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Abstract
Lubrication can improve the tool-workpiece interface condition in ultraprecision machining, especially in microgrooving 
processes. The aim of this study was to compare the effects of dry, liquid (cutting oil), solid (wax) and hybrid (cutting oil and 
wax) lubrication conditions, on the creation of arc-sectioned microgrooves on single-crystal silicon wafers using a single-
crystal diamond tool. Micro cutting forces, chip morphology, and surface quality at different locations of the grooves were 
investigated. Rose-shaped continuous chips were observed in dry cutting, indicating stable ductile mode material removal. 
The entrance side of the groove was always smoother than the exit side with a higher degree of phase transformation. Chip 
adhesions on the tool edge were found in dry and oil lubricated cutting, whereas wax coating could prevent the adhesion. Wax 
coating played the dual roles of a chip breaker as well as a high-performance lubricant, thus improved the surface integrity. 
This study demonstrated the capability of using wax coating as an environmentally friendly solid lubricant for microgroov-
ing of single-crystal silicon and possibly for other hard brittle materials.

Keywords  Diamond turning · Micro cutting · Ultraprecision machining · Micro groove · Single crystalline silicon · Solid 
lubricant · Green manufacturing

1  Introduction

In today’s industry, the demand for semiconductor compo-
nents with a highly accurate surface is increasing. Single-
crystal silicon is a major semiconductor material for opto-
electronic and microelectronics, micro-electro-mechanical 
systems (MEMS), and solar panels owing to its excellent 
properties such as high purity, hardness and wear resistance, 
low thermal expansion, superb stability, light weight, low 
oxide formability, and abundance. Ultraprecision machin-
ing is needed for achieving a mirror-like surface on silicon 
[1–3].

Surface integrity is a characteristic expression of surface 
quality including surface roughness, waviness, surface/sub-
surface defects and metallurgical changes after a manufac-
turing process [4, 5]. In ultraprecision machining processes, 
the ultimate surface integrity may be influenced by various 
machining parameters, such as depth of cut, tool feed rate, 
and tool geometry. Any minute changes in these parameters 
can result in a noticeable discrepancy in the form accuracy 
and surface roughness [6–8]. In contrast, the effects of lubri-
cants on the ultraprecision machining processes of silicon 
have not been fully elucidated.

Lubrication can reduce heat generation, and as a result, 
diminish the cutting temperature [9]. Moreover, an appro-
priate lubricant may decrease the cutting forces by reducing 
the friction in the tool-workpiece interface [10]. The use of 
cutting oil can suppress chip adhesion and tool wear [11]. 
Conventionally, liquid lubricants such as water and kero-
sene are used in machining processes of metals [12, 13]. On 
average, over 36 million metric tons of lubricants are being 
produced and used per annum in the world; that way, the 
estimated annually turnover in the US alone is more than 19 
billion dollars [14]. Most of these lubricants are liquid and 
it is estimated that up to 80% of them are released into the 
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environment [15]. Therefore, a major issue in this area is the 
prevention of widespread ecological pollution.

Danyluk and Reaves [16] utilized three fluids in the 
grooving of silicon under a constant thrust force and showed 
that the deepest and the shallowest grooves were achieved by 
using acetone and water respectively. Moriwaki et al. [17] 
used kerosene as the cutting oil in two forms of oil mist and 
oil jet. They displayed that both conditions lead to a reduc-
tion in the temperature rise and machining error. However, 
using the oil mist was more influential. Yan et al. [18] inves-
tigated the effect of kerosene mist and water on the ultra-
precision machining of silicon and illustrated that the use of 
fluids of high cooling ability led to lower ductile machinabil-
ity, although prolonged the tool life. Liquid lubricants also 
lowered the ductile machinability of other brittle materials 
[18–20]. Ohta et al. [21] compared the effect of oil-based 
and water-based coolants on tool wear in the ultrapreci-
sion machining of silicon and elucidated that water-based 
electrically conductive coolants provide a longer tool life 
by a factor of three due to the prevention of occurrence of 
triboplasma at the tool-workpiece interface. Goel et al. [22] 
employed distilled water in the ultraprecision machining of 
6H-SiC but found significant wear marks and debris on the 
cutting edge. Chan et al. [23, 24] atomized the cutting fluid 
through nano-droplets (NDs) and found a better penetration 
into the cutting zone was achieved with lower surface wavi-
ness and roughness.

