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Abstract: Monocrystalline silicon is one of the most important semiconductor materials, widely 
used in chip manufacturing, solar panels. Slicing is the first step in making chips and the surface 
quality of silicon wafers directly affects the quality of later processing and accounts for a large 
proportion in the chip manufacturing cost. Ultrasonic vibration assisted wire saw (UAWS) is an 
effective sawing process for cutting hard and brittle materials such as monocrystalline Si, which can 
significantly improve the surface quality of silicon wafers. In order to further study the formation 
mechanism of the surface morphology of single crystal silicon sliced by UAWS, a new model for 
prediction of wafer surface morphology in UAWS slicing single crystal silicon based on mixed 
material removal mode is presented and verified in this paper. Firstly, the surface model of diamond 
wire saw tool is established by equal probability method. Then according to the equation of 
transverse vibration dynamics about the wire saw with ultrasonic excitation, the trajectory equation 
of arbitrary abrasive particles on the surface of wire saw is derived and analyzed. Thirdly, a new 
model for prediction of the wafer surface morphology based on mixed material removal mode is 
presented, which can be used to predict the wafer surface morphology of single crystal silicon sliced 
by UAWS. Finally, the prediction model is verified by UAWS slicing experiment, and the effects of 
slicing parameters such as wire saw speed, feed speed and workpiece rotate speed on the surface 
quality of silicon wafer were studied. It shows that the predicted wafer surface morphology and the 
experimental wafer surface morphology are similar in some characteristics, and the average error 
between the experimental and the theoretical values of the wafer surface roughness is 11.9%, which 
verifies the validity of the prediction model. 
Key words: Ultrasonic vibration; Surface morphology; Prediction; Mixed material removal mode 

1 Introduction 

Single crystal silicon is one of the most important semiconductor materials widely used in chip-
manufacturing, solar panels and other equipment. Slicing is the first step in making chips and the 
surface quality of silicon wafers directly affects the quality of later processing and accounts for a 
large proportion in the chip manufacturing cost [1-3]. In slicing technology, wire saw slicing is a 
widely used technology, which first appeared in the 1990s. Ultrasonic vibration assisted wire saw 
(UAWS) slicing is a kind of composite processing technology which combines ultrasonic vibration 



2 

 

and fixed abrasive diamond wire saw processing, and literatures have shown that ultrasonic 
vibration assisted wire saw slicing technology can obviously improve the surface quality of wafers, 
reduce the sawing force and raise the processing efficiency [4]. In order to further study the 
formation mechanism of the surface morphology of single crystal silicon sliced by UAWS, it is 
necessary to build a model to predict the surface morphology of the sliced wafers and analyze the 
effect of ultrasonic vibration and processing parameters on the surface morphology. 

In order to investigate on the surface quality of workpiece sliced by wire saw, some theoretical 
and experimental studies have been studied by many scholars: Chung and Nhat [5] established a 
wire saw model, which generated the surface morphology of the workpiece according to the 
interaction between the abrasive particles and the workpiece. Experiments are carried out to verify 
the simulation results. Ge et al. [6] have conducted the experiment on KDP crystal sliced by resin 
bonded diamond wire saw. Experimental results show that the workpiece feed rate is the main 
affecting factor on surface quality of KDP crystals. Teomete [7] conducted an experimental 
parameter study to investigate the influence of process parameters on the wire bow angle, wire 
distributed load and surface roughness when wire saw cutting alumina ceramics. And process design 
recommendations for increasing efficiency of the wire saw cutting process while keeping the surface 
roughness constant are presented. The experiment of UAWS cutting monocrystalline SiC was 
conducted by Li et al. [8] on WXD170 reciprocating diamond wire saw cutting machine tool. An 
empirical model was developed for predicting the surface roughness when wire sawing SiC wafers 
and optimum process parameters for minimizing surface roughness are determined using the 
desirability functional approach. Gao et al. [9] conducted the slicing experiments of single crystal 
silicon. It indicates that the main material removal mode in the wire saw cutting single crystal silicon 
is brittle mode. Li et al. [10] found that when the position angle of abrasive particle is less than a 
critical angle θc, the material removal mode of the abrasive particle is brittle removal and the brittle 
fracture will be generated on the wafer surface. Wang et al. [11] used the FEM/SPH coupling 
algorithm to simulate the material removal process of diamond abrasive particles cutting brittle 
optical materials, and revealed the material removal mechanism. Erick et al. [12] have investigated 
the influence of diamond wire sawing on surface integrity of monocrystalline silicon. It was found 
that with the increase in feed rate, the brittle mode is predominant and the silicon surface presents 
deeper and wider craters. With the increase of wire cutting speed, there were more regions formed in 
ductile mode. Yin et al. [13] established a mathematical model of diamond wire sawing based on the 
machining mechanism of brittle material removal and surface generation, and carried out a 
numerical calculation of the sawing process. It was found that it is more conducive to obtaining a 
crack-free sawn surface by reducing the workpiece feed speed or increasing the saw wire movement 
speed, and the workpiece feed speed has a greater impact on the sawn surface quality. 

During the traditional wire saw slicing process, the abrasive particles fixed on the wire saw 
will continuously contact and rub with the workpiece, thus removing the workpiece material. In the 
ultrasonic vibration assisted wire saw slicing, the abrasive particles are contacted against the 
workpiece in an intermittent mode due to the application of ultrasonic excitation. Abrasive particles 
constantly hit the workpiece at a high frequency, resulting in brittle removal of materials. At the 
same time, the wafer surface morphology is formed by rubbing and grinding of some abrasive 
particles under ultrasonic excitation. In the formation of wafer morphology, most scholars only 
consider the ductile removal of wafers by abrasive particles. In fact, the manner of material removal 
of abrasive particles is different for those abrasive particles with different cutting depth. The 
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brittleness removal mode of some abrasive particles will affect the final surface morphology of the 
wafer. Therefore, it is necessary to consider the influence of brittleness removal mode on wafer 
surface morphology when modeling.  

In order to further study the formation mechanism of the surface morphology of single crystal 
silicon sliced by UAWS, a new model for prediction of wafer surface morphology in UAWS slicing 
single crystal silicon based on mixed material removal mode is presented and verified in this paper. 
Firstly, the surface model of diamond wire saw is established by equal probability method. Then 
according to the equation of transverse vibration dynamics about the wire saw with ultrasonic 
excitation, the trajectory equation of arbitrary abrasive particles on the surface of wire saw is derived. 
Thirdly, a new model for predicting the surface morphology of wafers based on the mixed material 
removal mode is proposed, which can be used to predict the surface morphology of single crystal 
silicon wafers cut by UAWS. Finally, a verification experiment is carried out. In addition, the 
prediction results and the experimental results are compared and analyzed.  It shows that the 
predicted wafer surface morphology and the experimental wafer surface morphology are similar in 
some characteristics, and the average error between the experimental and predicted values of the 
wafer surface roughness value is 11.9%, which verifies the validity of the prediction model. 

