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Cellulose nanofiber (CeNF)-reinforced polymer com-
posites have wide potential applications in the man-
ufacturing of optical and mechanical parts owing to
their light weight, high mechanical strength, and opti-
cal transparency. In this study, CeNF-reinforced ho-
mogeneous polypropylene (PP-CeNF) was machined
under various conditions by ultraprecision diamond
turning, and the results were compared with those
of pure PP without CeNF addition. The influence of
CeNFs on material removal was investigated by exam-
ining the surface topography, chip morphology, cut-
ting forces, and cutting temperature. It was found
that the surface defects in pure PP cutting were sur-
face tearing, while the surface defects of PP-CeNF
were surface tearing and micro-holes induced by the
pulling-outs of CeNFs. Surface tearing increased with
cutting speed; pulling-outs of CeNFs were slightly af-
fected by cutting speed but strongly dependent on the
tool feed rate. Under a small tool feed rate, the sur-
face roughness could be reduced to ~10 nm Ra for
PP-CeNF. The thermal effect was insignificant in the
experiments, whereas the effect of strain rate-induced
material hardening was dominant for both workpiece
materials at a high cutting speed. This study helps to
understand the mechanisms for ultraprecision cutting
of CeNF-reinforced polymer composites and provides
guidelines for improving the machined surface quality.

Keywords: polymer, ultraprecision cutting, cellulose
nanofibers, composite material, surface defect

1. Introduction

Cellulose nanofiber (CeNF) is an attractive material for
a variety of industrial applications, owing to its excellent
properties such as high rigidity, light weight, low coeffi-
cient of thermal expansion, and optical transparency [1,
2]. Previous studies have shown that the elastic modulus
of CeNF remains stable around 2-3 GPa at a tempera-
ture ranging from —200°C to 200°C [3,4], and the linear
thermal expansion coefficient of CeNF along the fiber di-
rection is only 0.17 ppm/K [5].

Polymer reinforcement is one of the major applications
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of CeNF [6,7]. Mixing the polymer with CeNF can im-
prove the mechanical strength of the polymer; meanwhile,
the transparency of the polymer will not be reduced [8].
Thus, polymer-CeNF composites are expected to be used
for the manufacture of mechanical, optical, and electronic
parts such as substrates for optical lenses, organic electro-
luminescence displays, and organic thin-film organic pho-
tovoltaics. Fujisawa et al. [9] reported that the elastic
modulus and tensile strength of a non-crystalline poly-
lactic acid (NPA) sheet containing 10% CeNF, which is
made by a low-pressure forming process, are 1.3 times
larger than those of the NPA sheet without CeNF ad-
dition. Researchers of the New Energy and Industrial
Technology Development Organization (NEDO) [10] re-
ported that they succeeded in improving the mechanical
behavior of high-density polypropylene (HDPE) by mix-
ing 10% CeNF. The elastic modulus and tensile strength
of HDPE-CeNF were 4.5 times and 2.4 times, respec-
tively, larger than those of HDPE, and the linear ther-
mal expansion coefficient was decreased from 248 ppm/K
(HDPE) to 47 ppm/K (HDPE-CeNF). Similar results
were obtained for polypropylene (PP).

The shape formation of CeNF-reinforced polymer has
been extensively studied. Injection molding is a com-
monly used processing method [11,12]. However, it is
difficult to fabricate high-precision parts with complex
shapes because of the shape errors caused by thermal ef-
fects. This limits the application of polymer-CeNF com-
posites in the optical field and other fields requiring high-
precision parts. Alternatively, ultraprecision cutting may
be a promising solution for fabricating complex shapes
with a nanometric surface roughness on polymer-CeNF
composites.

Several studies have been conducted on the ultrapreci-
sion cutting of fiber-reinforced materials. Yan et al. [13]
investigated the effect of the fiber angle on the mate-
rial removal mechanism of carbon-fiber-reinforced plas-
tics (CFRP). They found that the finished surface rough-
ness was maximized at a fiber angle of 90°, and tool
wear increased as the fiber angle increased. Kaneeda [14]
studied the effect of fiber direction on the cutting perfor-
mance of CFRP and found that the roughness of the tool
edge and the clearance angle affected the machinability.
The amount of residual uncut and the depth of the dam-
aged layer increased as the roundness of the tool edge in-
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Fig. 1. Schematic diagram of experimental setup.

creased, and the amount of residual uncut and thrust force
decreased as the clearance angle of the tool increased.