The effect of nanofluids on cutting process has been 
investigated by some researchers [25–27]. These nanofluids 
are obtained by mixing the nanoparticles into a base fluid 
[28]. Employing nanofluids can increase the viscosity and 
thermal conductivity of the coolant; and simultaneously, 
reduce the tool-workpiece friction [29, 30]. Nevertheless, 
the main limitation of these coolants are their higher cost, 
instability and agglomeration problems [31].

A few researchers also used gases for cooling [32, 33] 
and solid or semi-solid compounds such as wax sticks, bars, 
pastes, creams, and gels to cool and lubricate the machining 
area [34–36]. Such solid and semi-solid lubricants typically 
provide superior lubricity because of the higher adhesion 
to the cutting tool [37]. Also, in particular, the wax-based 
lubricants are cleaner and more environmentally friendly 
due to their benefits such as the reduction in lubricant usage, 
less spreading and easier collection, low odor, recyclability, 
and anti-corrosion characteristics [38, 39]. Solid lubricants 
with nanoparticles were also attempted in ultraprecision cut-
ting of hard brittle materials. Yan et al. [40] dispersed four 
types of nanoparticles in lubrication grease and found that 
the grease with 10% Cu nanoparticles gave the best surface 
integrity as well as lowest tool wear in SiC cutting.

As the studies conducted on the effects of lubricants are 
still fewer compared to those on other factors of ultrapreci-
sion machining, there are great discrepancy in the reported 

results. Therefore, the mechanisms of lubrication and cool-
ing of various lubricants have not been clarified yet. In 
recent years, some researchers have examined the influence 
of cutting fluid using molecular dynamics (MD) method. An 
MD investigation considering the cutting atmosphere was 
conducted by Rentsch and Inasaki [41]. They focused on 
the heat convection by defining water atoms as the cutting 
fluid and found that a few fluid atoms could diffuse into the 
workpiece surface. Lautenschlaeger et al. [42] compared a 
lubricant with the vacuum atmosphere and found that a large 
part of the cutting tool was always in direct dry contact with 
the workpiece.

For silicon cutting, most researches have focused on liq-
uid lubricants, while no study has examined the effect of 
solid and solid–liquid hybrid lubrication. In particular, there 
is no literature on lubricants for the microgrooving of silicon 
substrates yet. In a recent work by Heidari and Yan [43], a 
wax coating was used as an infiltrant in the ultraprecision 
machining of porous silicon, and the surface quality was 
found to be improved by reducing surface microfractures. 
This indicated the possibility of using wax coating as a lubri-
cant for cutting hard brittle material, especially for micro 
grooving processes.

The aim of the present research is to investigate the influ-
ence of various cutting lubricants including liquid (oil), solid 
(wax coating) and solid–liquid (wax–oil) hybrid lubricants, 
on the cutting mechanism of arc-sectioned microgrooves 
of silicon. The changes in cutting forces, chip morphology, 
grooves topography and surface roughness, phase transfor-
mation, and chip adhesion were explored. The best cutting 
lubricants for achieving high-quality grooves at a low envi-
ronmental load were identified.

2 � Experimental Procedures

2.1 � Workpiece

In this research, an N-type single crystalline silicon (100) 
wafer with the dimension of 50 mm × 50 mm × 0.7 mm was 
used as the specimen. As shown in Fig. 1, the specimen was 
attached on a copper jig using a wax at a tilting angle of 
about 0.1°. In each stage, the tool moved toward the wafer 
surface and entered into the workpiece up to 5 µm. Table 1 
shows six lubrication conditions for microgroove cuttings. 
For this purpose, two types of waxes with different hard-
ness and CASTY-LUBE®B-905 cutting oil were employed. 
The wax coatings were obtained by directly applying the 
melted wax on the workpiece with the thickness of about 
2 mm, which was achieved by trial and error. The cutting 
oil was applied in two methods: oil mist jet and direct oil 
jet. In addition, the hybrid effect of the wax coating and oil 
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was investigated. The characteristics of these materials are 
given in Table 2.