2 Surface model of wire saw tool  

2.1 Principle of UAWS slicing 

The schematic of UAWS slicing is shown in Fig.1. The wire saw is wound between a wrapping 
droller, two tension wheels, two guide wheels, an ultrasonic guide wheel and an assistant guide 
wheel forming a closed loop. The machining coordinate system oxyz is established by taking the 
center of workpiece as the origin, the horizontal right direction as the positive direction of the x axis 
and the vertical upward direction as the positive direction of the y axis as shown in Fig.1. During 
the slicing process, the wire saw is stretched by the tension wheels with a pair of constant tension 
force FT. The wire saw is moved at a linear speed vs reciprocally driven by the rotation of the 
wrapping droller. In the meantime, the wrapping droller, tension wheels, guide wheels, ultrasonic 
guide wheel and the assistant guide wheel are moved downward together along the negative 
direction of the y axis at a same feed rate of vw, while the workpiece is rotating about the z axis 
which is the axis of workpiece itself at a rotate speed of nw. The ultrasonic vibration is applied on 
the ultrasonic wheel along the y axis with amplitude A and frequency f. The workpiece is sliced by 
wire saw under ultrasonic excitation. 

 

Fig.1 Schematic of UAWS slicing 
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In order to simulate the UAWS slicing process and establish the prediction model of wafer 
surface morphology, the tool surface model should be established first.  

2.2 Establishment of surface model of wire saw tool 
The fixed diamond wire saw is an effective tool for cutting hard and brittle materials such as 

monocrystalline silicon and SiC, which widely used in chip manufacturing industry [3]. The 
distances between abrasive particles are large, and bigger than the diameter of abrasive particles, So 
the general method of grinding wheel surface modeling cannot be adopted. Therefore, the equal 
probability method [4] is used to build the wire saw tool surface model. 

Since the wire saw base is made of stainless-steel wire, it is assumed that the wire saw is an 
ideal cylinder. When modeling, the length of wire saw is L, the diameter of wire saw base is DB, 
and the density of the wire saw is ρ. Then the number of abrasive particles on wire saw can be 
obtained, as shown in Eq. (1). 

 𝑁𝑎𝑏𝑟 = 𝜋𝐷𝐵𝐿𝜌 (1) 
For the convenience of calculation, the wire saw base surface is expanded into a plane for 

modeling. The plane is divided into several grids on average, and the number of nodes is: 
 𝑁 = 𝑚 × 𝑛 (2) 

Where m is the number of nodes in the axial direction of the wire saw and n is the number of 
nodes in the circumferential direction of the wire saw. In order to ensure that the probability of 
abrasive particles on each node is equal, the relationship between m and n should be guaranteed as 
shown in Eq. (3). 

 
𝐿𝑚 = 𝜋𝐷𝐵𝑛  (3) 

Diamond abrasive particles are inserted on the divided nodes randomly, and the probability of 
the presence of an abrasive particle at a node can be obtained from Eq. (4). 

 𝑃𝑎𝑏𝑟 = 𝜋𝐷𝐵𝐿𝜌𝑁 = 𝜋𝐷𝐵𝐿𝜌𝑚×𝑛  (4) 

In this paper, the geometrical shape of the abrasive particle is simplified into a cone shape [14], 
as shown in Fig.2. It is found that the size distribution of abrasive particles dg conforms to normal 
distribution [15] whose probability density function is given by: 

 𝑓(𝑑𝑔) = 1√2𝜋𝜎 𝑒𝑥𝑝 {− [𝜇+𝑙𝑜𝑔(𝑑𝑔)]22𝜎2 } (5) 

with μ and σ being the mean and standard deviation, respectively. 

 
Fig.2 Simplified geometric model of the abrasive particle 

A diamond wire saw was observed by the KEYENCE VXH6000 optical microscope to get 
some necessary parameters such as abrasive particle sizes. For a given abrasive particle size, the 
maximum size of the abrasive particle is 𝑑𝑔𝑚𝑎𝑥, and the minimum size of the abrasive particle is 𝑑𝑔𝑚𝑖𝑛. The mean size of the abrasive particle 𝑑𝑔𝑎𝑣𝑒 is about 60μm. At the same time, 𝑑𝑔𝑚𝑎𝑥 and 𝑑𝑔𝑚𝑖𝑛 are 70μm and 50μm respectively. The standard deviation σ can be obtained by Eq. (6). 
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 𝜎 = 𝑑𝑔𝑚𝑎𝑥−𝑑𝑔𝑚𝑖𝑛6  (6) 

Therefore, the abrasive particle size distribution is assumed to follow normal distribution with 
the mean size of 60 µm and the standard deviation σ = 3.33 µm. The research of Chung et al. [5] 
noted that it is difficult to control the size of such tiny diamond particles in practical process, so the 
influence of different abrasive particle size distribution on the prediction results in the modeling 
process is not considered. The destiny of abrasive particles is 60 grits/mm2. 

The thickness of the plating coating on the wire saw base is assumed to be 0.02 mm. In order 
to simplify the model, it is considered that the expanded coating surface has the same area as the 
wire saw base surface. The wire saw tool topography can be generated as shown in Fig.3. According 
to the generated model, the position and the size of abrasive particles in the spreading plane of wire 
saw surface can be obtained. 

 
Fig.3 The model of diamond wire saw morphology  

In order to express the irregular distribution of abrasive particles on the wire saw, a wire saw 
coordinate system 𝑜𝑐𝑥𝑐𝑦𝑐𝑧𝑐 is established as shown in Fig.4. For a random abrasive particle 𝑖, 
the position angle on the cross section of the wire saw is 𝜃𝑖, the height from the bottom of the 
abrasive particle to the surface of the wire saw base is ℎ𝑔𝑖 and the distance to the end face of the 
wire saw is 𝑦𝑖. The coordinates of the abrasive center (the center of the bottom circle) are 
(𝑥𝑐𝑖 , 𝑦𝑐𝑖 , 𝑧𝑐𝑖) in the wire saw coordinate system 𝑜𝑐𝑥𝑐𝑦𝑐𝑧𝑐. It is easy to get the coordinate value by 
Eq. (7). 

 {𝑥𝑐𝑖 = (𝐷𝐵2 + ℎ𝑔𝑖)𝑐𝑜𝑠𝜃𝑖𝑦𝑐𝑖 = 𝑦𝑖𝑧𝑐𝑖 = (𝐷𝐵2 + ℎ𝑔𝑖)𝑠𝑖𝑛𝜃𝑖  (7) 
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Fig.4 The position of abrasive particle i in the wire saw coordinate system 

The position coordinates of abrasive particles in the generated wire saw tool morphology can 
be converted, that is, the equivalent wire saw coordinate system 𝑜𝑝𝑥𝑝𝑦𝑝𝑧𝑝(the coordinate system 
established on the expansion plane of the wire saw base surface) could be mapped to wire saw 
coordinate system𝑜𝑐𝑥𝑐𝑦𝑐𝑧𝑐. As shown in Fig.5, the 𝑥𝑝 axis, 𝑦𝑝 axis and 𝑦𝑝 axis of the 
equivalent wire saw coordinate system represents the circumferential direction of the wire saw, the 
axial direction of the wire saw, and the direction of the coating thickness of the wire saw 
respectively. The position coordinates of abrasive particle i in the equivalent wire saw coordinate 
system are (𝑥𝑝𝑖, 𝑦𝑝𝑖 , 𝑧𝑝𝑖). 

