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Abstract
The silicon slicing efficiency and quality of silicon wafer seriously affect the cost of solar power generation and the development
of photovoltaic energy industry. This paper proposed an improved cooling and lubrication method using a water tank bath for
diamond wire sawing. Compared with the traditional jet sawing with array nozzles, it can be found that the surface roughness is
better, no matter the average roughness value, the skewness coefficient, or the kurtosis coefficient, especially in high production
efficiency processing. Similar conclusions can also be obtained from the comparative analysis of surface profile distribution and
SEMmicrographs. This is because the bath sawing can make full use of the cooling and lubricating capability of the cutting fluid,
so that the diamond wire can achieve better fluid-carrying effect with the same directionality as the sawing direction into the
cutting zone. Furthermore, the service life of diamond wire in bath sawing is longer and wire consumption is lower.
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1 Introduction

Crystalline silicon slicing is an important part of photovoltaic
conversion of solar panels, which needs to be processed in
many processes to become a standard wafer. In the process
of crystal silicon slicing, sawing efficiency and surface quality
are the main concerns in the field of single/multi-wire dia-
mond wire sawing (DWS) [1].

The cooling method has an important influence on the sur-
face roughness. At present, the research of cooling injection in
photovoltaic silicon slicing is less than that in metal cutting.
Cooling and lubrication methods in metal research fields can
be used as reference in photovoltaic cutting field. Xavior [2]
compared the performance of different types of fluids, such as
coconut oil, emulsion, and neat cutting oil, on the machining
surface quality of AISI 304 with carbide tool. The results indi-
cated that types of fluids have great effect on the tool wear and

surface finish quality [3]. Sharma [4] evaluatedmachining under
minimum quantity lubrication (MQL), flood cooling, and dry
conditions in terms of surface roughness. The results indicated
MQL was a better option as compared to other two cooling
conditions. But in the DWS machining, the MQL method is
almost impossible to achieve because of the very fine wire di-
ameter and tiny slits, as well as the huge number of wire and
silicon wafers. In Wang’s research [5], flood cooling and MQL
are compared on the aspect of mist generated in the machining.
The concentration of centrifugal aerosol of flood cooling is lin-
early and positively correlated with the relative centrifugal force
generated by the spindle rotation. Ezugwu [6] presented a study
on the Ti–6Al–4V alloy surfaces generated when machining
with PCD tools using conventional and high-pressure coolant
supplies. Better surface roughness and longer tool life are ob-
tained when machining with high-pressure coolant supplies’
longer tool life than conventional coolant supplies. The re-
searches done by the abovementioned scholars show that when
the coolant form does not change, adequate cooling and lubri-
cation can obtain better machined surface.

At this stage, the equipment of photovoltaic slicing mainly
adopts two kinds of coolant injection methods: spray type and
overflow type. The early slicing equipment, such as NTC [7],
used direct injection, as shown in Fig. 1a. The advantage of this
method is that the flow rate and pressure can be controlled and
can provide more supply. The disadvantage is that the fluid
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pressure will have a more obvious impact on the diamond wire
web, resulting in the fluctuation of wire web. Moreover, it is
more difficult for the jet flow to enter into the cutting zone,
which affects the processing quality. In order to solve the im-
pact of fluid pouring on the diamond wire web, the following
equipment factory such as Meyer Burger [8, 9] and Qingdao
Gaoce [10] represented cooling and lubrication using overflow.
The principle is shown in Fig. 1b. The cutting fluid is first
injected into the water storage cavity through the pipeline,
and then overflows from the cavity into the guide plate to reach
the wire web. In this way, the impact of the cutting fluid with
pressure on the diamond wire web is greatly reduced after buff-
ering, so it is not easy to cause wire web fluctuation.