2.2 � Cutting Tool

In the experiments, a round-nosed single-crystal diamond 
tool (Osaka Diamond CORP, Japan) with a nose radius of 
1 mm and an edge radius of ~ 70 nm was employed. The rake 
and clearance angle of the tool was 0° and 15°, respectively. 
Arc-sectioned grooves were created in experiments. A fresh 
and intact cutting edge was utilized for microgrooving of 
each groove in order to exclude the effects of tool wear.

2.3 � Machine Tool and Cutting Conditions

The microgrooving experiments were conducted on a three-
axis (XZB) control ultraprecision machine, NACHI ASP-15 
(NACHI-FUJIKOSHI CORP, Japan). The machine tool con-
sists of two linear tables and one rotary table with hydrostatic 
bearings. Laser hologram scales are also employed for the 
accurate positioning of these tables. The linear and rotary reso-
lutions of this machine equal 1 nm and 0.00001°, respectively. 
It is also equipped with an injection nozzle. For oil mist jet, 
the cutting oil is mixed with compressed air and sprayed onto 
the machining area through a nozzle. The main parts of the 
machine are illustrated in Fig. 2.

The parameters used in microgrooving experiments are 
listed in Table 3. Since different areas at various radial loca-
tions were used for each groove, the spindle rotation rate was 

adjusted in each step to maintain a constant cutting speed 
according to Eq. (1). On the other hand, a 500 nm fine depth 
of the cut was used for each workpiece rotation. Therefore, the 
tool was fed perpendicularly to the workpiece at a feed rate fe 
(µm/min) as described by Eq. (2).

(1)N = Vc∕2πr

(2)f
e
= V

c
h
max

∕2000πr

Fig. 1   Schematic view of silicon microgrooving under different lubri-
cation conditions

Table 1   Lubrication conditions 
applied in microgrooving

Groove number I II III IV V VI

Lubrication Dry Wax 1 Wax 2 Wax 1 + oil jet Oil mist Oil jet

Table 2   Characteristics of the incorporated waxes and cutting oil

Wax 1 Wax 2 Cutting Oil

Melting point 
(°C)

70 Melting point 
(°C)

95 Viscosity 
(40 °C, mm2/s)

4.93

Hardness (HV) 3.11 Hardness (HV) 3.55 Density (15 °C, 
g/cm3)

0.87

Fig. 2   Photograph of the microgrooving setup

Table 3   Arc grooving conditions

Machine tool NACHI ASP-15

Total depth (a) 5 µm
Maximum undeformed chip thickness (hmax) 500 nm
Feed rate (fe) 13.5–45 µm/min
Cutting speed (Vc) 4 m/min
Spindle rotation rate (N) 27–90 rpm
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Figure 3 schematically shows the arc grooving model 
using an R-shaped diamond tool. In this figure the maxi-
mum undeformed chip thickness (MUCT) is equal to the tool 
advancement in one rotation. By focusing on the removed 
material, it can be observed that the chip thickness on the 
middle of the groove is a bit thicker than chip thickness on 
the groove edges (MUCT > t’).

2.4 � Measurement Apparatus

The angle of the inclined workpiece on the copper jig 
was measured by an ultraprecision point autofocus probe 
(Mitaka, Japan). A micro Vickers hardness tester (Shimadzu 
HMV-G21S, Japan) was employed to measure the hardness 
of the wax coating. The cutting forces were picked up by a 
piezoelectric dynamometer (Kistler 9256C2) mounted under 
the tool holder. To evaluate the integrity of the grooves, a 
digital microscope (Keyence VH-Z100UR, Japan) and a 
white light interferometer Talysurf CCI1000 (AMETEK 
Taylor Hobson Ltd., UK) were used, and the surface pro-
files were analyzed by Talymap software. In addition, a laser 
micro-Raman spectrometer (JASCO NRS-3100, Japan) was 
employed to characterize the phase transformation. Finally, 
chip morphology and tool defects were examined by a field-
emission scanning electron microscope (FE-SEM, Model 
Inspect F50).

