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Surface Roughness and Chip Morphology of Wood-
plastic Composites Manufactured via High-speed Milling
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Wood-plastic composites have attracted extensive attention throughout
the world because of their advantages. However, the manufacturing
mechanism of the wood-plastic composites, i.e., high-speed milling
technology, is not perfect and needs further study. The effects of the
cutting parameters, i.e., the spindle speed, feed rate, axial milling depth,
and radial milling depth, on the surface roughness and chip morphology
were studied; the surface roughness values, Ra and R: of high-speed
milling wood-plastic composites samples were measured via high
precision surface roughness measuring instrument, and their regression
equations were calculated. The chips produced via a high-speed milling
process were collected and studied. The results showed that the surface
roughness of the wood-plastic composites increases with an increase in
the axial depth, feed rate, or radial depth, but decreases with an increase
in the spindle speed. In addition, the axial milling depth, feed rate, and
spindle speed had a significant effect on the morphology of the chips.
However, the effect of the radial milling depth on the morphology of the
chips was not obvious. The results can provide a scientific basis for the
optimization of high-speed milling processing of wood-plastic composites.
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INTRODUCTION

With the growth of population and the global demand for green energy, wood
supply throughout the world is likely to face severe pressure in the coming decades (Chen
et al. 2021a). Wood-plastic composites (WPCs) possess the combined advantages of wood
and plastic; they not only have a natural wood-like appearance, but also have multiple
advantages, e.g., they are resistant to degradation, moisture-proof, insect-resistant, higher
in dimensional stability, resistant to cracking, not susceptible to warping, etc. WPCs also
have good thermoplastics processability, higher hardness than plastic, and could be wear-
resistant, and aging-resistant (Arnandha et al. 2017; Ayrilmis et al. 2017; Dias and Alvarez
2017; Wang et al. 2017). As an advanced manufacturing technology with the advantages
of improving the production efficiency, reducing the cutting force, improving the
machining precision and surface quality, and reducing the costs, high-speed cutting
technology has been widely used in the cutting of wood-based materials (Guo et al. 2018).
The chips produced during the cutting of WPCs include long continuous chips, short
continuous chips, flake chips, and granule chips (Darmawan and Tanaka 2004; Guo et al.
2014). WPCs are anisotropic and heterogeneous, resulting in noticeable milling vibration
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and noise during high-speed milling, also posing a major difficulty in chip removal, and
the production of a large amount of chip dust at high removal rates. It also leads to difficulty
in guaranteeing the machining accuracy and surface quality, and deterioration of the
processing environment (Kili¢ et al. 2009). Some studies have been made on the high-
speed milling of wood plastic composites. For example, the tangential and radial forces
decrease as the spindle speed increases, while they increase as the feed rate and axial
milling depth increase (Wei et al. 2019a). Abrasive wear and coating peel-off are a primary
form of tool wear; tool wear increases as the axial milling depth, spindle speed, or radial
milling depth increases, and decreases as the feed rate increases (Wei et al. 2019b). Surface
roughness is an important factor that affects the properties of WPCs (Hutyrova et al. 2014).
According to Gurau and Ayrilmis (2019), the surface roughness of WPCs is affected by
the composition of the raw materials used for manufacturing. Pang et al. (2020) believed
that cutting parameters are the main factors determining the surface morphology of the
workpiece. When processing oak wood, Ugulino and Hernandez (2017) found that the feed
speed was the most influential cutting parameter affecting the surface roughness, and the
surface roughness increased with an increase in the feed speed. From the discussions above,
the research on chip and surface roughness mainly has focused on metal and wood
materials, while the research on high-speed milling WPCs is relatively less.

