated by the ultrasonic 
vibration, as displayed in Fig. 5. Based on Fig. 5, the grinding 
force in AUAG can be expressed by Eq. (15). 
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where FT and FN are the tangential and normal grinding forces 
in AUAG, respectively, Ftu and Fnu are the tangential force and 
the normal force of the periodic pulse force, respectively. 

The grinding forces generated by the cutting deformation and 
friction can be expressed by Eqs. (16) and (17), respectively 
[20]. 
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where FP is the main cutting force acting on a unit cutting area 
(N/mm2), δ is the top area of a particle (mm2), μ is the friction 
coefficient, and p  is a constant for the average contact pres-
sure between the worn surface and the workpiece, 

( )0= 4 w s sp p v d v , as determined experimentally. 
Assuming that the equivalent mass of the ultrasonic vibration 

workpiece is M, the periodic pulse force of a single particle can 
be expressed as follows based on Newton’s second law: 

gtF

TF

gtF

tuF
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Fig. 5. Tangential grinding force model of a single particle. 
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where at and an are the tangential and normal accelerations 
generated by the axial ultrasonic vibration, respectively, i.e., at 
= ay(t) and an = 0. 

According to Eqs. (15)-(18), the grinding force and grinding 
force ratio of a particle in AUAG can be expressed by Eqs. (19) 
and (20), respectively. 
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It can be seen from Eq. (19) and Fig. 5 that the grinding force 

in AUAG is smaller than that in CG, owing to the decrease in 
the average UCT. In addition, it is also found that the tangential 
grinding force in AUAG keeps continuously varying in the vibra-
tion cycle under the influence of a pulse action. This is because 
the tangential grinding force in AUAG is based on the superim-
position of that in CG and the periodic pulse force. Moreover, 
according to Eq. (20), the grinding force ratio (KF) in the AUAG 
process is also significantly smaller than that in CG, owing to 
the periodic pulse cutting force. Therefore, AUAG is a machin-
ing method with a large tangential force and a small normal 
force, which is helpful for the removal of a hard–brittle material 
and reduces the surface damage and SSD. This is because 
the small normal grinding force can reduce the brittle fracture of 
a machined surface, thereby improving the surface integrity. 
Moreover, the periodic tangential force in AUAG can effectively 
increase both the nucleation rate and extension degree of lat-
eral cracks, which is conducive to the formation of numerous 
lateral micro-cracks on the grinding surface, which thus, pro-
motes the removal of hard–brittle materials. Therefore, AUAG 
can improve the surface integrity of hard–brittle materials and 
is a suitable processing method for them. 

 
3. Experimental verification 

Based on the theoretical model, scratching tests of nano-
ZrO2 ceramics in AUAG were performed to verify the material 
removal mechanisms. The type of nano-ZrO2 ceramic used in 
this experiment was the Yttria-stabilized zirconia (YSZ), which 
was provided by Jiaozuo Weina Technology Co., Ltd. The 
primary mechanical properties of nano-ZrO2 ceramics are listed 
in Table 1. The nano-ZrO2 specimen used in the test was a 

rectangular block (10 mm×15 mm×5 mm). 
The scratching test was conducted with a vertical machining 

centre (VMC850E, Zhongjie), whose specific performance 
parameters are listed in Table 2. The experimental site is pre-
sented in Fig. 6. Common scratching (CS) and axial ultrasonic-
assisted scratching (AUAS) were performed when the ultra-
sonic generator was turned off and on, respectively. The ultra-
sonic frequency used in the experiment is the resonance fre-
quency of the horn, and its value is 20.325 kHz. The single 
factor test was designed as summarized in Table 3. The grind-
ing force in the test was measured by a grinding force data 
acquisition system, comprising a dynamometer (9257B, Kistler), 
a charge amplifier (5070A), a data acquisition card (5679A), 
the Labview software, and a computer. The scratched grooves 
on the machined surface were observed using ultra-depth mi-
croscope and white light interferometer (TALYSDRFCC1, Tay-

Table 1. Material properties of nano-ZrO2 ceramic specimen. 
 

Properties Value 

Density (g/cm3) 5.5-6.05 

Elastic modulus (GPa) 220 

Poisson’s ratio 0.3 
Bending strength (MPa) 1100 

Fracture toughness KIC (MPa ⋅ m1/2) 12 

Compressive strength (MPa) 2500 

 
 

 
(a) Scratching illustration 

 

 
(b) Scratching site 

 
Fig. 6. Nano-ZrO2 ceramic scratch test device. 
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lor Hobson). The white light interferometer used in the experi-
ment is shown in Fig. 7. 