3 � Results and Discussion

3.1 � Cutting Force Characteristics

The influence of the lubrication conditions on the force 
angle and average cutting force are plotted in Fig. 4. Force 
angle is defined as tan−1(Ft/Fc), where Ft and Fc is the 

average thrust force and tangential force, respectively. As 
demonstrated in this figure, applying wax to the machined 
surface led to a comparable increase in the force angle, 
which is believed to be due to the lubricity effect (ability 
of a lubricant to reduce the average frictional coefficient) 
in the wax. Typically, this condition improves the surface 
characteristics [44, 45].

The amount of force angle drops by using the pure cut-
ting oil, both in the oil mist and oil jet conditions. How-
ever, it is much more significant in the oil jet situation. 
At such low force angles, an appreciable deviation on the 
groove is expected.

While the wax coating and oil lubrication are simul-
taneously applied, the amount of force angle is closer to 
the sole wax coating condition. There may be two reasons 
for this issue. First, the amount of solid lubricant (wax 
layer) is much higher than the liquid lubricant (oil jet). 
Hence, the mechanics of cutting is mostly influenced by 
the wax layer. Second, the wax is embedded into the first 
layer of the workpiece and only a little amount of oil has 
the chance to penetrate into the grooving area due to the 
high cutting speed. The reason for the high force angle in 
the dry grooving mode will be explained later in Sect. 3.6.

As shown in Fig. 4, applying the wax coating on the 
workpiece surface results in an increase in the average cut-
ting force. Although the silicon substrate is much harder 
than the wax lubricant, the thickness of the wax layer 
(~ 2 mm) is far larger than the maximum undeformed chip 
thickness of silicon (500 nm). For this reason, the presence 
of the wax layer leads to a considerable resistance to the 
grooving operation. In this circumstance, the harder wax 
(Wax2) causes a slightly higher cutting force. Due to the 
reduction of the tool-workpiece friction, the lowest cutting 
force is obtained in the oil mist condition. Under the oil 
jet condition, the cutting force is somewhat higher due to 
the chip adhesion phenomenon (Sect. 3.6).

Fig. 3   Schematic diagram of the grooving model with an R-shaped 
tool

Fig. 4   Effect of lubrication conditions on the force angle and average 
cutting force
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3.2 � Chip Morphology

Figure  5 presents the FE-SEM images of microchips 
obtained from dry microgrooving. Under this condition, long 
and continuous chips with arc-shaped cross-sections were 
created, indicating the predominance of the ductile phase 
machining. The reason for chips curvature was the different 
crystallographic directions during one workpiece rotation. 
The effect of crystallographic orientation on cutting forces 
has been widely studied by the previous researchers [46–48]. 
In the current experiments, although the cutting test is per-
formed on a constant plane of Si (100), the cutting direction 
is changing continually with respect to the crystal struc-
ture; which leads to successive changes in the stress state. 
Subsequently, the direction of chip flow is changing dur-
ing the machining process, and as a result, the curved chips 
are achieved. Because of the lower chip width in the initial 
passes, this issue was more significant; and the rose-shaped 
chip was created (Fig. 5b). Changes in the cutting direction, 
along with the side flow and vibration of the cutting forces, 
result in the chip edge tearing. A portion of these separated 
parts was capable of sticking to the freshly-machined surface 
as the debris and declining the final surface finish.

The FE-SEM image of cutting chip in the “wax 1” coating 
mode is displayed in Fig. 6. Interestingly, a discontinuous 
chip was created. This issue led to more fluctuations in the 
cutting forces and consequently, a wider error bar can be 
found in force angle in Fig. 4.

Nevertheless, the creation of discontinuous chips is 
considered to be due to the contact pressure from the wax 
coating and does not mean the existence of the brittle 
mode machining. Although the achievement of continuous 
chips is a positive indication of the ductile mode cutting, 
their existence is not always desirable. Such continuous 
and long chips can become entangled with the cutting tool 
tip and reduce tool life and surface integrity [49].