Summarizing the current research status, there are many studies on the high-speed
milling of metal or metal-based materials all over the world, but few studies have
considered the high-speed milling technology of WPC composites. Research on reducing
the dust-like chips from the perspective of improving processing environment still has not
been carried out and needs to be further studied. Surface roughness is one of the most
important indicators of engineering materials, and the dust-like chips produced during
processing have severe impacts on the environment. Therefore, measures should be taken
to prevent such negative impacts. To study the effects of the cutting parameters, i.e., the
spindle speed, feed rate, axial milling depth, and radial milling depth, on the surface
roughness and chip morphology, the authors used a typical WPC as the test object and
adopted a carbide cutting tool to perform a high-speed milling test in this paper, and the
reasons for the changes on the machined surface roughness and chip morphology were
summarized. The research results can provide a reference for the selection of cutting
parameters in high-speed milling of WPCs, improve the quality of the machined surface
and reduce the dust-like chips produced in the machining process, and these have important
theoretical value, and engineering applicability.

EXPERIMENTAL
Several WPCs pieces, produced by Nanjing Dayuan Plastic Wood New Material
Co. Ltd. (Nanjing, China), were used in this research. The general properties of the material

are shown in Table 1.

Table 1. Properties of the WPC

. Proportion . Flexural Modulus Shore Hardness
Size (mm) (me?ss %) Density (g/cm?) (MPa) (HD)
Wood flour: 65
322 x 75 x 40 | Polyethylene: 25 1.19 28 58
Rest: 10
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Translatable carbide cutting tools, manufactured by Zhuzhou Diamond Cutting
Tool Co. Ltd. (Zhuzhou, China), were used in this study. The arbor model was the EMPO01-
020-G20-AP11-02, and the blades used were ordinary carbide blades (grade YD201). The
size of the tool diameter was 20 mm, the tool nose radius was 0.4 mm, and the relief angle
is11°,

The experiments were carried out on a 5-axis machining center (UCP 800 Duro)
produced by Mikron (Agno, Switzerland), with a maximum spindle speed of 20000 rpm.

In this paper, the authors primarily study the influence of four parameters, i.e., the
spindle speed (n), the feed rate (Vs), the axial milling depth (ap), and the radial milling depth
(ae), on surface roughness and chip morphology. A single-factor test method was used in
this experiment. Here, a factor was changed while the other three factors remained
unchanged to observe the changes in the surface roughness and chip morphology. The
selected milling parameters are shown in Table 2.

Table 2. Cutting Parameters

n (rpm) Vi (mm/min) ap (mm) ae (MmM)
8000 1000 2 5
12000 3000 3 7.5
16000 5000 4 10

RESULTS AND DISCUSSION

Test Study on the Surface Roughness
Surface roughness evaluation standard and measuring instrument

Surface roughness is one of the key indicators used to measure the quality of
machined surfaces (Davim et al. 2009; Aguilera 2011; Prakash et al. 2012; Hernandez et
al. 2013; Chen et al. 2021b). When measuring and evaluating surface roughness, the length
of the sampling and evaluation need to first be determined. According to the commonly
used surface roughness evaluation requirements, the surface roughness after milling was
tested and a sampling length (L) of 2.5 mm and an assessment length (Ln) of 5L were
calculated. This implies that an assessment length of 12.5 mm was determined according
to the wood surface roughness measurement outlined by GB/T standard 7220 (2004).

The measuring instrument used in this study to determine surface roughness was
the MarSurf PS1, produced by Mahr Co. (Esslingen, Germany). Its working principle is to
use its original built-in drive components to directly measure the surface roughness. This
does not need any manual settings and its range is from -200 um to +150 um, with a
maximum scanning distance of 17.5 mm. The MarSurf PS1 is small and easy to use and is
fully compliant with the geometrical product specifications standards outlined by DIN EN
ISO standard 3274 (1996). In addition, the PHT probe is moved forward or backwards
along with a special movable block that efficiently removes dust and grease.

Surface roughness measurement results

In this test, surface roughness was determined based on the results of a tool wear
test, i.e., the roughness values Ra and R; of the machined surfaces, which were measured
after the same length of milling in each group. The surface roughness of the workpiece was
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analyzed under the same conditions. At the time of measurement, the tool wear was at the
stable wear stage, and three effective points were selected at different positions on the
surface of each workpiece material, taking the arithmetic mean of the three points as the
final surface roughness measurement. The specific measurement results are shown in Table
3 and Table 4.