 

Fig.5 The position of abrasive particle i in the equivalent wire saw coordinate system 

The coordinate value of abrasive particle i in the equivalent wire saw coordinate system can 
be calculated by the following Eq. (8): 

 { 
 𝑥𝑝𝑖 = 𝐷𝐵2 𝜃𝑖 = 𝐷𝐵2 ∙ 𝑎𝑟𝑐𝑐𝑜𝑠 ( 2𝑥𝑐𝑖𝐷𝐵+ℎ𝑔𝑖)𝑦𝑝𝑖 = 𝑦𝑖 = 𝑦𝑐𝑖𝑧𝑝𝑖 = ℎ𝑔𝑖  (8) 

Based on the generated wire saw tool surface model, the coordinate value in the wire saw 
coordinate system of any abrasive particle can be calculated according to Eq. (7-8), which can be 
used in the later wafer surface morphology prediction modeling work. 

3 The trajectory equation of abrasive particles on the wire saw 

The formation process of wafer surface morphology is the process of interference between 
abrasive particles with a certain shape and the surface of the workpiece. Therefore, after obtaining 
the wire saw tool surface model, the trajectory of abrasive particles on the wire saw should be 
studied to determine the process of material removal formed by the interference between abrasive 
particles and the workpiece. UAWS slicing is a kind of composite machining technology which 
applies high frequency harmonic vibration to the wire along the feed direction on the basis of 
traditional wire saw slicing. The trajectory of abrasive particle movement in UAWS slicing is 
different from that in traditional wire saw slicing, and it has different effects on the formation of 
workpiece surface morphology. So, it is necessary to use mathematical formula to express the 
motion track of abrasive particles on the wire saw in UAWS slicing. 
3.1 The trajectory equation of abrasive particle in workpiece coordinate system 

Since the workpiece does rotation movement in the ground coordinate system, the track 
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equation of abrasive particle in the machine tool coordinate system (ground coordinate system) is 
be derived first. And the track equation of abrasive particle in the workpiece coordinate system can 
be obtained according the coordinate transformation rule. As shown in Fig.6, the origin 𝑜𝑤 of the 
workpiece coordinate system 𝑜𝑤𝑥𝑤𝑦𝑤𝑧𝑤  coincides with the origin o of the machine tool 
coordinate system 𝑜𝑔𝑥𝑔𝑦𝑔𝑧𝑔, and the workpiece coordinate system rotates around the origin 𝑜𝑔 at 
a constant rotation speed of 𝑛𝑤. 

 

Fig.6 Schematic of abrasive particle trajectory coordinate transformation 

As shown in the figure, the motion equation of each motion component of the abrasive particle 
are shown in Eqs. (9-11): 

(I) the axial motion equation with the wire saw: 

 𝑥𝑔(𝑡) = (𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡 (9) 

(II) the downward feed motion equation with the wire saw: 
 𝑦𝑔(𝑡) = 𝑣𝑤𝑡  (10) 
(III) the ultrasonic vibration equation with the wire saw: 
 𝑦𝑔(𝑡) = 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡) (11) 
According to the motion synthesis law, the motion trajectory equation of the abrasive particles 

in the machine tool coordinate system can be obtained: 

 {𝑥𝑔(𝑡) = (𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡𝑦𝑔(𝑡) = 𝑣𝑤𝑡 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡) (12) 

The coordinate value [𝑥𝑔(𝑡),𝑦𝑔(𝑡)] of abrasive particles in the machine tool coordinate system 
at any time t can be calculated from Eq. (12). At this time, there is an angular displacement difference α(𝑡)  between the workpiece coordinate system and the machine tool coordinate system. The 
coordinates [𝑥𝑤(𝑡) ,𝑦𝑤(𝑡) ] of the abrasive particle in the workpiece coordinate system can be 
obtained by two-dimensional rotation transformation matrix operation: 

 [𝑥𝑤(𝑡)𝑦𝑤(𝑡)] = [ 𝑐𝑜𝑠𝛼 𝑠𝑖𝑛𝛼−𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼] [𝑥𝑔(𝑡)𝑦𝑔(𝑡)] (13) 

The coordinates of the abrasive particle in the workpiece coordinate system at time t can be 
obtained by substituting Eq. (12) into Eq. (13): 

 {𝑥𝑤(𝑡) = (𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡𝑐𝑜𝑠𝛼 + [𝑣𝑤𝑡 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)]𝑠𝑖𝑛𝛼𝑦𝑤(𝑡) = −(𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡𝑠𝑖𝑛𝛼 + [𝑣𝑤𝑡 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)]𝑐𝑜𝑠α (14) 
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The angle α in Fig.6 is acute, but Eq. (13) is derived from the basic definition of trigonometric 
function, so it is tenable when the angle α is taken to any value, that is Eq. (14) is valid when the 
workpiece is rotated to any angle during slicing. Because α is a function of t, which means that Eq. 
(14) is tenable at any time t. Assuming that when t=0, 𝑥𝑤 axis and 𝑥𝑔 axis overlap, the expression 
of 𝛼 is: 

 𝛼(𝑡) = 𝜋30𝑛𝑤𝑡 (15) 

The motion trajectory equation of abrasive particles on the wire saw surface in the workpiece 
coordinate system during the UAWS slicing process can be obtained by substituting Eq. (15) into 
Eq. (14): 

 {𝑥𝑤(𝑡) = (𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡𝑐𝑜𝑠( 𝜋30𝑛𝑤𝑡) + [𝑣𝑤𝑡 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)]sin( 𝜋30𝑛𝑤𝑡)𝑦𝑤(𝑡) = −(𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡𝑠𝑖𝑛( 𝜋30𝑛𝑤𝑡) + [𝑣𝑤𝑡 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)]cos( 𝜋30𝑛𝑤𝑡)  (16) 

3.2 Establishment of the workpiece surface morphology coordinate system  

 

Fig.7 Schematic of surface morphology modeling area 

During the modeling of the workpiece surface morphology, the selected area of modeling area 
is much smaller than the actual sliced wafer surface area in order to study the micro-morphology of 
workpiece surface. An area is selected on the wafer surface for modeling, and the relative position 
of the workpiece surface morphology modeling area in the workpiece coordinate system 𝑜𝑤𝑥𝑤𝑦𝑤 
is shown in Fig.7. The length and width of the modeling area are Lx and Ly. Meanwhile, the 
workpiece surface morphology coordinate system oxyz is established and the coordinate of origin 𝑜 relative to the origin 𝑜𝑤 of the workpiece coordinate system is(𝐷𝑥 , 𝐷𝑦). The size and location 
of the modeling area can be changed by changing the values of 𝐿𝑥 ,  𝐿𝑦 ,  𝐷𝑥 and 𝐷𝑦, making the 
model is universal for the entire wafer surface. 

