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Abstract

Wood fiber/polyethylene composite (WFPEC) is composed of a natural wood fiber
and a recyclable polyethylene plastic, which is normally used as an environmental
protection composite material. However, better knowledge of chip formation and
surface damage mechanism of WFPEC is essential to improve its machinability for
extending exterior and interior applications. In this article, machinability of WFPEC
was investigated by analyzing the disparity between cutting efficiency and surface
quality through a group of orthogonal cutting experiments with change of cutting
depth. The chip formation process was recorded by a high-speed camera system
with 5000 frames per second. Surface topography was observed by a scanning elec-
tron microscope. The results showed that the chip morphology changed from con-
tinuous cutting governed by a continuous shearing process under the shallow cutting
depth, to a discontinuous cutting governed by plastic fracture under the deep cutting
depth ahead of the tool tip. Flattened matrix was the main form of surface topogra-
phy caused by shallow cutting depth, while matrix-fiber tearing was caused by deep
cutting depth. Pullout/fracture and debonding of fibers were related to the fiber ori-
entation angle and the diameter of fiber bundles, but not to the cutting depth. Taken
together, the toughness of the workpiece material in the cutting region decreased
with the increase in cutting depth. To avoid matrix-fiber tearing, shallow cutting
depth should be used during finishing to maintain surface quality. In contrast, pre-
cutting can be performed with a deep cutting depth in order to improve the cutting
efficiency.
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Introduction

Wood fiber/polyethylene composite (WFPEC) is an environmentally friendly mate-
rial composed of a natural wood fiber and a recyclable polyethylene plastic (Kilinc
et al. 2019). WFPEC, as a member of wood plastic composite (WPC), has attracted
significant attention due to its durability in response to fire, weather, and biological
attack in many exterior and interior applications, such as parts in automobiles, build-
ings, decking, fencing, highway construction, and many others (Bazant et al. 2014;
Fowler et al. 2006; Lin and Renneckar 2011; Pelaez-Samaniego et al. 2013).

Many applications have specific requirements for size and accuracy of WFPEC.
To meet these requirements for dimension, shape, and surface roughness, second-
ary processing of WFPEC such as milling, sawing, drilling, and grinding is criti-
cal (Saloni et al. 2011; Thibaut et al. 2016).

In practical production, there is always a disparity between production efficiency
and surface quality that needs to be solved. Increasing cutting depth is an economi-
cal and effective way to improve productivity. However, great differences in cutting
depth have a significant influence on the surface quality of the product (Gao et al.
2019). For example, the machinability of wood flour/polyvinyl chloride composite
was investigated by Guo et al. (2015). They concluded that the machined surface
roughness increases with the increase in cutting depth. However, they did not pro-
vide an explanation of the surface damage mechanism with different cutting depths.

Orthogonal cutting, which is still a basic method of cutting mechanism research,
is suitable to analyze most problems related to chip formation and surface quality
(Wyeth et al. 2009). A review on the progress of WPC cutting indicates that it is of
great significance to study the surface quality of the machined surface by analyzing
the chip formation mechanism (Wei et al. 2018). For wood-based materials, the chip
formation mechanism has been reported to be mainly due to plastic shearing (Nairn
2016), which is greatly different from monolithic metallic, adiabatic shear locali-
zation or crack initiation, and propagation (Davis et al. 2017; Komanduri and Von
Turkovich 1981; Vyas and Shaw 1999). Although the effect of cutting depth on chip
morphology of wood flour/ polyvinyl chloride composite, wood flour/polyethylene
composite, and wood flour/polypropylene composite has been reported (Guo et al.
2014), the authors did not reveal the mechanisms of chip formation, which is essen-
tial to improve machinability of WPC (Kuzu and Bakkal 2016).

The machinability of WPC depends not only on cutting parameters, but also
on the size and form of the dispersed phase used in their preparation (Madhavan
et al. 2015). WPC is composed of a dispersed phase consisting of wood flour
or wood fiber as the filler, and a continuous phase consisting of plastics as the
matrix. Wood flour consists of hardwood, softwood, or different mixtures of both.
The size and form of particles have important effects on the potential damage to
the machined surface, which is mainly caused by the extraction of wood flour
particles and fracture of the matrix. In contrast, the use of fiber as filler has thus
far not been analyzed as regards machinability of wood fiber/plastic composites.
Therefore, it is critical to expand the knowledge of machinability of wood fiber/
plastic composites to improve production.
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This study addresses this gap in knowledge by investigating the machinability of
WFPEC under different cutting depths during orthogonal cutting, and quantifying cut-
ting force, chip formation, and surface quality. The aim of this work was to improve the
machinability of WFPEC and provide guidance for the WFPEC machining industry.