The traditional cooling and lubrication method in DWS pro-
cess is mainly fluid spraying from nozzles. In order to distin-
guish the traditional jetting method and the traditional overflow
method from the cooling and lubrication method proposed in
this paper, the sawing process using the two traditional injec-
tion methods are unified as jet sawing. The jet sawing can
reduce the temperature in the cutting zone to a certain extent
and wash away the sawing chips. However, due to the extreme-
ly fine wire diameter of diamond wire (in multi-wire cutting,
the wire diameter can be as thin as 50 μm which was about
180 μm in past [11], and the single wire sawing can also be less

than 120 μm), the sawing kerf width is very small, and the
cutting fluid brought into the cutting zone by the thin wires is
limited, which cannot guarantee sufficient cooling and lubricat-
ing effect, especially the lubricating capability of cutting fluid is
not fully developed. This results in certain restrictions on saw-
ing quality and processing efficiency. Therefore, it is of great
significance to improve the lubrication capability of cutting
fluid for the improvement of sawing efficiency and quality in
the field of single/multi-wire DWS [12].

This paper presents a processing method of silicon slicing
by bathing the silicon ingot into the water tank (bath sawing).
By comparing with the sawing method of jet sawing with
traditional nozzles under the same cutting parameters, the sil-
icon surface quality obtained by the two cooling and lubrica-
tion methods is compared [13]. It is expected that the im-
proved cooling and lubrication method for the diamond wire
sawing can produce better surface quality than the traditional
jet diamond wire sawing.

2 Principle of bath sawing

As seen in Fig. 2, the water tank is arranged in the middle of
two parallel rollers in the horizontal direction, and between the

Fig. 1 Principles of traditional
cooling and lubrication methods.
a Spraying and jetting method. b
Overflow methods
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Fig. 2 Principle of bath cooling and lubrication of DWS silicon wafer
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upper wire web and lower wire web in the vertical direction.
The water tank includes two side walls and grooves on the
tank bottom, as shown in Fig. 3. The side walls and the groove
bottom are surrounded by a space to hold cutting fluid, and the
upper parts of the side walls corresponding to the diamond
wires are provided with wire grooves for diamond wire

penetration. The center of the groove bottom bulges toward
the opening, which is conducive to the accumulation and dis-
charge of chips toward the edge of the bulge. A plurality of
discharge ports are arranged at the joint of the side walls and
the bottom of water tank for the chips to flow out. A plurality
of parallel nozzles are arranged on both sides of the silicon
ingot along the length direction of the silicon ingot which is
not different from the jet sawing.

When the water tank is filled with cutting fluid and the
diamondwire web penetrates the wire grooves and is immersed
in the cutting fluid, the silicon ingot above the wire web can be
fed from top to bottom to saw. The diamond wires bring the
cutting fluid from thewater tank into the cutting zone, and bring
the silicon chips out of the cutting zone, which are respectively
led out by the fluid surface on the top of the water tank and left
in the water tank by the discharge port on the bottom of the
water tank, as shown in Fig. 4b. In order to facilitate the chips to
gather at the bottom and flow out with the cutting fluid, the
bottom surface of the water tank is not flat.

Figure 4 gives the structural comparison of the traditional
jet sawing and the improved bath sawing. In the jet sawing,
the cutting fluid sprays to the silicon ingot through the array
nozzles on both sides of the silicon ingot, as shown in Fig. 4a.
In the bath sawing, the silicon ingot is continuously sprayed
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Fig. 3 Structural style of water tank
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Fig. 4 Principle comparison of jet sawing and bath sawing. a Traditional jet injection cooling and lubrication method. b Bath cooling and lubrication
method
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by the cutting fluid from the array nozzles and cooled by the
fluid from the wire web in the water tankwhich are cooled and
fully lubricated before being brought into the cutting zone, as
shown in Fig. 4b.

The cutting fluid in the jet sawing enters the cutting zone
through two ways, i.e., the direct injection of cutting fluid and
the wire web movement brings the cutting fluid into the cut-
ting zone.

A large number of cutting fluid by the direct injection im-
pacted on the silicon ingot to form reflection and cannot flow
into the cutting zone. The fluid injected into the cutting zone
will also form certain reflection due to the effect of injection
pressure, resulting in a very limited amount of cutting fluid
used for cooling and lubrication, as shown in Fig. 5a.