For convenience, the modeling area was rotated 90°. As shown in Fig.8, the workpiece surface 
morphology coordinate system is established, and the origin 𝑜 is set at 0.5𝐷𝐵 away from the center 
of the cross section of the wire saw. 
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Fig.8 Schematic of workpiece surface morphology coordinate system 

Because of the symmetry of the wire saw, half of the cross section of the wire saw was selected 
for analysis. During the slicing process, the wire saw is moved along the y axis direction and along 
the x direction. Since the wire saw surface is filled with abrasive particles, the workpiece materials 
in the projection area of the wire saw base along the feed direction, namely area III, are bound to be 
removed, and its thickness is exactly the diameter 𝐷𝐵  of the wire saw base. The maximum 
protruding height of abrasive particle on the wire saw surface is set as ℎ𝑔𝑚𝑎𝑥, the workpiece area 
with the maximum extension of ℎ𝑔𝑚𝑎𝑥 from the edge of area III during the sire saw slicing process 
is defined as area II. The workpiece materials in this area II may be removed or may not be removed 
which cause the uneven surface after sliced and this is the final wafer surface we will study. The 
remaining area I will not be removed because the abrasive particles have no contact with the 
workpiece. 
3.3 The trajectory equation of abrasive particles in the workpiece surface morphology 
coordinate system  

The trajectory equation of abrasive particles in the workpiece coordinate system has been 
obtained. And then the trajectory equation of abrasive particles in the workpiece surface morphology 
coordinate system can be deduced. The slicing starting time is set to 𝑡0 = 0s, and the distance from 
the origin 𝑜𝑤  is 𝐷0 , and the rotation angle of the workpiece coordinate system relative to the 
machine tool coordinate system is 𝛼0 at this time. As shown in Eq. (17), The trajectory equation 
of the origin 𝑜𝑐 of the wire saw coordinate system in the workpiece coordinate system can be easily 
obtained. 

 {𝑥𝑤𝑜(𝑡) = (𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡𝑐𝑜𝑠𝛼0 + [𝑣𝑤𝑡 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)]𝑠𝑖𝑛𝛼0𝑦𝑤𝑜(𝑡) = −(𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡𝑠𝑖𝑛𝛼0 + [𝑣𝑤𝑡 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)]𝑐𝑜𝑠𝛼0 + 𝐷0 (17) 

According to the relationship between the workpiece coordinate system and the workpiece 
surface morphology coordinate system in the modeling area, the trajectory equation of the origin 𝑜′ of the wire saw coordinate system in the workpiece surface morphology coordinate system can 
be obtained: 

 { 
 𝑥(𝑡) = (𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡𝑠𝑖𝑛𝛼0 − [𝑣𝑤𝑡 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)]𝑐𝑜𝑠𝛼0 − 𝐷0 + 𝐷𝑥𝑦(𝑡) = (𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) 𝑡𝑐𝑜𝑠𝛼0 + [𝑣𝑤𝑡 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)]𝑠𝑖𝑛𝛼0 + 𝐷𝑦𝑧(𝑡) = 0.5𝐷𝐵  (18) 

Where, the diameter of wire saw base is DB, Dx and Dy are the coordinate values of the origin 𝑜 with respect to the workpiece coordinate system 𝑜𝑤, as shown in Fig.7. 
For any abrasive particle i on the wire saw surface, the time 𝑡𝑖when it reaches the edge of the 
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modeling area is 𝑡𝑖 − 𝑡0 later than the starting time 𝑡0. Then the trajectory equation of abrasive 
particle i in the workpiece surface morphology coordinate system can be obtained by Eq. (19). 

{  
  𝑥(𝑡) = [(𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) (𝑡 − 𝑡𝑖) − 𝐷𝑥]𝑠𝑖𝑛𝛼𝑖 − [𝐷𝑦 − 𝑣𝑤(𝑡 − 𝑡𝑖) − 𝐴𝑠𝑖𝑛2𝜋𝑓(𝑡 − 𝑡𝑖)]𝑐𝑜𝑠𝛼𝑖 + 𝐷𝑦𝑦(𝑡) = [(𝑣𝑠 ± 𝜋𝐷𝐵𝑛𝑤60 ) (𝑡 − 𝑡𝑖) − 𝐷𝑥]𝑐𝑜𝑠𝛼𝑖 + [𝐷𝑦 − 𝑣𝑤(𝑡 − 𝑡𝑖) − 𝐴𝑠𝑖𝑛(2𝜋𝑓(𝑡 − 𝑡𝑖))]𝑠𝑖𝑛𝛼𝑖 + 𝐷𝑥𝑧(𝑡) = 0.5𝐷𝐵 + (0.5𝐷𝐵 + ℎ𝑔𝑖)𝑠𝑖𝑛𝜃𝑖  

(19) 
Where, the height from the bottom of the abrasive particle to the surface of the wire saw base is ℎ𝑔𝑖, the time 𝑡𝑖 when abrasive particle i reaches the edge of the modeling area can be calculated 

according to the position of the abrasive particle relative to the origin 𝑜𝑐 of the wire saw coordinate 
system: 

 𝑡𝑖 = 𝑦𝑐𝑖𝑣𝑠  (20) 

And at time 𝑡𝑖 , the rotation angle of the workpiece coordinate system with respect to the 
machine tool coordinate system can be obtained by the following Eq. (21). 

 𝛼𝑖 = 𝛼0 + 𝜋30𝑛𝑤𝑡𝑖 (21) 

Eq. (19) is the trajectory equation of any abrasive particles on the wire saw surface during the 
UAWS slicing in the determined workpiece surface morphology coordinate system oxyz and it is 
universal. 

4 Prediction model of wafer surface morphology 

4.1 Mixed material removal model in wire saw slicing single crystal silicon  

Ductile or brittle removal may occur in grinding hard and brittle materials, such as single 
crystal silicon, depending on the load applied on the abrasive particles [5]. As shown in the Fig.9(a), 
when the abrasive particle is subjected to a small load, which is lower than the critical load, ductile 
removal occurs and the cross section of material removed by abrasive particle is the abrasive cross 
section. As shown in the Fig.9(b), brittle removal occurs when the load on the abrasive particles is 
greater than the critical load. At this point, transverse crack and median crack will be generated 
below the abrasive particle and after the abrasive particle scratch across the workpiece surface, 
transverse crack will extend to the workpiece surface with the abrasive particles leaving, forming 
chips and causing material removal. The removed area is the one formed by the common envelope 
of transverse crack and workpiece surface. The depth 𝐶ℎ and width 𝐶𝑙 of transverse crack can be 
calculated by Eqs. (22-23) [16-17]. 