Fig. 5   FE-SEM micrographs of the chips in the dry condition

Fig. 6   FE-SEM micrographs of the chips in the wax (type 1) coating 
condition
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3.3 � Groove Topography

Figure 7 demonstrates the effect of different lubrication 
conditions on the entrance and exit of the cutting tool. In 
general, grooves have better quality at the entrance. In this 
circumstance, the effective rake angle is higher than the 
nominal one due to the effect of edge radius; as a result, the 
contact pressure between the tool and machined silicon sur-
face grows. In such a case, the high-pressure phase transfor-
mation (HPPT) is induced more easily, and the ductile mode 
cutting is achieved. In contrast, the effective rake angle in 
the exit area is less than the nominal value. Moreover, unlike 
the entrance side (which is under compression), the stress 
situation in the exit side is tensile. These issues could cause 
fluctuations in the cutting force, leading to earlier brittle 
mode cutting. Additionally, a part of grooved chips enters 
the cutting area and deteriorates the exit surface quality.

Comparing the wax coating conditions with others, it 
demonstrates that a highly ductile regime grooving occurs, 
both in the entrance and exit areas. There are two main rea-
sons for this: The first reason is the breaking of the chips 
which reduces the risk of the damage caused by continuous 
chips. The second is the role of the wax coating as a lubri-
cant which reduces the frictional forces.

Figure 8 shows the chip formation mechanism of silicon 
workpiece in the presence of a layer of wax. As the cut-
ting process proceeds, the chip is created in front of the tool 
(Fig. 8b). In this situation, the pressure induced by the chip 
formation causes a pile-up and a few cracks in the wax layer 
above the tool. On the other hand, the wax provides resist-
ance to the normal flow of the chip. This issue, along with 
the difference in the chip-tool and chip-wax friction coef-
ficients, will result in creation of stress and micro-cracks 
in the chip area. Subsequently, by more tool advancement, 
the chip is broken and the surrounded wax is disintegrated 
(Fig. 8c). However, due to the presence of the wax layer, 
the breakage impact and the ejection of the cutting chip are 
controlled, to some extent. In this circumstance, a part of 
disintegrated wax particles enters into the tool edge and rake 
face areas, which acts as the solid lubricant (Fig. 8d). There-
fore, better surface quality would be achieved.

It is worth noting that, when the oil was used, the surface 
quality of the grooves entrance and exit decreased. The rea-
son for the fluctuations in the cross-sectional exit profiles 
in these conditions can be explained by trapping the chips 
particles due to the viscosity of the cutting oil in front of the 
tool. The results also exhibited that, while the wax coating 
and oil jet were applied simultaneously, the groove topog-
raphy in the entrance and exit areas was mostly affected by 
the wax layer, rather than the cutting oil.

Figure 9 demonstrates a comparison of groove topogra-
phies in Wax1 and Wax1 + oil jet conditions. In the case 
of the sole wax coating, despite the presence of some 

fractures, the main cutting regime is in the ductile mode. 
Moreover, there is no burr formation on the edges of all 
grooves because chip thickness is almost constant along the 
groove width. In this way, the cutting conditions at both 
sides of the groove edges are similar to the orthogonal cut-
ting situation with the fluent material flow. However, under 
the hybrid lubrication, the quality of groove center is drasti-
cally affected and degraded by the oil jet. The reason of this 
issue will be explained in Sect. 3.4.

The surface topography obtained from dry grooving and 
the related cross-sectional profiles along different directions 
are depicted in Fig. 10. The effect of micro-fractures can be 
observed, and the dominant cutting mechanism in the middle 
of the groove seems to be under the brittle mode.

The roughness of groove fringes at the two sides of the 
groove slightly differs. There are two reasons for this: Firstly, 
the cutting speed on the two edges is a little different due to 
the different cutting diameters, and secondly, there is slight 
unevenness along the cutting-edge radius.

3.4 � Groove Surface Roughness

A comparison of groove bottom and fringe roughness under 
different lubrication conditions is given in Fig. 11. In all 
conditions, the fringe roughness is higher than the bottom 
roughness. This is presumably caused by the side flow of 
material at the edges. Furthermore, owing to the analyses 
presented in Sect. 3.3, inequality of the groove fringes is also 
observed in other lubrication conditions. However, the wax 
coating conditions present a different trend: higher surface 
roughness in the outer fringe than the inner fringe. There are 
two possible reasons for this issue. Firstly, due to the higher 
cutting speed in the outer fringe, the disintegration impact of 
wax particles is slightly higher. Secondly, owing to the cen-
trifugal force, the disintegrated wax particles in the groove 
bottom tend to be thrown toward the outer fringe. Therefore, 
the outer fringe is subjected to higher disturbances, which 
results in a higher surface roughness.