However, to date, there is no available literature on the
cutting of polymer-CeNF composites; thus, its machin-
ability is still unknown. Although there is some structural
similarity between CFRP and polymer-CeNF, their sizes,
distributions, and mechanical strengths are distinctly dif-
ferent. Carbon fibers are directional, with microscale di-
ameters, whereas CeNFs are non-directional, with nano-
metric diameters. Therefore, the cutting performance of
the polymer-CeNF composites should be different from
that of CFRP.

In this study, ultraprecision diamond turning experi-
ments were performed on polymer-CeNF composites to
explore their micro/nanoscale machinability. In the ex-
periments, CeNF-reinforced homogeneous polypropylene
(PP) was used as the workpiece. The effects of CeNF on
the surface topography, chip morphology, cutting force,
and cutting temperature under various cutting conditions
were examined. For comparison, pure PP without CeNF
addition was also cut under the same conditions. This
study aims to clarify the machinability of polymer mate-
rials containing CeNFs and contribute to the development
of nanocomposite-based manufacturing.

2. Experimental Setup

The cutting experiments were carried out on a
three-axis CNC ultraprecision lathe, NACHI ASP-15
(NACHI-FUJIKOSHI Corp., Japan). Fig. 1 shows a
schematic of the experimental setup. Pure PP with-
out CeNF addition and PP containing 45%—-55% CeNF
(PP-CeNF) prepared by injection molding were used as
the workpiece. The diameter of the CeNF was approxi-
mately 100 nm, and its length was several microns. The
workpieces were 40 mm in diameter and 1.5 mm in thick-
ness. A single-crystal diamond tool with a nose radius of
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Fig. 2. Cutting model of a round-nosed diamond tool.

Table 1. Cutting conditions.

Parameters Value
Cutting tool Round-nosed diamond tool
Nose radius R 10 mm
Edge radius r 50 nm
Rake angle 0°
Flank angle 8°
Feed rate f 5, 30 um/rev
Depth of cut d 10 um
Spindle rotation rate N 2000 rpm
Cutting speed V 0-210 m/min
Cutting atmosphere Dry

10 mm, a rake angle of 0°, and a flank angle of 8° was
used. The edge radius of the diamond tool is approxi-
mately 50 nm [15]. Fig. 2 shows the cutting model of
a round-nosed diamond tool. The maximum undeformed
chip thickness hp,x can be expressed as follows [16]:

hmax:R_\/R2+f2—2f\/2Rd—d2, )]

where R is the tool nose radius, f is the tool feed rate, and
d is the depth of the cut.

The cutting conditions are summarized in Table 1. The
depth of cut d was set to 10 pm, so that the maximum un-
deformed chip thickness hpyax varied in the range of 222—
1296 nm when the tool feed rate f was changed from 5 to
30 um/rev. These conditions are suitable for investigat-
ing material behavior at the micro/nanoscale level. The
theoretical surface roughness calculated under this condi-
tion ranges from 0.3 to 11.3 nm Ry. The spindle rotation
rate was set to 2000 rpm; thus, when the tool was fed
from the outer edge of the workpiece to the workpiece
center, the cutting speed varied from 210 to 0 m/min.
During the cutting process, the cutting forces were mea-
sured using a three-component piezoelectric dynamome-
ter (Kistler 9256C2). All experiments were performed un-
der dry conditions to collect cutting chips for observation.

The machined surfaces and collected cutting chips were
observed using a field-emission scanning electron micro-
scope (FE-SEM) (ZEISS MERLIN Compact, Carl Zeiss
AG). Then, the topographies of the machined surfaces
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Fig. 3. SEM images of machined surfaces of pure PP at
various tool feed rates and cutting speeds.

were measured using a white light interferometer Talysurf
CCI 1000 (AMETEK, Inc.). The cutting temperature
was measured using an infrared thermography camera
R550Pro (NIPPON AVIONICS Co., Ltd.).

3. Results and Discussion

3.1. Surface Topography and Chip Morphology

Figure 3 shows the machined surfaces of pure PP at
various tool feed rates and cutting speeds. Under both
feed rates of 5 and 30 pum/rev, the machined surfaces
were smooth at a low cutting speed (V = 0-30 m/min),
as shown in Figs. 3(a) and (b). However, surface defects
caused by material tearing are observed on the surfaces at
a high cutting speed (V = 180-210 m/min), as indicated
by the ellipses in Figs. 3(c) and (d). These results indicate
that the material removal behavior of pure PP is less af-
fected by the tool feed rate but strongly dependent on the
cutting speed.