 𝐶ℎ = 0.43√𝑠𝑖𝑛𝛽∙𝐸∙𝐹𝑛𝑔𝐻 ∙ √𝑐𝑜𝑡𝛽3  (22) 

 𝐶𝑙 = 0.226√𝐸3∙(1.565𝐹𝑛𝑔)5(0.3𝐾𝐼𝐶𝐻)48
 (23) 

Where 𝛽 is half of the top angle of abrasive, E is the Young's modulus, 𝐹𝑛𝑔 is the normal 
resultant force of an abrasive, 𝐻 is the Vickers hardness, 𝐾𝐼𝐶 is the fracture toughness. 
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(a) Ductile removal model (b) Brittle removal model 

Fig.9 Schematic of mixed material removal model in single crystal silicon 

In order to introduce the mixed material removal mode into the wafer surface morphology 
prediction model, the model of the workpiece material removed in Fig.9 is simplified to the brittle 
and plastic mixed removal model as shown in Fig.10. 

 
 

(a) Simplified ductile removal model (b) Simplified brittle removal model 

Fig.10 Schematic of simplified mixed material removal model 

The section shape of the area removed by the abrasive particle cutting in ductile removal mode 
is triangular [18], and its size is related to the cutting depth of abrasive particles. The shape of the 
area removed by the abrasive particle in brittle removal mode is approximately a spherical crown, 
whose diameter 𝐷𝑙𝑐 and the height of center ℎ𝑙𝑐 depend on the depth and width of the transverse 
crack, which can be obtained by the following Eq. (24). 

 {𝐷𝑙𝑐 = 𝐶ℎ2+𝐶𝑙2𝐶ℎℎ𝑙𝑐 = 𝐶𝑙2−𝐶ℎ22𝐶ℎ  (24) 

When the wire saw feeds downward to slice the workpiece, the abrasive particles at different 
positions on the cross section of the wire saw are subjected to different loads, resulting in different 
material removal modes in Fig.11.  

The abrasive particles near the bottom of the slicing groove impact the workpiece under 
ultrasonic excitation and cut the workpiece with a relatively large depth. At this time, the abrasive 
particle is subjected to a large load, resulting in the brittle removal of single crystal silicon. However, 
the cut depth of the abrasive particles on the side of the groove is small which means that the load 
on the abrasive particles is small, and abrasive particles only produce ductile removal on the wafer 
surface. In previous studies [19-20], the direct influence of ductile removal of abrasive particles on 
the side of the groove on the wafer surface formation process when modeling the workpiece surface 
morphology during wire saw slicing was generally considered, while the indirect influence of brittle 
removal of abrasive particles close the bottom of the groove was ignored  
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Fig.11 Schematic of wafer surface formation in mixed material removal mode 

4.2 Prediction model of wafer surface morphology in UAWS slicing single crystal silicon 

In the method of the of workpiece surface morphology prediction [21], the topological matrix 𝑔𝑚𝑛 is usually used to represent the workpiece surface morphology. The grid is divided according 
to spacing ∆𝑥 in the x direction and spacing ∆𝑦 in the y direction on the surface of the workpiece. 
The height value 𝑧(𝑚, 𝑛)  at grid point 𝑃(𝑚, 𝑛)  is taken as the element in the workpiece 
topological matrix 𝑔𝑚𝑛, as shown in Fig.12. 

 

Fig.12 Schematic of workpiece topology matrix 

The general calculation method of workpiece surface morphology [22-23] requires static 
sampling of surface morphology of grinding wheel, wire saw and other tools, which is represented 
by topological matrix ℎ𝑖𝑗 . As shown in Fig.12, the height value ℎ(𝑖, 𝑗)  of the sampling point 𝐻(𝑖, 𝑗) on the wire saw surface contour is taken as the element of that point in the topological matrix ℎ𝑖𝑗. During calculation, the sampling points in the topological matrix of the wire saw are taken out 
in turn and the trajectory of the abrasive particle in that sampling point is calculated. Then, the height 
value of each grid point 𝑃(𝑚, 𝑛) through which the trajectory passes of the workpiece topological 
matrix, and after all the trajectories passing through the grid point 𝑃(𝑚, 𝑛) were calculated, the 
minimum height value 𝑚𝑖𝑛(𝑧(𝑚, 𝑛)) is the final residual height of the workpiece surface at this 
point after processing. The workpiece surface morphology can be obtained when the residual height 
value of all the lattice points on the workpiece surface were calculated. However, this method is no 
longer applicable in UAWS slicing because the trajectory of abrasive particles in this process is 
different. At this time, the trajectory of the sampling point 𝐻(𝑖, 𝑗) in the wire saw surface contour 
is similar to sine curve, so the projection of the trajectory on the 𝑥𝑜𝑦 plane cannot completely 
cover the lattice points on the workpiece surface and that is impossible to calculate the height value 
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corresponding to the trajectory of the sampling point 𝐻(𝑖, 𝑗) of the abrasive particle contour at the 
lattice point 𝑃(𝑚, 𝑛) of the workpiece topological matrix. This is because the wire saw topological 
matrix is used to represent the surface morphology of the wire saw, which means that static sampling 
is carried out for the wire saw abrasive particles contour in advance. When the ultrasonic vibration 
is applied, the sampling points of the wire saw abrasive particles contour cannot always be aligned 
with the lattice points of the workpiece surface. Dynamic profile sampling method [16] can used to 
solve this problem. Dynamic sampling of abrasive particles contour can be conducted following the 
ultrasonic vibration in this method, so as to ensure that the residual height value of workpiece 
surface at the lattice point 𝑃(𝑚, 𝑛) can be calculated. 

Firstly, a series of isometric sampling sections parallel to the 𝑦𝑜𝑧 plane is set in the selected 
workpiece surface morphology modeling area, and these sampling sections coincide with the lattice 
points of the workpiece topological matrix and are numbered as 1, 2, 3, 4 ... in the positive direction 
of y axis from the origin o as shown in Fig.13. 

 

Fig.13 Sampling sections setting 

During slicing, a certain abrasive particle enters the modeling area from point C1 and leaves 
the modeling area at point C2. The sampling section 1 which coincides with point C1 is the first 
sampling section where abrasive particle interferes with the workpiece, and the sampling cross 
section 𝑛𝑚𝑎𝑥 to the left of C2 is the last one. That is, abrasive particles successively pass through 
the sampling section starting from 1 to 𝑛𝑚𝑎𝑥. The workpiece surface morphology after the abrasive 
particles cut the workpiece can be obtained by calculating the residual height value of all lattice 
points in these sections. The length of the abrasive particle grinding through the workpiece surface 
is just the length 𝐿𝑦 of the workpiece surface morphology modeling area, so the value of 𝑛𝑚𝑎𝑥 
can be calculated: 

 𝑛𝑚𝑎𝑥 = [𝐿𝑦∆𝑦] (25) 

When calculating the residual height value of each lattice point in the sampling section n, the 
horizontal distance 𝑦𝑛  from the section to the origin o of the workpiece surface morphology 
coordinate system should be calculated first, as shown in the following Eq. (26). 