Known from Fig. 4, using the cutting oil results in a 
reduction in machining forces and, as a consequent, an 
improvement in the final groove integrity. However, the 
roughness of groove bottom in the oil jet condition is slightly 
less than that in the oil mist situation. Under this condition, 
the grooving chips are more likely to remain in the cut area 
and, subsequently, the possibility of their abrasive effects 
on the grooved surface increases. Another drawback of this 
lubrication method is the increased consumption of cutting 
oil by machining, and consequently, augmentation of envi-
ronmental pollution and health problems.

The best groove finish was achieved by wax coating. In 
this circumstance, the roughness of groove bottom is around 
11.6 nm which is almost 11 and 8 times smoother than the 
dry and wet (oil mist/oil jet) cutting, respectively. The first 
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Fig. 7   The effect of lubrication conditions on the entrance and exit of the tool
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Fig. 8   Effect of wax coating on chip formation: a entrance of the tool, b cracks propagation in wax and chip, c disintegration of the wax and chip 
breakage, d adhesion of the wax particles on the tool edge and rake face and working as the solid lubricant

Fig. 9   Surface topography and cross-sectional view of groove in Wax1 coating, and Wax1 + oil jet conditions
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reason for this is the role of chip breaker played by the wax 
coating. In such cases, the discontinuous chips are created 
during the ductile regime grooving, providing an ideal situ-
ation for the machining of hard and brittle materials. Besides 
that, the stability of the cutting environment is a key factor in 
achieving a higher form accuracy and better surface rough-
ness [50]. Clinging of the lubricant particles to the tool and 
workpiece is a significant parameter which can affect this. In 
the application of the wax coating, the workpiece surface is 

uniformly covered with a solid lubricant (wax). This implies 
that the wax particles have more chance to enter the tool-
workpiece interface and improve the groove quality.

Under the hybrid condition (wax1 + oil jet), the surface 
roughness is closer to the sole oil condition than the wax 
coating. It is probably because the disintegrated wax and 
chip particles remain in the cutting area due to the oil vis-
cosity. In this way, a part of these particles enters into the 
tool-workpiece interface and reduce the final quality.

A noteworthy finding is that using the wax with higher 
hardness and melting point leads to a better result. It can be 
stated that this has occurred because of higher environmen-
tal stability in such a situation.

3.5 � Material Phase Transformation

Figure 12 presents the Raman spectral mapping of normal-
ized amorphization intensity for the start, middle, and end 
of the grooves under the dry condition and “wax 1” coat-
ing. The normalized peak height was calculated at 470 cm−1 
from the Raman shift ranging from 100 to 800 cm−1. The red 
color (up-shift of Raman band) represents a higher amorphi-
zation intensity [51].

Previous studies have proved that during the brittle 
mode machining, the cutting mechanism is based on the 
expansion of the brittle fractures and, in such a case, there 

Fig. 10   Surface topography of dry grooving and the related cross-sections

Fig. 11   Effect of lubrication conditions on the groove roughness
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is no phase transformation [52]. On the contrary, phase 
transformation can be found under the ductile mode cut-
ting in brittle materials. This means that ductile mode 
machining is not necessarily a damage-free process due 
to the high pressure-induced metallization under the 
tool. As demonstrated in Fig. 12, the tool entry is always 
under higher phase transformation than the exit region, 
indicating the dominance of the ductile mode cutting 
in the entrance area. This result is consistent with the 
groove roughness presented in Fig. 7. Furthermore, based 
on Fig. 12b, the peak heights of the amorphous silicon 
increased under the wax coating condition; thus, further 
processing-induced phase transformation was produced. 
Therefore, it can be claimed once more that the use of 
wax coating further expands the ductile machinability. 
The groove roughness values presented in Fig. 11 also 
confirms this result.