Table 3. Ra Test Results

. Ra(um) _
Number n (rpm) Vi(mm/min) | ap(mm) | ae(mm) 1 ) 3 Ra (um)
1 16000 3000 4 10 2.4 1.9 2.0 2.1
2 16000 3000 3 10 1.8 1.8 2.0 1.8
3 16000 3000 2 10 1.8 1.9 1.6 1.7
4 16000 5000 4 10 2.0 24 2.5 2.3
5 16000 1000 4 10 2.0 1.8 2.0 1.9
6 12000 3000 4 10 2.5 2.7 2.2 25
7 8000 3000 4 10 2.8 2.7 2.8 2.8
8 16000 3000 4 5 15 14 1.3 1.4
9 16000 3000 4 7.5 2.0 1.7 2.2 2.0
Table 4. R; Test Results
Number n (rpm) Vi(mm/min) | ap(mm) | ae(mm) 1 R: (zpm) 3 R; (um)
1 16000 3000 4 10 174 | 23.1 | 159 18.8
2 16000 3000 3 10 158 | 14.8 | 18.2 16.3
3 16000 3000 2 10 142 | 194 | 115 15.0
4 16000 5000 4 10 19.3 | 229 | 19.7 20.6
5 16000 1000 4 10 20.6 | 145 | 17.1 17.4
6 12000 3000 4 10 234 | 19.2 | 21.3 21.3
7 8000 3000 4 10 28.0 | 26.6 | 255 26.7
8 16000 3000 4 5 14.1 | 13,5 | 15.0 14.2
9 16000 3000 4 7.5 20.2 | 17.0 | 154 17.5

Influence of the Milling Parameters on the Surface Roughness
Influence of the axial milling depth on the surface roughness

In order to determine the influence of the axial milling depth, only the ap value was
changed (2 mm, 3 mm, or 4 mm), while the other parameters were kept constant, i.e., the
n was 16000 rpm, the Vi was 3000 mm/min, and the ae was 10 mm. It was found that the
surface roughness of the machined surface of the WPC workpiece increases as the a,, was
increased, while milling the same length, as shown in Figs. 1 and 2, respectively. This
occurs since the total area of the milling increases as the axial milling depth increases,
which results in greater deformation resistance and milling force. Generally speaking, an
increase in the milling force causes more severe extrusion deformation between the chip
and the rake face and results in greater wear of the rake face, which leads to an increase in
surface roughness.
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Fig. 1. The influence of the axial milling depth on the Ra
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Fig. 2. The influence of the axial milling depth on the R;

Influence of the feed rate on the surface roughness

In order to determine the influence of the feed rate, only the Vs value was changed
(2000 mm/min, 3000 mm/min, or 5000 mm/min), while the other parameters were kept
constant, i.e., the n was 16000 rpm, the ap was 4 mm, and the a. was 10 mm. It was found
that the surface roughness of the machined surface of the WPC workpiece increased as the
Vi was increased, while milling the same length, as shown in Figs. 3 and 4, respectively.
There are two reasons that can explain this finding: 1) an increase in the feed rate means
that the tool will cut off more material in the same amount of time, i.e., the average milling
depth increases. In this case the milling edge is subjected to a greater load and the vibration
amplitude of the milling edge increases, which leads to an increased machined surface
roughness; and 2) an increase in the feed rate means an increase in the feed per tooth, which
is correlated with the depth and width of the ripple, resulting in a further increase in the
surface roughness of the machined surface.
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Fig. 4. The influence of the feed rate on the R;

Influence of the spindle speed on the surface roughness

To determine the influence of the feed rate, only the n value was changed (8000
rpm, 12000 rpm, or 16000 rpm), while the other parameters were kept constant, i.e., the Vt
was 3000 mm/min, the apwas 4 mm, and the a. was 10 mm. It was found that the surface
roughness of the machined surface of the WPC workpiece decreased as the n was increased,
while milling the same length, as shown in Figs. 5 and 6, respectively. This happened
because an increase in spindle speed reduces the single-time average milling amount,
thereby decreasing the impact load, and reducing the milling edge of the load, thus
decreasing the milling system vibration. As a result, machined surface roughness decreased
significantly due to milling. The increase in spindle speed causes the tool nose to generate
more cutting heat and the tool to thermally soften, which leads to a decrease in cutting
force, cutting process stability, and surface roughness.
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Fig. 5. The influence of the spindle speed on the Ra
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Fig. 6. The influence of the spindle speed on the R;