 𝑦𝑛 = (𝑛 − 1)∆𝑦 (26) 
The horizontal distance 𝑥𝑛 and vertical distance 𝑧𝑛from the abrasive particle in the sampling 

section to the origin o of the workpiece surface morphology coordinate system can be inversely 
solved by substituting 𝑦𝑛 into Eq. (19). In this way, the position of abrasive particle in the sampling 
section n can be determined. Then, sampling points are set in the sampling section, as shown in 
Fig.14. Due to the symmetry of abrasive particles, the equation of abrasive contour can be expressed 
by Eq. (27): 
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 𝑧 = {−1.43(𝑥 − 𝑥𝑛 + 0.7𝑑𝑔) + 𝑧𝑛, 𝑥 ≤ 𝑥𝑛 1.43(𝑥 − 𝑥𝑛 − 0.7𝑑𝑔) + 𝑧𝑛, 𝑥 > 𝑥𝑛  (27) 

Where 𝑑𝑔 is the size of abrasive particles, which can be obtained from the surface model of 
the wire saw. 

 

Fig.14 Sampling points setting in the sampling section n 

In the Fig.14, C3 and C4 are set as the first and last sampling points respectively. By calculating 
the sampling points between C3 and C4, the corresponding height value of each sampling point on 
the abrasive contour can be obtained. The first sampling point P1(𝑚1, 𝑛) on the right of C3 is the 
first sampling point, and P2(𝑚2, 𝑛) on the left of C4 is the last sampling point. Values of 𝑚1 and 𝑚2 can be obtained by the following Eq. (28). 

 {𝑚1 = [ 𝑙3∆𝑥] + 2 = [𝑥𝑛−0.7𝑑𝑔∆𝑥 ] + 2𝑚2 = [ 𝑙4∆𝑥] + 1 = [𝑥𝑛+0.7𝑑𝑔∆𝑥 ] + 1 (28) 

Then, all sampling points from P1 to P2 are sampled. The horizontal distance from a sampling 
point 𝐻(𝑚, 𝑛) to the origin o of the workpiece surface morphology coordinate system is 𝑙𝑚, which 
can be calculated by Eq. (29). 

 𝑙𝑚 = (𝑚 − 1)∆𝑥 (29) 
By substituting 𝑙𝑚 into the abrasive particle contour equation, the vertical value z(𝑚, 𝑛) of 

the sampling point can be obtained. When the height value z(𝑚, 𝑛) is smaller than the original 
height value of the grid point 𝑃(𝑚, 𝑛) , the abrasive particle is considered to interfere with the 
workpiece and it is assumed that the interfering material is completely removed, then the height 
value of the sampling point 𝐻(𝑚, 𝑛) is assigned to the grid point 𝑃(𝑚, 𝑛) to complete the update 
of the height value of the grid point. Similarly, after updating all lattice points in the sampling section, 
the calculation in the sampling section n is completed. After all sampling sections numbered from 
1 to 𝑛𝑚𝑎𝑥 are updated, the workpiece surface morphology after abrasive particles grinding can be 
obtained. On this basis, sampling, calculation and updating of all abrasive particles in the surface 
model of the wire saw can be conducted to obtain the workpiece surface morphology after wire saw 
slicing. 

The above method is only a general description of the whole modeling process in principle. In 
order to truly reflect the processing of UAWS slicing single crystal silicon and make the model more 
accurate, the mixed material removal model is introduced into the calculation process of dynamic 
contour sampling method. As shown in Fig.15, different abrasive particles on the cross section of 
the wire saw have different position angles, and the relationship between them and the workpiece 
surface morphology coordinate system is also changed. At this time, the strategy of sampling point 
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layout within the sampling section n needs to be changed and the actual interference between 
abrasive particles and workpiece should be analyzed again in the sampling section with serial 
number n. 

 

Fig.15 Improved sampling points setting in the sampling section n 

During modeling, only the abrasive particles in the 1/4 cross section of wire saw were used for 
analysis due to the symmetry of the wire saw. The area to be modeled is changed from the previous 
plane to the circular arc, and the radius of the circular arc is the radius of the wire saw matrix. 
Because this part will be removed in the process of slicing, its influence on workpiece surface when 
modeling is not considered. Meanwhile, only the influence of brittle removal mode of abrasive 
particles close to the side of groove on the final surface of the workpiece was considered, that is, 
only the abrasive particles whose position angle 𝜃𝑖 is in the range of [3𝜋 2⁄ , 7𝜋 4⁄ ] on the cross 
section of wire saw are calculated. As shown in Fig.16, a certain abrasive particle on the cross 
section of the wire saw interferes with the circular surface. The equation of abrasive particle profile 
in the abrasive coordinate system 𝑜𝑚𝑥𝑚𝑧𝑚 is: 

 𝑧𝑚 = {−1.43(𝑥 + 0.7𝑑𝑔) − 𝑑𝑔 , 𝑥 ≤ 01.43(𝑥 − 0.7𝑑𝑔) + 𝑑𝑔 , 𝑥 > 0 (30) 

And the relationship between the abrasive coordinate system and the coordinate system 𝑜𝑥𝑦𝑧 
exists as follows: 

 [𝑥𝑚𝑧𝑚] = [ 𝑐𝑜𝑠𝜃𝑔 𝑠𝑖𝑛𝜃𝑔−𝑠𝑖𝑛𝜃𝑔 𝑐𝑜𝑠𝜃𝑔] [𝑥 − 𝑥𝑛𝑧 − 𝑧𝑛 ] (31) 

Then the equation of abrasive particle profile in the workpiece surface morphology coordinate 
system 𝑜𝑥𝑦𝑧 can be obtained. 

 𝑧 = { 0.7𝑠𝑖𝑛𝜃𝑔−𝑐𝑜𝑠𝜃𝑔𝑠𝑖𝑛𝜃𝑔+0.7𝑐𝑜𝑠𝜃𝑔 (𝑥 − 𝑥𝑛 − 𝑑𝑔𝑠𝑖𝑛𝜃𝑔) + 𝑧𝑛 − 𝑑𝑔𝑐𝑜𝑠𝜃𝑔 , 𝑥 ≤ 𝑥𝑛0.7𝑠𝑖𝑛𝜃𝑔+𝑐𝑜𝑠𝜃𝑔0.7𝑐𝑜𝑠𝜃𝑔−𝑠𝑖𝑛𝜃𝑔 (𝑥 − 𝑥𝑛 − 𝑑𝑔𝑠𝑖𝑛𝜃𝑔) + 𝑧𝑛 − 𝑑𝑔𝑐𝑜𝑠𝜃𝑔 , 𝑥 > 𝑥𝑛 (32) 

Similarly, sampling points are set from the center of the abrasive particles to both sides and 𝑚1 and 𝑚2 in the sampling points P1(𝑚1, 𝑛) and P2(𝑚2, 𝑛) can be obtained. 