The grinding test was also conducted with the ultra-precision 
surface grinder (GTS-6016AHD) to analyze the surface and 
subsurface quality in AUAG. A resin-based diamond-grinding 
wheel used in the test. The abrasive size of the grinding wheel 
is 270#; the dimensions of the grinding wheel is 355∅ ×  
35 127×∅ , and the linear velocity of grinding vs was taken as 
26.95 m/s. Grinding test site is shown in Fig. 8. CG and AUAG 
were performed when the ultrasonic generator was turned off 
and on, respectively. The single factor grinding test was de-
signed as summarized in Table 4. The SR was measured by 
TIME3221 surface roughness profiler. The form and depth of 
the SSD were studied using the section polishing method. The 
machined surface was polished before the measurement; sub-
sequently, subsurface cracks were observed by scanning elec-
tron microscopy (Merlin Compact), and the SSD depth was 
measured. 

4. Results and discussion 
Based on the experimental results and the theoretical analy-

sis, the grinding force, grinding force ratio, and surface forma-
tion and damage mechanisms in AUAG were analysed in detail. 

 
4.1 Analysis of grinding force and grinding 

force ratio 

The grinding force and grinding force ratio in the CS and 
AUAS tests are depicted in Fig. 9. According to Figs. 9(a) and 
(b), in the AUAS test, these properties are smaller than in the 
CS test under the same grinding parameters, and in both the 
CS and AUAS tests, they increase with both the feed rate and 
grinding depth. The former trend is because the cutting tracks 
of a single grain in the AUAS process are longer, which de-
creases the average UCT, and therefore, the grinding force in 
the AUAS test is comparatively smaller. Furthermore, the tan-

Table 2. Vertical machining centre parameters (Zhongjie VMC850E). 
 

Properties Parameters 

Displacement X, Y, Z (mm) 850, 500, 540 

Power (kW) 7.5/11 

Spindle speed (r/min) 50-8000 
Spindle maximum torque (N·m) 35.8 

 
 

Table 3. Scratch test parameter settings. 
 

Group no. (mm / min)wv  ( )mpa μ  ( )mA μ  

1 10/20/30/40/50 10 10 
2 40 5/10/15/20/25 10 

3 40 10 4/6/8/10/12 

 
 

 
 
Fig. 7. The picture of white light interferometer. 

 

Table 4. Grinding test parameter settings. 
 

Group no. (m / s)wv  ( )mpa μ  ( )mA μ  

1 9/11/13/15/17 10 10 

2 15 5/10/15/20/25 10 

3 15 10 4/6/8/10/12 

 

 
(a) Grinding diagram 

 

 
(b) Grinding test site 

 
Fig. 8. Nano-ZrO2 ceramic grinding test device. 
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gential grinding force in the AUAS test is superimposed on the 
periodic pulse force, which leads to the reduction of the grind-
ing force ratio. Therefore, the superposition of axial vibrations 
can promote the material removal and improve surface quality. 
In addition, because the average UCT increases with the feed 
rate and grinding depth, the grinding force and grinding force 
ratio in the both CS and AUAS tests increase versus both 
these properties. 

It can be seen from Fig. 9(c) that the grinding force and 
grinding force ratio in the AUAS test decrease significantly with 

the vibration amplitude. This is because the cutting track length 
and grinding width of a single grain increase with the vibration 
amplitude, which decreases the average UCT and increase the 
number of active grains, thereby leading to the above trend. On 
the other hand, the effect of axial vibrations is enhanced with 
the vibration amplitude, which can further promote the material 
removal. Therefore, the grinding force needed to remove the 
material decreases with the vibration amplitude. 

 
4.2 Analyses of scratching morphology 

Fig. 10 depicts the surface profiles under different scratching 
modes. It can be seen form Fig. 10 that the surface grooves in 
the AUAS tests are wide and shallow, and that the surface 
quality is significantly better than that in the CS test. This is 
because the ultrasonic vibration direction is perpendicular to 
the feed direction, and the tangential grinding force changes 
periodically under high-frequency vibration, which impacts both 
sides of the grooves; therefore, the actual grinding width of a 
single particle is wide. Moreover, the normal grinding force in 
the AUAS test significantly decreases; thus, the proportion of 
brittle fracture in the material removal process is reduced and 
the grooves are shallow. 