In addition to the direct injection of cutting fluid, the vast
majority of cutting fluid is splashed onto the dense wire web,
and the cutting fluid is brought into the cutting zone by the
help of surface tension of the liquid through the movement of
the wire web, as shown in Fig. 5b. When the fluid pressure is
high, the injected cutting fluid will impact the wire web, which
will cause the wire web fluctuation and affect the stability of
water droplets on the wire web, thus causing the instability of
cutting fluid injection and affecting the machining quality.

However, for the bath sawing method proposed in this
paper, both the direct injection of cutting fluid and the action
effect of cutting fluid brought in by wire web movement are
obviously better than that of jet sawing method. The schemat-
ic diagram of bath sawing is shown in Fig. 5c and d. The
advantage of bath sawing is that it can effectively ensure the
cutting fluid brought into the sawing kerfs, and give full play
to the cooling and lubricating capability of the cutting fluid.

3 Experiment

3.1 Wire sawing test

The contrast wire sawing tests of both jet sawing and bath
sawing was conducted on a DWS slicing machine tool to
compare the surface quality of monocrystalline silicon wafer.
Under the same condition with the same cutting parameters,
such as wire speed, feed rate, and diamond wire specification,
the cutting parameters of the two cutting methods for silicon
sawing are shown in Table 1 and Table 2.

3.2 Surface quality test

A Hitachi TM3030Plus scanning electron microscope was
used for surface quality evaluation. A Nikon SMZ745T ste-
reomicroscope was used for kerf width measurement. A
Mitutoyo SJ210 surface profiler was used for surface rough-
ness measurement. The average roughness, skewness coeffi-
cient, and kurtosis coefficient of the wafer surface roughness
are measured and analyzed statistically. The SEMmicrograph
of the machined surface under the same cutting parameters
was obtained to compare the machining quality.

4 Results and discussion

4.1 Surface roughness

It can be seen from the average roughness distribution of the
silicon surface obtained in the contrast tests I of jet sawing and
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Fig. 5 Theoretical comparison of
jet sawing and bath sawing. a
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fluid. b Front view of effective
cutting fluid. c Side view of
invalid cutting fluid. d Front view
of invalid cutting fluid

2126 Int J Adv Manuf Technol (2021) 112:2123–2132



bath sawing, the surface roughness quality obtained by bath
sawing is better, especially at high feed speed and other high
productivity conditions, as shown in Fig. 6.

The asymmetry of the surface roughness can be character-
ized by a dimensionless parameter [14], the skewness RSK. It
is defined by

RSK ¼ 1

Rq
3 ∫

n
1y xð Þ3dx ¼ 1

Rq
3

1

n
∑
n

i¼1
Y i

3 ð1Þ

where y(x) is the function of continuity surface height, Yi is a
sample reading of the surface height from the mean level, n is
the total number of samples, and Rq is the RMS surface
roughness.

A negative skewness is often the result of precision surface
finishing such as fine grinding, lapping, and horning [15]. As
the surface roughness is around 0.3–0.6 μm, it is sufficiently
smooth surfaces or surfaces with sufficiently low plasticity

index; the negative skewness of the surface roughness can
greatly help safe guard the performance of machined surface.

A dimensionless parameter, the Kurtosis RKU, is the shape
measurement of the surface profile height relative to the mean
value. It is defined by

RKU ¼ 1

Rq
4 ∫

n
1y xð Þ4dx ¼ 1

Rq
4

1

n
∑
n

i¼1
Y i

4 ð2Þ

The physical meaning for the dimensionless friction behav-
ior is that more asperities are in contact with high kurtosis than
low kurtosis due to the peakiness of the surface profile [16]. It
is also found that distributions with kurtosis higher than 3
predict higher contact and friction parameters with larger de-
viations compared to the Gaussian case, while distributions
with kurtosis lower than 3 predict lower values than the
Gaussian case.