3.6 � Chip Adhesion

The quality of the cutting edge can directly affect the ductile 
machinability of a brittle material, such as silicon. Examin-
ing the FE-SEM images along the cutting edge demonstrated 
that there is no chip adhesion in the wax coating and oil 
mist conditions. As discussed earlier in Sect. 3.3, under the 
wax coating condition, the cutting edge is in continuous and 
sufficient nourishment of disintegrated wax. In the oil mist 
condition, the fine droplets of cutting oil can easily enter into 
the cutting zone. Nevertheless, there is a slight chip adhesion 
on the cutting edge under dry grooving (Fig. 13a) as well as 
hybrid lubrication (Fig. 13b). This could be another reason 
in creation of the curved chip, which was already discussed 
in Sect. 3.2. Figure 14 illustrates the scheme of the two-
dimensional material flow in arc grooving. Evidently, owing 
to the high hydrostatic pressure caused by the stagnation 
region on the tool apex, this area is highly susceptible to 

Fig. 12   Submicron Raman intensity maps of the peak height of amorphous silicon under a dry grooving, and b wax coating

Fig. 13   High-magnification FE-SEM photography of the chip adhered on the cutting edge: a dry grooving, b hybrid lubrication (wax coating 
and oil jet)
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material adhesion. Under the dry grooving, the size of the 
adhered chip is larger than the grooving depth. Subsequently, 
this adhered layer increases the friction during chip flow, 
which leads to an increase in the thrust force, thereby boost-
ing the force angle (Fig. 4).

The morphology of the adhered chips in these two condi-
tions is largely similar to each other. Nonetheless, in terms 
of using hybrid lubrication (wax coating and oil jet), chip 
adhesion does not occur at the tool apex. Under this condi-
tion, lubricant accumulation occurs due to the stagnation 
phenomenon (Fig. 14). Thus, this part of the tool always 
has an adequate supply of lubrication. On the two sides of 
the tool apex, on the other hand, the presence of cutting oil 
on the wax coating results in an easier sliding in the wax 

particles. As a result, the lubricity of the wax drops and a 
slight chip adhesion is generated in these areas.

As indicated in Fig. 15, the same result was observed 
under the oil jet condition. Therefore, the roughness values 
of grooves fringe and bottom are very close in IV and VI 
conditions. In this situation, the pressure induced by the wax 
coating is not present, and the separated particles resulting 
from chip edge tearing are retained by the adhesion of the 
oil in the grooving locus. This issue along with the disparity 
in lubrication performance leads to a different configuration 
in the adhered chips.

The use of wax coating as lubricant has several advan-
tages. First, it is easier to apply the wax coating uniformly 
on the workpiece surface than providing oil or oil mist to 
the cutting point precisely. Second, the consumption amount 
of wax is very little by selectively applying the melted wax 
only on the machining area. Third, there is almost no pollu-
tion to air and no contamination to machine tools. Fourth, it 
is easy to separate wax and silicon by heating their mixture 
and recycling both of them. Therefore, wax coating might 
provide an environmentally friendly method for lubrication 
of hard brittle materials cutting, and contribute to the reali-
zation of green manufacturing.

4 � Conclusions

The effects of various cutting lubricants were examined on 
microgrooving of single-crystal silicon. The following con-
clusions were drawn:

•	 Wax coating acts as a chip breaker and breaks the con-
tinuous chips, which enhances the ductile machinability 
and intensifies the grooving-induced phase transforma-
tion.

•	 For all lubricating methods, the entrance side of the 
microgroove is always smoother than the exit side with 
more phase transformation. The groove bottom is always 
smoother than the fringes.

•	 Using a harder wax coating decreases the roughness in 
the groove fringes and increases the uniformity of the 
surface roughness of a groove.

•	 The use of cutting oil, regardless in the form of oil jet or 
mist jet, improves the groove roughness.

•	 Chip adhesion is significant under dry cutting as well as 
oil lubrication.

•	 The best lubrication performance is achieved by wax 
coating, where chip adhesion does not occur and surface 
roughness improves by a factor of ~ 11.

•	 Raman spectral mapping show that the use of wax coat-
ing further expands the ductile machinability in micro-
grooving silicon.

Fig. 14   The 2-D model of material flow and lubricant accumulation 
(under wet machining)

Fig. 15   FE-SEM photography of chip adhesion on the cutting edge 
under oil jet condition
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Future research could investigate the effect of wax lubri-
cation on ultraprecision interrupted cutting of silicon wafer 
to achieve a fully machined surface.
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