Materials and methods
Materials

WFPEC, supplied by Guofeng Wood Plastic Composite Co., Ltd., (Anhui, China),
was subjected to orthogonal cutting. The test workpieces were 120 mm by 60 mm
with a thickness of 4 mm. They contained 48 wt.% pine (Pinus sylvestris L.) wood
fibers, 34 wt.% polyethylene, and 13 wt.% talc, as well as some additives such as
lubricants and pigments. The physical and mechanical properties of the WFPEC
workpieces are presented in Table 1.

Polycrystalline diamond (PCD) tools were used in cutting experiments due to their
outstanding advantages, such as high hardness, low friction coefficient, and high ther-
mal conductivity (Adamovskyi and Kostenko 2019; Chowdhury et al. 2005). The tool
had a matrix of high-speed steel with PCD blades welded on it in this test. PCD tools
were supplied by Leitz Tooling System Co., Ltd. The average edge radius measured by
an optical microscope (SZX16, Olympus, Co., Ltd., Tokyo, Japan) was about 10 pm.
The geometry and mechanical properties are described in Table 2.

Experimental design

The experiments on orthogonal cutting of WFPEC were carried out on a planer
(B665, Hefei University of Technology, Anhui, China) with a fixed cutting speed
(V=13.6 m/min) and cutting width (b»=4.0 mm). The machine was stopped when
the tool cuts through the workpiece and back to the starting point. The tool was then

Table 1 Physical and mechanical properties of the WFPEC

Flexural strength Tensile strength  Elasticity Impact strength  Density Moisture con-
(MPa) (MPa) strength (MPa)  (MPa) (kg.cm‘3) tent (%)
4.69 26.21 4.27x10° 15.7x 10 1.65 149

Table 2 Geometry and physical parameters of the cutting tool

Blade Angle geometries Material properties
PCD  Rake angle Wedge Clearance  Density Hardness Modulus of Thermal
@) angle (°) angle (°) (kg m™3) (HV) elasticity conductivity
(MPa) (Wm™ K™
31 47 12 4110 8000 8x10° 560
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Fig. 1 Schematic of cutting force measuring and the position of the high-speed camera

lowered by a certain distance to achieve the intended cutting depth by rotating the
hand wheel, and the test was repeated five times. Dynamic cutting force was mon-
itored by a dynamometer (Kistler 9257B, Winterthur, Switzerland) with a charge
amplifier (5070A, Winterthur, Switzerland) (Fig. 1). The sampling frequency was
7142 Hz, which was higher than the natural frequency (3.5 kHz) of the dynamom-
eter. Three force components in orthogonal cutting (Fp, Fy, F}) were measured,
namely parallel cutting force, normal cutting force, and lateral cutting force, respec-
tively. F| was a lateral force, which was not recorded in this test. The cutting param-
eter was mainly focused on the variable of the cutting depth (4): shallow and deep
cutting depth. Shallow cutting depth ranged from 0.1 to 0.5 mm at intervals of
0.2 mm, while deep cutting depth ranged from 1.0 to 2.0 mm at intervals of 0.5 mm.

Characterization

In this study, the chip formation of WFPEC during machining with different cut-
ting depths was investigated via high-speed camera of 5000 frames per second
(I-speed 3, Olympus, Co. Ltd., Tokyo, Japan). A scanning electron microscope
(SEM) was used to observe the chip morphology. The radius of chip curvature, as
a method to evaluate chip deformation, was measured by SEM. An example of the
measured radius of chip curvature is shown in Fig. 2. The arithmetic mean devia-
tion Ra was used to evaluate the roughness of the machined surface by a surface
topography profilometer (DSX510, Olympus, Co., Ltd., Japan). The cutoff and
sampling lengths for each measurement were set as 2.5 and 13 mm, respectively.
The surface roughness Ra and surface morphology of the machined surface were
used as the indexes to evaluate the quality of the machined surface.
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Fig.2 Radius of the chip curva-
ture at a cutting depth of 1.0 mm