Influence of the radial milling depth on the surface roughness

In order to determine the influence of the feed rate, only the ae value was changed
(5 mm, 7.5 mm, or 10 mm), while the other parameters were kept constant, i.e., the n was
16000 rpm, the V¢ was 3000 mm/min, and the ap was 4 mm. It was found that the surface
roughness of the machined surface of the WPC workpiece increases as the a.was increased,
while milling the same length, as shown in Figs. 7 and 8, respectively. The primary reason
for this is that, the cutting edge, while cutting one circle, will be exposed to more workpiece
material as the radial depth increases. The impact load of the blade also increases, resulting
in more obvious vibrations in the system, greater surface roughness, and longer friction
time between the chip and the milling edge.
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Fig. 8. The influence of the radial depth on the R;

Mathematical Model of the Surface Roughness

Minitab statistical software was used to analyze the data in Tables 3 and 4. A
stepwise regression analysis method was adopted to establish a mathematical fitting
expression between the target response value and the independent variables, eliminating
non-significant terms, and obtaining the quadratic polynomial regression equation, as
shown in Egs. 1 and 2:

R, = 2.173 — 0.000079n + 0.00001V,a, + 0.02333a,a, 1)
R, = 25.15 — 0.000959n + 0.1876a,a, + 0.000000134V; )

The significance analysis of the model was performed using analysis of variance
(ANOVA) to test its feasibility. The p-value of Ra and R; was 0.0005 and 0.0002,
respectively, which indicated that the established regression model was extremely
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significant (far less than 0.05). The R? and the adjusted R? of Ra were 0.9642 and 0.9427,
respectively. In addition, the R? of R; and the adjusted R? of R; were 0.9763 and 0.9621,
respectively, which indicated that the independent variables selected in the model can
properly explain the dependent variables, demonstrate a great fitting effect, and provide a
feasible established model.

Analysis of the Chip Morphology

In a machining process, the chip is produced by the extrusion of the material to be
cut by the rake face of the cutting tool, which easily produces friction and impact on the
rake face and cutting edge of the cutting tool. Cutting force fluctuates due to uneven cutting
load in the process of chip formation. This has a negative effect on the quality of the
machined surface, and the dust-like chips from the process also pollutes the environment
(Calamaz et al. 2008; Upadhyay et al. 2012). It is therefore of importance to have an
adequate understanding of this phenomenon in order to correctly select suitable cutting
conditions. Wood chips can be divided into three types according to the size of the particles:
dust-like chips, granular chips, and flake chips. Their morphologies are related to milling
parameters in some way (Kilig et al. 2009). The following shows the reasons for the
different chip morphologies. During the test, the chips were collected after milling and then
collated, and the morphology of the chips produced via milling under each set of
parameters was analyzed to determine the variations in chip morphology.

It is shown in Fig. 9 that almost all of the chip stack (Fig. 9a) consisted of flake
chips, with only a few granular and dusty chips. The flake chips and granular chips coexist
together (Fig. 9b). A few flake chips, and a lot of granular chips and dust-like chips are
seen in Fig. 9c, as the shape of the flake chips, which were originally wide and short,
gradually became narrower. This means that the chips are gradually smaller, and the
particles are gradually thinner as the axial cutting depth decreases. The primary reason for
this is that the WPC material is bound by a variety of wood or plant fibers and gelling
agents. The WPC material has no strong binding force when the cutting thickness is small.
The milling edge cuts the WPC material along the milling plane when the tool cuts into the
WPC material. The shear force on the rake face is greater at this point. This causes the
cutting layer of the material to easily produce broken deformations, forming small thin
chips, granular chips, and dust-like chips. Hence, to reduce the formation of dust-like chips,
a larger axial cutting depth should be selected.