Previous studies have shown that polymers have higher
viscoelasticity and lower softening/melting temperatures
than metals [17]. For pure PP, the softening point is
100°C-140°C [18-20]. Therefore, under a high cutting
speed, if the temperature of the cutting region exceeds the
softening point of pure PP, it may result in thermal soft-
ening [21], and in turn, reduce the cutting forces. On the
other hand, polymers have low strain relaxation speeds.
If stress relaxation occurs at a lower speed than the strain
rate, which is determined by the cutting speed, the mate-
rial hardness becomes higher than that under a low strain
rate. In this case, a high cutting speed leads to a high
cutting force [22]. As demonstrated by the measurement
results of the cutting forces and temperatures in the fol-
lowing sections, the strain-rate-induced hardening effect
was dominant.

Figure 4 shows the machined surfaces of PP-CeNF un-
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Fig. 4. SEM images of machined surfaces of PP-CeNF at
various tool feed rates and cutting speeds.

Fig. 5. Close-up view of the machined surface of PP-CeNF
under f = 30 um/rev.

der the same conditions as those in Fig. 3. It can be ob-
served from Fig. 4 that submicron-scale surface tearing
occurred even at a low cutting speed, which is different
from the results obtained for pure PP (Fig. 3). This might
be due to the fact that in the cutting process, some CeNFs
were pulled out from the surface instead of being cut
off. This can be proven by the presence of many micro-
holes formed on the machined surfaces, as indicated by
the circles in Fig. 4. To characterize the micro-holes, a
high-magnification image of a typical machined surface
of PP-CeNF was obtained, as shown in Fig. 5. The diam-
eter of the micro-holes is a few tens of nanometers, which
is close to the diameter of the CeNFs. The effect of CeNF
on the material removal mechanism of the PP matrix will
be discussed in Section 3.5.

On the other hand, it is clear that the flatness of the ma-
chined surfaces under a small feed rate (f =5 pum/rev)
shown in Figs. 4(a) and (c) are better than those at a
high feed rate (f = 30 um/rev), as shown in Figs. 4(b)
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Fig. 6. SEM images of cutting chips: (a) pure PP at f = 30 um/rev; (b) PP-CeNF at f = 30 um/rev; (c) PP-CeNF at f =5 um/rev.
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Fig. 7. Surface roughness of the machined workpieces: (a) pure PP; (b) PP-CeNF.

and (d). Compared with the tool feed rate, the cutting
speed had less effect on the surface quality of PP-CeNF.
This might be because the tensile strength of PP-CeNF
is larger than that of pure PP [23,24]. Consequently,
the viscoelasticity-induced tearing was suppressed at high
cutting speeds. However, increasing the tool feed rate
increased the chip thickness. The length of the CeNFs
embedded inside the chip also increases, which eases the
pulling-out of CeNFs from the surface. As a result, tear-
ing becomes dominant when machining PP-CeNF at a
high tool feed rate.

Figure 6 shows SEM images of the cutting chips col-
lected when machining both pure PP and PP-CeNF at a
cutting speed of V = 180-210 m/min. Generally, ribbon-
like continuous cutting chips are generated under each
cutting condition. This indicates that both pure PP and
PP-CeNF were removed in a ductile regime. However,
the cutting chips exhibited different features in a high-
magnification view. For pure PP, the surface of the cutting
chip (f = 30 pum/rev) was smooth without any holes, as
shown in Fig. 6(a). The cutting chips generated at a feed
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rate of 5 m/rev were similar to those generated at a feed
rate of 30 um/rev, which is not shown. For PP-CeNF,
at a high feed rate (f = 30 um/rev), tearing defects were
dominant on the chip surface, as shown in Fig. 6(b). In
addition, protruding CeNFs, which were pulled out from
the PP matrix, were observed on the chip surface. On the
other hand, at a low feed rate (f =5 ptm/rev), the chip sur-
face was smoother than that at a high feed rate, as shown
in Fig. 6(c). However, it should be noted that there are
many micro-holes on the chip surface with f =5 um/rev.
This indicates that at a low feed rate, the CeNFs are easily
pulled out from the chip surface.

3.2. Surface Roughness

Figure 7 displays the surface roughness of the ma-
chined workpieces of pure PP and PP-CeNF. For each
workpiece, the surface roughness of four different regions
that were machined at cutting speeds of 0-30 m/min,
60-90 m/min, 120-150 m/min, and 180-210 m/min, re-
spectively, were measured. For all the cases, the surface
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roughness at a smaller feed rate was smaller than that at a
larger feed rate under the same cutting speed.