 {𝑚1 = [ 𝑙3∆𝑥] + 2 = [𝑥𝑛−0.7𝑑𝑔𝑐𝑜𝑠𝜃𝑔∆𝑥 ] + 2𝑚2 = [ 𝑙4∆𝑥] + 1 = [𝑥𝑛+0.7𝑑𝑔𝑐𝑜𝑠𝜃𝑔∆𝑥 ] + 1 (33) 

Where 𝜃𝑔 is the angle between the center line of the abrasive particle and the vertical direction, 
and 𝜃𝑔 = 𝜃𝑖 − 3𝜋 2⁄ . 

As shown in Fig.16, The workpiece surface during processing is not an ideally smooth surface, 
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but a bumpy surface lower than the initial circular arc. There are a series of interference points from 𝐻1(𝑚1, 𝑛) to 𝐻2(𝑚2, 𝑛), and each sampling point has different cutting depth. 
In order to judge whether brittle removal occurs at this point, the normal load on the abrasive 

particles at this position should be calculated first, and then compared with the critical load of single 
crystal silicon (26mN) [24]. When the normal load is greater than the critical load, brittle fracture 
occurs to the material at this point. On this basis, the abrasive particle interference is calculated in 
each sampling section, and if brittle fracture occurs, the abrasive particle contour is changed to the 
brittle removal contour in the mixed removal model for sampling calculation. Because those 
sampling points where interference occurs in the sampling section n have different cutting depth, 
and the surface during processing is not smooth but the height difference between adjacent lattice 
is not big. At this time, the average cutting depth 𝑑𝑝𝑎𝑣𝑒 of this abrasive particle can be calculated 
according to the cutting depth of each lattice 𝑑𝑝, then the normal load of abrasive particle can be 
obtained by substituting 𝑑𝑝𝑎𝑣𝑒 into the formula of normal sawing force of single abrasive particle. 
The average cutting depth 𝑑𝑝𝑎𝑣𝑒 can be calculated by Eq. (34). 

 

 

Fig.16 Schematic of actual interference situation during processing 

 𝑑𝑝𝑎𝑣𝑒 = ∑ [𝑧𝑚(𝑚,𝑛)−𝑧𝑎(𝑚,𝑛)]𝑚2𝑚1 𝑚2−𝑚1+1  (34) 

Where 𝑧𝑚(𝑚, 𝑛)  is the ordinate value of sampling point P(𝑚, 𝑛)  in the abrasive particle 
coordinate system 𝑜𝑚𝑥𝑚𝑧𝑚,  and 𝑧𝑎(𝑚, 𝑛)  is the vertical coordinate value of abrasive particle 
contour corresponding to sampling point P(𝑚, 𝑛) in the abrasive particle coordinate system. In 
order to facilitate calculation, the corresponding coordinate value of sampling point P(𝑚, 𝑛) in the 
abrasive particle coordinate system is obtained in advance, and then the cutting depth 𝑑𝑝 of each 
lattice point can be calculated. 

When brittle fracture is determined to occur in the sampling section with serial number of n, 
the shape of the material removed from the workpiece surface is a spherical crown with a diameter 
of 𝐷𝑙𝑐 located in the sampling section n, and its spherical coordinates (𝑥𝑝𝑚, 𝑧𝑝𝑚) in the abrasive 
particle coordinate system can be obtained by the following Eq. (35). 

 { 𝑥𝑝𝑚 = 0𝑧𝑝𝑚 = −[𝑑𝑔 − (√(𝐷𝑙𝑐2 )2 − (𝐶𝑙2)2 + 𝑑𝑝𝑎𝑣𝑒)  (35) 

According to Eq. (31), the coordinates (𝑥𝑝, 𝑧𝑝) of the spherical center of the brittle removal 
contour in the workpiece surface morphology coordinate system can be obtained. Then, the equation 
of the brittle removal contour is shown in Eq. (36). 
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 (𝑥 − 𝑥𝑝)2 + (𝑧 − 𝑧𝑝)2 = (𝐷𝑙𝑐2 )2 (36) 

 

Fig.17 Schematic of brittle removal sampling 

By substituting Eq. (36) for Eq. (27) for sampling, the residual height value of the lattice point 
on the workpiece surface after brittle removal occurs at sampling section n can be obtained. If brittle 
removal does not occur, Eq. (32) can be used for sampling. Due to the shape of the material being 
removed in brittle mode is spherical crown, several sampling sections adjacent to sampling cross 
section n will be affected as shown in Fig.18. 

 

Fig.18 Sampling section distribution affected by brittle removal 

The intersection points of brittle removal contour and ideal workpiece surface are C7 and C8. 
The section 𝑛1 to the right of C7 is the first affected sampling section, and the section 𝑛2 to the 
left of C8 is the last affected sampling section. That is, the affected sampling sections are a series of 
sampling sections from 𝑛1 to 𝑛2, in which the residual height value of the lattice point on the 
workpiece surface needs to be recalculated. Similarly, the value of 𝑛1 and 𝑛2 can be calculated 
from 𝑙7 and 𝑙8. Within the several sampling sections adjacent to sampling section n, the brittle 
removal contour is still a semicircle with a change in diameter. And for the (𝑛 + 𝑘) or (𝑛 − 𝑘) 
sampling section, the diameter of the brittle removal contour in the sampling section is: 

 𝐷𝑘 = 2√(𝐷𝑙𝑐2 )2 − (𝑘∆𝑦)2 (37) 

Substituting 𝐷𝑘  for 𝐷𝑙𝑐  into Eq. (36), the equation of the brittle removal contour in the  (𝑛 + 𝑘) or (𝑛 − 𝑘) sampling section can be obtained. 

 (𝑥 − 𝑥𝑝)2 + (𝑧 − 𝑧𝑝)2 = (𝐷𝑘2 )2 (38) 

Then, sampling is carried out within these sampling sections near sampling section n to update 
the residual height value of the lattice point on the workpiece surface. After the samplings of the 
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brittle removal contour in a series of sampling sections from 𝑛1 to 𝑛2 are completed, the brittle 
removal sampling contour is truly fully reflected in the workpiecesurface morphology, simulating 
the influence of brittle removal of the workpiece. 
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Fig.19 Flow chart of wafer surface morphology prediction 

The calculation flow chart of the above model is shown in Fig.19. According to this method, 
thewafer surface morphology in UAWS slicing single crystal silicon can be predicted. 