Fig. 11 displays the scratching morphologies under different 
scratching modes. The groove surface in the AUAS is signifi-
cantly smoother than that in the CS. This is because the peri-
odic pulse force in the brittle removal mode can promote the 
formation of lateral micro-cracks on both sides of the groove, 
which facilitate the material removal process. Furthermore, the 
lateral micro-cracks intersect with each other, which reduce the 
chips size; thereby the surface in the AUAS is smoother than 
that in the CS. From Fig. 11, the damages of the scratch con-
tour boundary in both the CS and AUAS are gradually intensi-
fied and the scratch grooves become significantly wider with 
the increase in the cutting depth. However, the phenomenon of 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 9. The grinding force and grinding force ratio. 

 

(a) CS (vw = 40 mm/min, ap = 10 μm) 
 

(b) AUAS (vw = 40 mm/min, ap = 10 μm, A = 10 μm) 
 
Fig. 10. Surface profiles of the grooves. 
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brittle fracture in the AUAS is far less than that in the CS. This 
is because the normal grinding force and grinding force ratio 
under the effects of the axial ultrasonic vibration are smaller 
than those in the CS, which reduce the friction between the 
abrasive and the workpiece and facilitate the material removal 
process. Therefore, the quality of the surface grooves is better 
than that in the CS. 

 
4.3 Analyses of the subsurface crack mor-

phology 

Fig. 12 displays the crack morphology of the subsurface in 
the different grinding methods. Fig. 12(a) shows that the sub-
surface cracks in the CS are primarily deep median cracks, 
whose direction changes as their propagation depths increase. 
Fig. 12(b) presents that the subsurface cracks of the machined 
surface under the AUAS are primarily shallow lateral micro-
cracks. This is because the AUAS is a grinding method with a 
large tangential force and a small normal force. Moreover, the 
normal grinding force and grinding force ratio in the AUAS are 
smaller than those in the CS, which promotes the formation of 
lateral micro-cracks and inhibits the formation and propagation 
of median cracks. Therefore, the depth of the SSD in the AUAS 

 
Fig. 11. Comparison of the typical scratching morphologies. 

 

 
(a) CG (vw = 13 m/s, ap = 10 μm, A = 10 μm) 

 

 
(b) AUAG (vw = 13 m/s, ap = 10 μm, A = 10 μm) 

 
Fig. 12. Comparison of the subsurface crack morphologies. 

 

 
(a) CG (vw = 13 m/s, ap = 10 μm) 

 

 
(b) AUAG (vw = 13 m/s, ap = 10 μm, A = 10 μm) 

 
Fig. 13. Surface morphology (2000×). 
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is comparatively shallower, and the subsurface cracks of the 
machined surface are primarily lateral micro-cracks.  

Fig. 13 displays a comparison of the surface morphologies in 
the different processing methods. According to Fig. 13, under 
the same process parameters, the surface morphology in the 
CG presents a large area of block-like shedding, whereas in 

the AUAG, brittle fracture of the machined surface is observed 
and remarkable bulges are present on both sides of the grind-
ing groove. The surface in the AUAG mainly exhibits plastic 
slipping. This is because under the same processing conditions, 
the UCT in the AUAG is reduced, so that the MRV under the 
mode of plastic deformation increases. In addition, the grinding 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 14. The SR of nano-ZrO2. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 15. The maximum SSD depth of nano-ZrO2. 
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force model and surface crack morphology demonstrate the 
AUAG is a machining method with a large tangential force and 
a small normal force, which can effectively promote the forma-
tion and expansion of lateral micro-cracks. Moreover, the inter-
ference between the numerous lateral micro-cracks reduces 
the chip size, thereby improving surface quality. 

Figs. 14 and 15 respectively depict the change rules of the 
SR and maximum SSD depth of nano-ZrO2 in the AUAG and 
CG processes. It can be seen that both the properties increase 
with the feed rate and grinding depth; however, those in the 
AUAG are significantly smaller than those in the CG. This is 
because during the AUAG, the interference degree of the 
abrasive trajectory is greater than that in the CG, which re-
duces the UCT. Therefore, the surface quality in the AUAG is 
better than that in the CG. Moreover, the normal grinding force 
in the AUAG is smaller than that in the CG; therefore, the 
depths of the subsurface cracks are shallow. In addition, the 
AUAG is a processing method with large tangential and small 
normal forces, and the tangential grinding force presents a 
continuous high-frequency change due to the axial ultrasonic 
vibration, which affects the grinding surface, thus promoting the 
generation and propagation of lateral micro-cracks. The inter-
ference between the lateral micro-cracks reduces the SR.  