For the machined surface of pure PP, for both feed rates
of 5 and 30 um/rev, the surface roughness suddenly in-
creased at a high cutting speed (180-210 m/min), while
the surface roughness at lower cutting speeds remained at
a low level. This indicates that there is a critical cutting
speed of approximately 150-180 m/min, beyond which
surface tearing becomes significant, as shown in Fig. 3.

For the machined surface of PP-CeNF, it was found that
under a large feed rate, the surface roughness gradually
increased with the cutting speed, whereas under a small
feed rate, the surface roughness is hardly affected by the
cutting speed. At a high feed rate, CeNFs are pulled out
more easily from the matrix, causing tearing of the ma-
chined surface. In addition, the plastic flow of the PP
matrix was promoted, resulting in waviness on the ma-
chined surface. At a low feed rate, however, the surface
roughness of PP-CeNF remained almost constant despite
the change in cutting speed, and the surface roughness of
PP-CeNF was lower than that of pure PP.

3.3. Cutting Force

Figures 8(a) and (b) show the cutting forces of pure
PP at different cutting speeds and tool feed rates. In all
cases, the principal cutting force (F;) is larger than the
thrust force (F;). Under a small feed rate, F. and F; are
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almost at the same level and do not show obvious changes
with cutting speed (Fig. 8(a)). However, under a large
feed rate, both F; and F; increased with the cutting speed
(Fig. 8(b)).

At a low cutting speed, the plastic deformation of PP
in the shear zone dominates the material removal when
the undeformed chip thickness is small. However, at a
large undeformed chip thickness, PP may behave as a brit-
tle material, and cracks are generated, similar to the cut-
ting phenomenon reported in diamond turning of photore-
sist [21]; thus, the cutting force becomes much lower. The
increase in the cutting force at a high cutting speed might
be due to the low-stress relaxation speed of PP compared
with the cutting speed. That is, stress relaxation occurs at
a lower speed than the strain rate, which is determined by
the cutting speed; thus, plastic deformation of the work-
piece in the shear zone is less likely to occur uniformly,
resulting in unstable surface tearing. Under such a situa-
tion, the material is hardened by a high strain rate, lead-
ing to a high cutting force. A similar phenomenon has
also been reported in cutting polycarbonate and polyester,
which have thermoplastic properties similar to those of
PP. The cutting forces increase when the cutting speeds
gradually increase to ~40 m/min and ~3 m/min, respec-
tively [25].

Figures 9(a) and (b) show the cutting force of
PP-CeNF at different cutting speeds under feed rates of
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5 and 30 pm/rev, respectively. It is observed that in all
cases, the thrust force (F;) is larger than the principal cut-
ting force (F;), the tendency of which is opposite to that in
Fig. 8. This might be because the elasticity of PP-CeNF
is larger than that of pure PP owing to the reinforcement
effect of the CeNFs. In addition, the difference between
F; and F; at a feed rate of 5 um/rev was larger than that
at 30 um/rev. This might be due to the following reasons.
At a feed rate of 30 um/rev, a large amount of CeNFs
is pulled out during the removal of the PP matrix, as ob-
served in Fig. 4, where tearing and holes are generated
on the machine surface. This causes a pulling force in
the reverse direction of the thrust force. In contrast, at a
feed rate of 5 gm/rev, most CeNFs in the matrix are com-
pressed and bent, as shown in Figs. 4(a) and (c), where
there are very few tearing and micro-holes on the machine
surface [26]. Therefore, the elastic recovery of the ma-
chined surface occurs at a much greater extent at a feed
rate of 5 tm/rev, resulting in a larger thrust force.

After a comparison between the cutting forces of pure
PP and PP-CeNF, it was found that the F,. of PP-CeNF
was significantly lower than that of pure PP. This might
be the result of the low friction coefficient between the
CeNFs and tool surface during the cutting of PP-CeNF.
The material removal mechanism of PP-CeNF will be dis-
cussed in detail in Section 3.5.
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3.4. Cutting Temperature

Figure 10 shows the changes in cutting temperature
with cutting speed during the cutting of pure PP. At a
low feed rate, the cutting temperature increased slightly
with the cutting speed (Fig. 10(a)). At a high feed rate
(Fig. 10(b)), the cutting temperature gradually increased
from room temperature with the cutting speed until V =
120-150 m/min. As the cutting speed increased further,
the cutting temperature increased rapidly to ~28°C. The
tendency to change the cutting temperature is consistent
with that of the surface roughness, which confirms that the
critical cutting speed is approximately 150-180 m/min.
Beyond this critical cutting speed, the PP matrix under-
goes viscoelastic/plastic flow, which induces tearing of
the machined surface.