Results
Cutting forces
Figure 3 shows the cutting depth achieved with average parallel cutting force

and normal cutting force. Both parallel cutting force and normal cutting force
initially showed a slight upward trend as cutting depth increases. Due to the
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Fig.3 Average parallel and normal cutting force as a function of cutting depth. Gray shading indicates
the different cutting depths in shallow (light gray) and deep (dark gray) layers of the material
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initial interval of cutting depth of 0.2 mm in the shallow layer of the material, the
increase in cutting force is slight. When the cutting depth continued to increase,
the increase in material removal volume resulted in an increase in cutting forces.
When the cutting depth increased to 1.0 mm, both parallel and normal cutting
forces increased significantly due to the increase in cutting depth intervals from
0.2 to 0.5 mm, which increased the material removal volume significantly. When
the cutting depth reached 2.0 mm, both components showed the highest values. In
general, both parallel and normal cutting forces rose with the increase in cutting
depth.

Chip morphology

The chip morphology obtained from different cutting depths during machining
WFPEC is shown in Fig. 4. At shallow cutting depths (Fig. 4a—c), spiral-type chips
were generated. At a cutting depth of 0.1 mm, the chips sheared under the pushing
action of the rake face, and the shear stress did not exceed shear failure strength.
Therefore, there were few cracks observed in the chip, and the chip was long and
continuous at a cutting depth of 0.1 mm (Fig. 4a). At a cutting depth of 0.3 mm,
cracks were regularly distributed on the outer circumference of the chip. This was
also observed at the microscopic level in SEM analysis (Fig. 5a). This phenome-
non is believed to be caused by the fracture initiation and propagation just ahead
of the tool tip (Thibaut et al. 2016). When machining WFPEC at a cutting depth of
1.0 mm, periodic fracture ahead of the tool tip occurred, forming short serrated-type
chips. Toughness fracture instead of brittle fracture contributed to the serrate-type
chips due to the connected free surface. When the cutting depth reached 2.0 mm,
serrate-type chips had a trend of turning into fragmented chips. Separation of ser-
rated nodes was observed at the microscopic level in SEM images (Fig. 5b). Gener-
ally, the chips formed at deep cutting depths were shorter and more discontinuous
than these at shallow cutting depths.

Surface roughness

The values of surface roughness (Ra and Rz) under different cutting depths are pre-
sented in Fig. 6. Both Ra and Rz initially showed a slight increase as cutting depth
increases. When the cutting depth increased from 0.5 to 1.0 mm, the mean value of
Ra and Rz increased significantly by 1.2 and 6.9 mm, respectively. Thus, the sur-
face roughness of WFPEC was more affected by deep cutting depth than by shallow
cutting depth, most likely related to the observed change in chip morphology from
continuous to fragmented.
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Spiral-type chip Serrated-type chip

Fig.4 Chip morphology at different cutting depths

Discussion
Chip formation

To investigate chip deformation, the chip formation process was recorded utilizing a
high-speed camera. During the stable cutting process, a periodic cutting force signal
was observed (Fig. 7a, b). Two typical shapes of chips, continuous, and discontinu-
ous are shown in Fig. 7c, d. The observed periodic cutting force signals were related
to the periodic cracks. When cracks happened, the cutting force decreased sharply
and then increased again when the cutting conditions were ready for a new circle
(Thibaut 1988). Therefore, when the crack is as deep as the chip thickness, the chip
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Fig.5 Two typical types of chip morphology in shallow and deep cutting depth. a Spiral-type chip with
cracks distributed on the outer circumference, b serrate-type chip with nearly detached serrated nodes

appears discontinuous. As shown in Table 3, in a chip of 10 mm length, the number
of cracks with 1.0 mm cutting depth was three times greater than at 0.1 mm cut-
ting depth. This implies that the cutting force signals at 0.1 mm cutting depth had
higher frequency than at 1.0 mm cutting depth. Please note that the dynamics of the
dynamometer also led to the presence of high frequency components in the cutting
force signal. These high frequency components were removed according to a pub-
lished method (Bachrathy and Stepan 2017). Therefore, these data suggested that the
formation of spiral-type chips had less force variations than serrate-type chips and
could easily transform into continuous chips.

Figure 8 shows the radius of chip curvature in response to cutting depth. Initially,
the chip radius showed a sharp increase with shallow cutting depth. Subsequently,
chip radius increased more slowly with incremental increase in cutting depth. Cut-
ting depth and radius of chip curvature showed a positive correlation. It has to be
noted that the radii of spiral-type chips were smaller than the radii of serrate-type
chips, which indicated that the spiral-type chips governed by continuous shear-
ing had a higher chip formation level than serrate-type chips governed by plastic
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fracture. It is likely that the propagation of cracks in chips consumed a high amount
of surface generation energy, which likely decreased the surface quality.