For the texture evaluation of the sawed surface, the rough-
ness of skewness coefficient (RSK) and the roughness of kur-
tosis coefficient (RKU) can be used [17]. For the skewness
coefficient, the surface with positive skew has poor pressure
retention. Therefore, a good silicon surface should have a
negative skew [18, 19]. According to the skewness coefficient
distribution of the surface obtained by the two cooling and
lubrication methods in Fig. 7, it can be seen that the RSK of

Table 2 Contrast tests II of jet sawing and bath sawing (wire diameter
100 μm)

No. Wire speed, m/s Feed speed, mm/min Pressure, MPa

1 1 3 0.05

2 1.5 3 0.05

3 2 3 0.05

4 2.5 3 0.05

5 3 3 0.05

6 2 0.5 0.05

7 2 5 0.05

8 2 7 0.05

9 2 10 0.05

10 2 15 0.05

11 3 3 0.01

12 3 3 0.02

13 3 3 0.03

14 3 3 0.04

15 3 3 0.05
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Fig. 6 Comparison of average roughness between two methods

Table 1 Contrast tests I of jet sawing and bath sawing (wire diameter
70 μm)

No. Wire speed, m/s Feed speed, mm/min Pressure, MPa

1 3 2 0.04

2 3 3 0.04

3 3 5 0.04

4 3 7 0.04
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Fig. 7 Comparison of skewness coefficient between two methods

2127Int J Adv Manuf Technol (2021) 112:2123–2132



the bath sawing surface has more negative skew than that of
the traditional jet sawing, which indicates that the machined
surface is better. The negative skewness of bath sawing can
greatly help to improve the contact and lubrication conditions
to further run-in the surfaces toward a lower plasticity index.

When the kurtosis coefficient RKU < 3, the height distri-
bution of silicon surface is higher than the average height of
surface (wave peak). When the kurtosis coefficient RKU = 3,
the height distribution is normal.When the kurtosis coefficient
RKU > 3, the height distribution is sharp. The higher the kur-
tosis, the greater the area, except for kurtosis less than 3 [20]. It
can be seen from Fig. 8 that bath sawing RKU < 3 and closer
to 3 than the jet sawing, which indicates that the surface qual-
ity is more uniform.

From the contrast tests II:

(1) The average roughness Ra obtained from variable cutting
parameter tests, such aswire speeds, feed speeds, and preset
tensions of diamond wire, it is known that the surface
roughness Ra values of bath sawing is smaller than the jet
sawing, and the consistency of surface roughness with the
change of wire speed, feed speed, and tension is better.

(2) From the skewness coefficient RSK, bath sawing shows
more negative skew as a whole, and the numerical values
are closer to 0 than jet sawing, indicating that the surface of
bath sawing has better capability of pressure retention; in
the variable wire speed tests and variable tension tests, the
skewness coefficient of bath sawing shows better
consistency.

(3) From the kurtosis coefficient RKU, the values of bath
sawing are closer to 3, indicating that the surface height
distribution is closer to the normal distribution and the
surface quality is more uniform. However, the height
distribution of jet sawing with more kurtosis coefficient
RKU > 3 is sharp (Table 3).

4.2 Surface profile

From the measurement results of surface roughness, it can be
found that the new cooling and lubrication method is beneficial
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Fig. 8 Comparison of kurtosis coefficient between two methods

Table 3 Surface roughness comparison of jet sawing and bath sawing
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to improve the surface roughness. The main reason can be
attributed to more sufficient cooling and lubrication, and reduc-
ing the impact of cutting fluid caused by injection pressure on
the wire web. This not only reduces the fluctuation of the wire
web, but also brings the cutting fluid into the cutting area stably
and improves the processing conditions in the cutting zone.