(@) ap=4 mm (b) ap=3 mm

Fig. 9. The chip geometry when the axial milling depth was changed (n = 16000 r/min, V= 3000
mm/min, and ae = 10 mm)

Wei et al. (2021). “Wood-plastic composite milling,” BioResources 16(3), 5733-5745. 5741



PEER-REVIEWED ARTICLE b | oresources.com

The effect of the feed rate on the chip morphology is shown in Fig. 10. The chips
shown in Fig. 10c are all wide and short, tending not to break. The chips in Fig. 10a are
also wide and short, but a small amount of chips cracked into a narrow type. The chips in
Fig. 10b are not just simple flake chips. Most of the chips in the chip stack are a small
fibrous and granular type, and there are many smaller dust-like chips. It is shown that the
chips gradually become smaller as the feed rate increases. The primary reason for this is
that the larger feed rate increases the feed per tooth, i.e., the milling edge will yield bigger
loads and vibration amplitudes, resulting in greater deformation of the chips. It will
therefore be difficult for the chip to generate a stable form and will gradually rupture.
Hence, to reduce the formation of dust-like chips, a smaller feed rate should be selected.

v -

N3

A > '.. - o =
va ‘e

(b) V¢ =5000 mm/min (c) Vi =1000 mm/min

(a) Vi =3000 mm/min

Fig. 10. The chip geometry when the feed rate was changed (n = 16000 r/min, ap = 4 mm, and ae
=10 mm)

Since the Vi, ap, and ae are unchanged in Figs. 11a, 11b, and 11c, they reflect the
effect of the spindle speed on the chip morphology. It can be seen that most of the chips in
Fig. 11c are broken flake chips, some being microchips and others, granular chips. The
chips in Fig. 11b are primarily flake chips, mixed with a small amount of micro-flake chips.
In addition, some of the micro-flake chips are in a partially cracked state. The chips in Fig.
11a are almost flake chips; only a few chips are cracked. The reason for this change is that
the increase in spindle speed reduces the feed per tooth, which decreases the average
milling thickness and the milling force. This leads to a smaller impact on the chip, thus
resulting in a more stable cutting force, and less deformation of the chips. Hence, to reduce
the formation of dust-like chips, a larger spindle speed should be selected.

(@n= 16000 rpm (b) n=12000 rpm (c) n =8000 rpm

Fig. 11. The chip geometry when the spindle speed was changed (Vi =3000 mm/min, ap = 4 mm,
and ae = 10 mm)
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The values of n, Vs, and ap, are unchanged in Figs. 12a, 12b, and 12c, reflecting the
effect of the radial milling depth on the chip morphology. The chip morphologies shown
in Figs. 12a, 12b, and 12c are almost identical; most of the chips are flake chips and only
a few amount of the chips are cracked. It could therefore be concluded that the effect of the
radial milling depth on the chip morphology is minute.

(@) a. =10 mm ) (b) e =5mm (c)a.=7.5mm

Fig. 12. The chip geometry when the radial depth was changed (n = 16000 rpm, V; =3000 mm/min,
and ap = 4 mm)

CONCLUSIONS

1. High speed milling of wood-plastic composites (WPCs) was carried out based on
single-factor experiment. The results showed that the machined surface roughness of
the WPCs increases as the axial milling depth, feed rate, and radial milling depth
increases. However, the surface roughness decreases as the spindle speed increases.

2. The stepwise regression analysis method was used to establish a mathematical fitting
expression between the surface roughness and the milling parameters. The quadratic
polynomial regression equations of surface roughness are as follows:

R, =2.173 — 0.000079n + 0.00001Vra, + 0.02333a,a,
R, = 25.15 - 0.000959n + 0.1876a,a, + 0.000000134V;

3. Wood chips can be divided into three types according to the size of the particles: dust-
like chips, granular chips, and flake chips. The axial milling depth, feed rate, and
spindle speed had significant effects on the chip morphology, while the effect of the
radial milling depth on the chip morphology was not obvious. A small axial milling
depth and a large feed rate can cause greater deformation in the chips under high-speed
milling conditions, which will make the chips break into smaller micro-flakes and
particles. In addition, a greater spindle speed will cause more stable flake chips.
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