Figure 11 shows the changes in cutting temperature
with cutting speed during the cutting of PP-CeNF. The
trend of temperature changes in cutting PP-CeNF was
similar to that in cutting pure PP under both feed rates.
An increase in cutting temperature with cutting speed has
also been reported for CFRP and GFRP [27,28]. Under
a small feed rate, the measured temperature of PP-CeNF
was slightly lower than that of pure PP. This might be
caused by two reasons: one is that CeNFs can disperse
heat to the surrounding matrix owing to their high thermal
conductivity, and the other is the low friction coefficient
between the tool surface and the CeNFs, as mentioned in
Section 3.3, which reduces both heat generation and cut-
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ting forces.

For both pure PP and PP-CeNF, as the cutting speed
increases, the slope of the cutting temperature curve at
a high feed rate becomes greater than that at a low feed
rate. This may be because the contact area between the
tool rake face and the chip becomes larger at a higher feed
rate. Thus, apart from the heat generated by the deforma-
tion of the material in the shear zone ahead of the cutting
edge, the heat generated by the friction between the chip
and tool rake face also increased sharply at a high cutting
speed.

It should be noted that the temperature measured by
thermography might be slightly lower than the actual tem-
perature of the cutting region because thermographic tem-
perature measurement is non-invasive and involves com-
plicated error sources. However, the temperature mea-
surement results indicate that the cutting temperature is
significantly lower than the softening point of PP (100°C-
140°C); thus, the thermally induced softening of PP is not
a dominant factor during cutting.

3.5. Material Removal Mechanisms

The above experimental results demonstrate that the
tool feed rate is a dominant factor affecting the machined
surface quality of PP-CeNF. According to Eq. (1), the
maximum undeformed chip thickness /.y at feed rates
of 5 and 30 um/rev were 222 and 1296 nm, respectively.
Therefore, the length of the CeNFs embedded in the chip
increased with the tool feed rate. For some CeNFs, the
embedding length in the chip was larger than that in
the workpiece material. This situation makes it easy for
the CeNFs to be pulled out from the workpiece surface
and removed with the chip, as schematically shown in
Fig. 12(a). When a CeNF is pulled out from the work-
piece surface, violent tensile stress occurs below the tool
tip, which leads to crack initiation in the PP matrix [29].
Meanwhile, owing to the strong adhesion/friction force
between the CeNF and PP matrix, many PP matrix ma-
terials are removed from the CeNF. As a result, surface
tearing is generated on the machined surface of PP-CeNF.

However, when the feed rate was small, the unde-
formed chip thickness was also small. Thus, the length
of the fiber inside the chips is short, which allows the
fiber to be pulled out from the chips, resulting in the gen-
eration of holes on the cutting chips, as schematically
shown in Fig. 12(b). Because the tensile stress in the
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PP matrix below the tool tip is suppressed at a small un-
deformed chip thickness owing to the negative effective
rake angle, cracks are less likely to occur. The CeNFs
were mainly embedded inside the matrix by compressive
stress. Owing to the burnishing effect of the tool edge,
the removal of CeNFs and surface tearing are greatly sup-
pressed. Therefore, the machined surface of the work-
piece became smooth. The above explanation agrees well
with the experimental results shown in Fig. 4.

4. Conclusions

Pure homogeneous polypropylene (PP) and PP contain-
ing cellulose nanofibers (PP-CeNF) were machined un-
der various conditions by ultraprecision diamond turn-
ing. The results were compared, and the material removal
mechanisms were investigated. The major conclusions
are as follows.

(1) The major surface defects in pure PP cutting were
surface tearing, which increased with the cutting
speed. In contrast, the surface defects in PP-CeNF
cutting were tearing and micro-holes induced by the
pulling-outs of CeNFs; the latter was independent of
cutting speed but affected by the tool feed rate.

(2) When a large feed rate was used (30 um/rev)
to cut PP-CeNF, the surface roughness increased
to ~30 nm Ra with surface tearing and micro-
holes. However, when a small feed rate was used
(5 um/rev), a smooth surface of ~10 nm Ra was ob-
tained.

(3) Ribbon-like continuous chips were generated by cut-
ting both pure PP and PP-CeNF. The chip of
PP-CeNF generated under a small feed rate featured
micro-holes with diameters of tens of nanometers,
while under a large feed rate, cellulose nanofibers
were observed on the chip surface.

(4) The thrust force was larger than the principal cutting
force when cutting the PP-CeNF, whereas a reverse
trend was observed when cutting pure PP.

(5) Thermally-induced material softening was not de-
tected in the experiment, whereas strain-rate-induced
material hardening was confirmed for both work-
piece materials.
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