This can also be verified by the surface profile. Randomly
selecting three groups of surface profiles obtained from com-
parative cutting experiments, as shown in Fig. 9, it can be
found that bath sawing leads to a better roughness. The profile
distribution of bath sawing produced by wire marks is more
consistent than jet sawing, and the profile height distribution is
more uniform. As the surface profile is formed by diamond
wire cutting, the spatial position of diamond wire in the silicon
ingot will be reflected on the machined surface. The more
uniform machined surface of bath sawing reflects the im-
provement of wire web fluctuation.

4.3 Surface micrograph

Table 4 shows a comparison of SEM micrographs of jet
sawing silicon surface and bath sawing surface for differ-
ent sawing parameters. Under low sawing efficiency with
feed speed 3 mm/min, wire speed 3 m/s, pressure
0.04 MPa, the surface of the silicon surface of bath sawing
has no obvious advantage over the jet sawing surface. With
the increase of feed speed, such as feed speed 20 mm/min,
wire speed 3 m/s, pressure 0.04 MPa, the sawing surface
obtained by the bath sawing is obviously improved than
the traditional jet sawing surface. The situation reflected
from SEM micrographs is consistent with the conclusion
of surface profile.

4.4 Kerf loss

Kerf loss width was measured by microscope [21].
Figure 10 shows the kerf width of jet sawing and bath
sawing at different feed rates. It is found that the kerf
width obtained by bath sawing is significantly smaller
than that obtained by jet sawing. The cutting fluid trans-
port capacity of bath sawing is stronger than that of jet
sawing, which reduces the friction and wear of the kerf,
thus reducing the kerf loss. In addition, the kerf width
uniformity of bath method is better under multiple feed
parameters, all of which are 114.75 μm, while jet method
is the same only when the feed speed is 15 mm/min and
20 mm/min, which shows the kerf quality of bath sawing
is better. The corresponding micrographs for kerf loss of
jet sawing and bath sawing with good repeatability value
of the kerf width are shown in Fig. 11.

5 Conclusion

An improved cooling and lubrication method using a water
tank bath sawing is proposed. Some conclusions can be drawn
from this study:

(1) Compared with the traditional jet sawing, it can be found
that the average roughness value is smaller, the skewness
coefficient values are closer to 0 and have better consis-
tency, and the kurtosis coefficient shows the surface
height distribution is closer to the normal distribution
and the surface is more uniform, which means the sur-
face obtained from bath sawing is better than the jet
sawing. Furthermore, bath sawing is more suitable for
high production efficiency processing.

(2) The height of surface profile of bath sawing is less than
the jet sawing, while the SEMmicrograph of bath sawing
surface is better than the jet sawing surface.
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Fig. 9 Comparison of surface profiles between jet sawing and bath
sawing. a Wire speed 1.5 m/min; feed speed 3 mm/min; pressure 0.05
MPa); bWire speed 2m/min; feed speed 15mm/min; pressure 0.05MPa;
c Wire speed 3 m/min; feed speed 3 mm/min; pressure 0.01 MPa
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(3) The cutting fluid added into the water tank can achieve
better fluid-carrying capacity of diamond wire web
through the wire grooves on the top of side walls of the
water tank, and the cutting fluid has certain directionality
and can be brought into the cutting zone along the wire
moving direction. The above results can give full play to

the cooling and lubricating effect of cutting fluid. Also,
the chips gathered at the bottom of the water tank are
easier to realize directional discharge.

(4) Due to better lubrication and cooling effect, diamond
wire has longer service life and lower wire consumption
in bath sawing.

Table 4 SEM micrograph comparison of jet sawing and bath sawing

Feed speed 20 mm/min,  

wire speed 3 m/s,  

pressure 0.04 MPa 

200× 

  

Feed speed 20 mm/min,  

wire speed 3 m/s,  

pressure 0.04 MPa 

400× 

  

Feed speed 20 mm/min,  

wire speed 3 m/s,  

pressure 0.04 MPa 

1200× 

  

Parameters Jet sawing Bath sawing

Feed speed 3 mm/min, 

wire speed 3 m/s, 

pressure 0.04 MPa

200×
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(5) The kerf width of bath sawing is more superior, and the
kerf quality is obviously better than jet sawing.
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