According to Figs. 14(c) and 15(c), the SR and the maximum 
SSD depth decrease significantly with the vibration amplitude. 
This is becaupse the interference degree of adjacent cutting 
trajectories increases with the vibration amplitude, which de-
creases the sizes of chips, thereby improving the surface qual-
ity. On the other hand, because the grinding force needed to 
remove the material decreases with the vibration amplitude, 
the SR and the maximum SSD depth reduce with the vibration 
amplitude.  

In summary, the AUAG is a processing method with large 
tangential and small normal forces, which are beneficial for 
material removal and can effectively improve surface quality. 

 
5. Conclusion 

Summarising, AUAG is a grinding method with a large tan-
gential force and a small normal force, which can improve the 
surface integrity; therefore, it is suitable for the precision and 
ultra-precision machining of nano-ZrO2 ceramics and other 
hard–brittle materials. The main conclusions are as follows: 

1) The model of the UCT was established according to the 
cutting model of a single particle in AUAG. This model indi-
cated that the UCT of a single particle in AUAG decreases 
significantly. Therefore, the material removal volume based on 
the removal modes of toughness is larger and the workpiece 
surface quality can be significantly improved during AUAG. 

2) The models of the grinding force and grinding force ratio in 
AUAG were established based on the kinematic analysis and 
the UCT of a single particle. The analysis found that the grind-
ing force and the grinding force ratio were significantly smaller 
than those in CG, and AUAG was a machining method with a 
large tangential force and a small normal force, which in turn 

promotes the removal of hard-brittle materials and reduces the 
degree of subsurface damage. 

3) The nano-ZrO2 ceramic grinding experiments indicated 
that the SR and maximum SSD depth of nano-ZrO2 ceramic in 
the AUAG were significantly smaller than those in the CG, 
which is consistent with the theoretical analysis. The research 
provides a new idea for the study of surface and subsurface 
damage mechanism of hard-brittle materials in AUAG. 
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Nomenclature----------------------------------------------------------------------------------- 

A : Ultrasonic amplitude 
f  : Ultrasonic frequency  
vw : Feed rate of workpiece 
vs : Linear velocity of grinding 
R : Grinding wheel radius 
ap : Temperature or Celsius temperature scale 
E : Elastic modulus 
hi  : The UCT 
hm  : The maximum UCT 
h   : The average UCT 
KID  : Dynamic fracture toughness 
KIC  : Static fracture toughness 
HV  : Vickers hardness 
Ch : The depth of the lateral crack 
Cl : The length of a lateral crack 
Cm : The depth of the median crack 
Nd : Dynamic distribution density of grains per area 
N : The number of active grains per area 
FP : The main cutting force acting on a unit cutting area 
p : The average contact pressure between the worn surface 

and the workpiece 
Fgt, Fgn : The tangential grinding force and the normal grinding 

force in CG 
Ftc, Fnc : The tangential force and the normal force generated by 

the cutting deformation 
Fts, Fns : The tangential force and the normal force generated by 

friction 
FT, FN : The tangential grinding force and the normal grinding 

force in AUAG 
Ftu, Fnu : The tangential force and the normal force of the periodic 

pulse force. 
KF  : The grinding force ratio in AUAG 

 
Greek letters 

ωs : Grinding wheel angular speed 
ω : Angular frequency of the workpiece 
φ : Initial phase of the ultrasonic vibration 



 Journal of Mechanical Science and Technology 35 (3) 2021  DOI 10.1007/s12206-021-0232-x 
 
 

 
1197 

θ : Half-apex angle of particle  
υ : Poisson’s ratio 
σy  : Yield stress  
β  : Material parameter determined by elastic recovery  
δ : The top area of a particle 
μ : Friction coefficient 

 
Acronyms and abbreviations 

UAG : Ultrasonic-assisted grinding 
AUAG : Axial ultrasonic-assisted grinding  
SSD : Subsurface damage 
CG : Conventional grinding 
UCT : Undeformed chip thickness 
UAST : Ultrasonic-assisted scratch test 

 
References 
[1] L. L. Wan et al., Thermal-mechanical coupling simulation and 

experimental research on the grinding of zirconia ceramics, 
Journal of Manufacturing Processes, 47 (2019) 41-51. 

[2] R. Wdowik, J. Porzycki and M. Magdziak, Measurements of 
surface texture parameters after ultrasonic assisted and con-
ventional grinding of ZrO2 based ceramic material character-
ized by different states of sintering, Procedia CIRP, 62 (2017) 
293-298. 

[3] D. Zhang et al., Grinding model and material removal mecha-
nism of medical nanometer zirconia ceramics, Recent Patents 
on Nanotechnology, 8 (1) (2014) 2. 