5 Verification experiment and results 

The verification experiment was conducted with an improved reciprocating diamond wire saw 
slicing machine tool and experiment equipment is shown in Fig.20. The workpiece is cylindrical 
single crystal silicon with a diameter of 36 mm and a length of 100 mm. The diameter of the wire 
saw is 0.3 mm and the average size of the abrasive particles is 60μm. The nominal diameter of the 
wire saw is about 0.35 mm, and the total length of wire saw is 120 m. The tension force of wire saw 
is set to 112 N through the machine tool before starting to slice. The working frequency of the 
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ultrasonic generating device is 19.8 ~20.2 KHz, and the vibration frequency is adjusted so that it 
resonates with the wire saw, thus enabling ultrasound-assisted wire saw processing. The output 
amplitude of the horn end is 0 ~15μm  and the DWS vibration displacement sensor is used to 
monitor the vibration displacement of the wire saw. 

 

Fig.20 Experiment equipment 

The verification experimental parameters were designed as shown in Table 1, and ten sets of 
experiments were conducted. The ultrasonic vibration amplitude A=10 μm, the ultrasonic frequency 
f=20 KHz. After the experiment, the KEYENCE VXH6000 optical microscope with 2000 
magnification was used to observe the surface morphology of the wafer. Besides that, the surface 
roughness Ra of the wafer was observed by the Mitutoyo SJ-201 surface roughness measuring 
instrument. 

Table 1 Experimental parameters 

Tests vs(m/s) vw(mm/min) nw(r/min) 

1 2 1.0 10 

2 4 1.0 10 

3 6 1.0 10 

4 8 1.0 10 

5 4 0.5 10 

6 4 1.5 10 

7 4 2.0 10 

8 4 1.0 5 

9 4 1.0 15 

10 4 1.0 20 

The selected modeling area size is 0.15 mm× 0.15 mm. Moreover, the modeling area is 
symmetrical about the 𝑦𝑤 axis of the workpiece coordinate system and the horizontal symmetry 
axis of modeling area is 9 mm away from the workpiece center. The wafer surface morphology in 
UAWS slicing single crystal silicon can be predicted according to the prediction process shown in 
Fig.19. The measured wafer surface morphology of test 7 is shown in Fig.21, and Fig.22 is the 
predicted wafer surface morphology under the same experimental parameters. 
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Fig.21 Measured wafer surface morphology of test 7 

 

 

Fig.22 Predicted wafer surface morphology of test 7 

According to Fig.21 and Fig.22, it can be seen that the groove direction of the wafer surface in 
Fig.22 is slightly curved, and the grooves interfere with each other, cutting off the peak on both 
sides of the groove. At the same time, there are some pits on the surface of silicon wafer caused by 
brittle removal of materials abrasive particles. The number of pits is large, but the size is small. 
There is only a few pits remain on the predicted wafer surface, because the effect of external 
ultrasonic vibration on the abrasive particles was only considered in the modeling process and most 
of the pits was removed by other abrasive particles. However, some additional vibrations that occur 
during the actual slicing process will cause the abrasive particles to impact the workpiece and form 
some crushing pits on the surface of the formed wafer surface, as shown in Fig.21. 

The features in measured wafer surface morphology as shown in Fig.21 is consistent with the 
features in Fig.22.By extracting the 1000 elements in a row of the workpiece topological matrix, the 
wafer surface contour can be obtained. Then the theoretical surface roughness values were 
calculated based on the surface contour. By extracting the elements of different rows for multiple 
calculations, the average value was taken as the final theoretical value of surface roughness value.  

As shown in Table 2, the experimental values and simulation values are averaged by multiple 
measurements. The maximum error between theoretical surface roughness value and the 
experimental surface roughness value is 11.9% and the average error is 7.6%, which means that the 
predicted results are close to the experimental results. The feasibility and correctness of the 
prediction method was verified by the results above. Moreover, the sampling contours determined 
by different removal modes can be mapped to the wafer surface model by using the dynamic contour 
sampling method, which achieves good prediction effect. 
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Table 2 Surface roughness values Ra 

Tests Experimental mean value (μm) Theoretical mean value (μm) Error 

1 0.75 0.78 4.0% 

2 0.51 0.56 9.8% 

3 0.46 0.50 8.7% 

4 0.44 0.41 6.8% 

5 0.42 0.37 11.9% 

6 0.86 0.82 4.7% 

7 1.34 1.47 9.7% 

8 0.64 0.62 3.1% 

9 0.43 0.46 7.0% 

10 0.41 0.45 9.8% 

6 Discussion 

In this paper, a prediction model of wafer surface morphology has been established, and the 
simulation program of UAWS slicing single crystal silicon has been coded and validated by the 
experimental results. A series of simulation and experiments with different parameters were 
conducted for the study of wafer surface quality. In the following, the effects of wire saw speed vs, 
feed rate vw and workpiece rotate speed nw will be presented. 

Figs.23-25 illustrate the surface roughness value of wafer surface with different wire saw 
speeds, feed rates and workpiece rotate speed. It shows that both the experimental surface roughness 
value and the theoretical value decrease as the wire saw speed or the workpiece rotate speed 
increases, while the surface roughness value increases as the feed rate increases. This is because that 
there are more abrasive particles involved in the machining process in the same period with higher 
wire saw speed and higher workpiece rotate speed, which enhanced the cutting action of abrasive 
particles on the wafer surface. Nevertheless, higher feed rate will increase the cutting depth of the 
abrasive particles, thus increasing the surface roughness value. It can be seen that the theoretical 
results are in good agreement with the experimental results and the average error is 11.9%. 
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Fig.23 The surface roughness value with different wire saw speeds 
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Fig.24 The surface roughness value with different feed rates 
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Fig.25 The surface roughness value with different workpiece rotate speeds 

 

7 Conclusions 

In this paper, a new model for prediction of wafer surface morphology in UAWS slicing single 
crystal silicon based on mixed material removal mode is presented. The validity of the prediction 
model has been confirmed by experiments. 

1. The geometrical shape of the abrasive particle is simplified into a cone shape; the size 
distribution of abrasive particles conforms to normal distribution and the positions of abrasive 
particles are random. The surface model of diamond wire saw tool is established. 

2. The trajectory equations of abrasive particles on the wire saw in different coordinate systems 
are set up from the perspective of kinematics. Then the mixed material removal model in wire saw 
slicing single crystal silicon is established. Based on that, the prediction model of wafer surface 
morphology is established. This model can be used to predict the wafer surface morphology in 
UAWS slicing. 

3. The predicted results were verified by experiments. It was found that the predicted wafer 
surface roughness value was close to the experimental surface roughness value, with an average 
error of 11.9%. The feasibility and accuracy of the prediction model are verified. In addition, the 
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effect of slicing parameters including wire saw speed, feed rate and workpiece rotation speed on the 
surface quality of sliced wafers are investigated. The results show that increasing the wire saw speed 
and workpiece rotation speed can improve the surface quality of the wafer. The prediction model 
can be used to optimize the selection of slicing parameters and further study the generative 
mechanism of wafer surface morphology in wire saw slicing. 
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