Surface quality

SEM imaging was utilized to assess the topography of the machined surfaces of
WFPEC. Surface defects (i.e., pit holes and tears) were observed with different cut-
ting depths (Fig. 9). Pit holes were observed due to compressed PE, pullout/fracture,
and debonding of fibers (Fig. 9a). These surface defects were observed to a lesser
degree at a cutting depth of 2.0 mm (Fig. 9b) because the cracks below the machined
surface were pushed by the rake face of the tool, resulting in surface tearing.

During the formation of spiral-type chips, compressed PE, pullout/fracture, and
debonding of fibers were the three main surface defects observed. First, debonding
of fibers was usually observed in a diameter range of 40-180 pm regardless of the
cutting depth (shallow or deep). When small diameter wood fibers are aggregated
into large wood bundles, their specific surface area is much smaller than that of indi-
vidual fibers before aggregation. Therefore, the main reason for debonding of fibers
relates to the reduced bonding strength between wood fiber bundles and PE after
aggregation, which results in easier removal by the mechanical movement of the
cutter. Secondly, the pullout/fracture of fibers is likely related to the fiber orienta-
tion angle regardless of the cutting depth. Similar defects were also presented in
the work by Madhavan et al. (2015) when machining carbon fiber-reinforced plastic.
They observed occurrence of pullout/fracture of fibers when the fiber orientation
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Fig. 6 Effect of cutting depth on surface roughness (Ra and Rz)
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Fig.7 Cutting force signals in shallow and deep cutting depth. a #=0.1 mm, b 2#=1.0 mm. During the

stable cutting process, two typical types of a continuous and a discontinuous chip are shown in panels (c)
and (d), respectively

Table 3 Number of cracks in a ]
chip of 10 mm length Cutting depth (mm) 0.1 0.3 0.5 1.0 1.5 2.0

Number of cracks 92 51 34 30 20 11

angle was 65°-80°. Thirdly, compressed PE was observed with shallow cutting
depth. Under the mechanical movement of the cutter, plastic deformation was the
main form of chip deformation in the cutting region due to the greater toughness
under shallow cutting depth. PE had greater plasticity than fibers and was easier to
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Fig. 8 Radius of chip curvature as a function of cutting depth

be compressed by the clearance face of the tool. In general, the surface roughness of
such pit holes formed by compressed PE, pullout/fracture, and debonding of fibers is
relatively low. The defects caused by the structure of WFPEC, such as fiber orienta-
tion angle and diameter of fiber bundles, are more significant than these caused by
the cutting depth.

During the formation of serrate-type chips, matrix-fiber tearing was a more sig-
nificant surface defect compared to pit holes. Plastic fracture was the main form of
chip deformation in the cutting region. The increase in the cutting forces exceeded
the shearing strength of WFPEC under deep cutting depth, and cracks propagated
ahead of the tool tip. However, cracks did not propagate instantaneously due to the
toughness of WFPEC. Under severe cutting condition (h=2.0 mm), cracks might
partly extend below the machined surface, resulting in matrix-fiber tearing under
the rake face. The appearance of matrix-fiber tearing is the main reason causing the
rapidly increasing surface roughness in the cutting region.
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Fig. 9 Comparison of surface damage in shallow and deep cutting depths. a #=0.3 mm, b #=2.0 mm

Conclusion

Machinability of WFPEC is greatly affected by the cutting depth during orthogonal
cutting. Specifically, large differences were observed in cutting force, chip forma-
tion, and surface quality.

Reducing the cutting depth can greatly decrease the fluctuation of cutting forces.
It was confirmed that the fluctuation of cutting forces and the chip formation mecha-
nism are closely related, and fracture in chips is a significant source of the fluctua-
tion of cutting forces.

Analysis of the mechanism of chip formation in WFPEC at different cut-
ting depths showed that the toughness of workpiece material in the cutting region
decreased with the increase in cutting depth. Chips obtained at a shallow cutting
depth were essentially continuous and curly.
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The comparison of machined surfaces of WFPEC demonstrates that severe
defects appear at deep cutting depths, while at shallow cutting depths, the machined
surface is of higher quality. These data suggest that a shallow cutting depth should
be used in finishing to maintain surface quality. However, for pre-cutting purposes,
deep cutting depth can be used to improve the cutting efficiency.
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