[4] G. F. Gao et al., Research on the surface characteristics in 
ultrasonic grinding nano-zirconia ceramics, Journal of Materials 
Processing Technology, 209 (1) (2009) 32-37. 

[5] J. Lopes et al., Application of MQL technique using TiO2 
nanoparticles compared to MQL simultaneous to the grinding 
wheel cleaning jet, The International Journal of Advanced 
Manufacturing Technology, 106 (5-6) (2020) 2205-2218. 

[6] A. Talon et al., Effect of hardened steel grinding using alumi-
num oxide wheel under application of cutting fluid with corro-
sion inhibitors, The International Journal of Advanced Manu-
facturing Technology, 104 (1-4) (2019) 1437-1448. 

[7] H. Wang et al., A mechanistic model on feeding-directional 
cutting force in surface grinding of CFRP composites using ro-
tary ultrasonic machining with horizontal ultrasonic vibration, 
International Journal of Mechanical Sciences, 155 (2019) 450-
460. 

[8] D. Liu et al., A cutting force model for rotary ultrasonic machin-
ing of brittle materials, International Journal of Machine Tools 
and Manufacture, 52 (1) (2012) 77-84. 

[9] E. Uhlmann and G. Spur, Surface formation in creep feed 
grinding of advanced ceramics with and without ultrasonic as-
sistance, CIRP Annals - Manufacturing Technology, 47 (1) 
(1998) 249-252. 

[10]  Z. Liang et al., A new two-dimensional ultrasonic assisted 
grinding (2D-UAG) method and its fundamental performance in 
monocrystal silicon machining, International Journal of Ma-

chine Tools and Manufacture, 50 (8) (2010) 728-736. 
[11]  Z. Liang et al., Experimental study on brittle-ductile transition 

in elliptical ultrasonic assisted grinding (EUAG) of monocrystal 
sapphire using single diamond abrasive grain, International 
Journal of Machine Tools and Manufacture, 71 (2013) 41-51. 

[12]  D. Liu et al., A cutting force model for rotary ultrasonic ma-
chining of brittle materials, International Journal of Machine 
Tools and Manufacture, 52 (1) (2012) 77-84. 

[13]  C. Zhang, P. Feng and J. Zhang, Ultrasonic vibration-assisted 
scratch-induced characteristics of C-plane sapphire with a 
spherical indenter, International Journal of Machine Tools and 
Manufacture, 64 (2013) 38-48. 

[14]  C. Li et al., Material removal mechanism and grinding force 
modelling of ultrasonic vibration assisted grinding for SiC ce-
ramics, Ceramics International, 43 (3) (2017) 2981-2993. 

[15]  M. Baraheni and S. Amini, Predicting subsurface damage in 
silicon nitride ceramics subjected to rotary ultrasonic assisted 
face grinding, Ceramics International, 45 (8) (2019) 10086-10096. 

[16]  Y. Wang et al., Study on the system matching of ultrasonic 
vibration assisted grinding for hard and brittle materials proc-
essing, International Journal of Machine Tools and Manufac-
ture, 77 (2014) 66-73. 

[17]  Z. Yang et al., The grinding force modeling and experimental 
study of ZrO2 ceramic materials in ultrasonic vibration assisted 
grinding, Ceramics International, 45 (7) (2019) 8873-8889. 

[18]  W. Gu, Z. Yao and H. Li, Investigation of grinding modes in 
horizontal surface grinding of optical glass BK7, Journal of Ma-
terials Processing Tech., 211 (10) (2011) 1629-1636. 

[19]  T. G. Bifano and S. C. Fawcett, Specific grinding energy as 
an in-process control variable for ductile-regime grinding, Pre-
cision Engineering, 13 (4) (1991) 256-262. 

[20]  B. Zhao and B. M. Li, Modern Grinding Technology, 1st Ed., 
China Machine Press, Beijing, China (2003) 30-34. 

 
 
 

Yanyan Yan is currently working at He-
nan Polytechnic University as an Associ-
ate Professor and a Master Tutor. She 
obtained a Doctor’s degree from School 
of Mechanical Engineering, Shanghai 
Jiao Tong University in 2009, and mainly 
is engaged in scientific research work, 
such as precision processing and ultra-

precision processing of hard-brittle materials, advanced manu-
facturing technology and precision machining equipment, etc. 
 

Yafei Zhang is a Master of the School of 
Mechanical and Power Engineering, He-
nan Polytechnic University. She obtained 
a Bachelor’s degree from this University in 
2018. Her research interests include pre-
cision processing and ultra-precision proc-
essing of hard-brittle materials, ultrasonic 
assisted processing, etc.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


