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Abstract: Wood-plastic composites (WPCs) increase the range of applications of materials by creating
new material solutions. As part of this research, PLA (polylactic acid)- and HDPE (high-density
polyethylene)-based composites were manufactured. Softwood sawdust or conifer bark with different
sizes (large and small) were used as filler. In selected cases, the addition of 3% additives, such as
calcium oxide in the case of PLA or polyethylene-graft-maleic anhydride in the case of HDPE, were
tested. The manufactured composites were examined for their density profile and their susceptibility
to drilling, defined by the value of the axial force occurring during drilling. The obtained results re-
vealed that the type of matrix had the greatest influence on the axial forces during drilling. Regardless
of the composite formulation, composites based on PLA had 25% to 56% higher axial forces during
drilling than those based on HDPE. Furthermore, increasing the proportion of lignocellulosic fillers
resulted in a decrease in the value of axial forces during drilling, with PLA composites experiencing
a greater decrease than HDPE composites. The type and size of the filler had a minor impact on the
axial force values during drilling. The statistical analysis indicated that the additives had a greater
influence on HDPE than on PLA.

Keywords: PLA; HDPE; lignocellulosic filler; biocomposites; drilling; machinability; density

1. Introduction

Owing to their properties, wood—plastic composites (WPCs) are widely used in a
variety of industries. A significant portion of WPCs is made from polymers derived from
fossil fuels. For example, polyethylene (PE) is used for decking, construction, and consumer
goods; polypropene (PP) for automotive parts, construction, and consumer goods; and
polyvinyl chloride (PVC) for decking and construction [1].

Biodegradable thermoplastics, such as poly (lactic acid) (PLA) [2,3], are gaining in-
dustry attention as an alternative to WPC production. PLA is easily compostable and
has no negative effects on the natural environment [4]. The composite materials within
PLA are also ecological due to the fact that the filling material is made of wood fibers.
Furthermore, apart from solid wood, WPC fillers can be made of shredded postconsumer
wood materials [5-7], recycled fibers [8,9], bark [3], bamboo fibers [10], or particles of
annual plants [2].

WPCs are typically manufactured using extrusion or injection methods [2,11], result-
ing in the production of generally finished products that do not require any additional
mechanical processing. However, as these materials become more widely used in a va-
riety of products, the demand for machining grows. Drilling mounting holes, profile
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milling over an existing component edge, or surface grinding to smooth it are examples of
such processes.

Little is known about the machinability properties of WPCs in terms of tool wear,
cutting resistance, and machining quality. In general, WPC processing can be accomplished
with standard tools and woodworking machines. Buehlmann et al. [12] emphasized,
however, that increased pigment content in colored composites may result in faster tool
wear. While investigating the parameters of the machining process of WPCs in the form
of chipboards bonded with thermoplastics, Zbie¢ et al. [13,14] discovered that cutting
parameters are comparable to those of chipboards of similar-density glued with UF resin.

At the same time, unlike chipboards glued with UF resin, thermoplastics in chip-
polymer composites reduce tool wear. Wilkowski et al. [15] and Borysiuk et al. [16] both
confirmed the good machinability of WPCs in the form of chipboards bonded with thermo-
plastic compared with traditional wood materials. Wilkowski et al. [15] investigated axial
force and cutting torque while drilling three WPC variants (polyethylene (PE), polypropy-
lene (PP), and polystyrene (PS)). The authors discovered a significant reduction in forces for
all WPC variants compared with standard three-layer chipboards. The composites bonded
with polyethylene had the greatest reduction in forces among the tested composites (PE).
Furthermore, as forces decreased, the proportion of thermoplastic increased (30%, 50%,
and 70%).

A study by Zajac et al. [17] on the quality assessment of turning machining based
on a WPC’s surface roughness parameters did not confirm the theoretical and practical
regularity of machining quality reduction with increased feed speed [18]. This perplexing
result was explained by the random distribution of the composite’s individual component
particles on the cross-section of the workpiece. Bajpai et al. [19] studied the drillability of
laminates based on PLA and natural fiber (sisal and Grewia optiva fiber). The authors
concluded that there was a significant impact on the quality and efficiency of machining
drill types and cutting parameters. At the same time, the research did not indicate any
influence of the type of natural fiber on the cutting forces.

To the best of our knowledge, research on the drilling characterization of PLA compos-
ites is still scarce and is thus worth investigating. Drilling is one of the most basic processes
in processing wood-based materials that are intended for use in the furniture industry.
We considered it necessary to study the susceptibility of drilling of WPCs with polylactic
acid (PLA) and high-density polyethene (HDPE), as their use in the industry is constantly
increasing. Based on the available literature, the hypothesis that the drilling process will be
affected by the composition of WPCs was formed.

2. Materials and Methods

The polymer matrices used in the tested WPC panels were polylactic acid (PLA;
Ingeo TM Biopolymer 2003D, NatureWorks LLC, Minnetonka, MN, USA) and high-density
(HDPE; Hostalen GD 7255, Basell Orlen Polyolefins Sp. Zoo, Pock, Poland). Two types of
lignocellulosic material were used as fillers: coniferous sawdust and bark. Calcium oxide
(CaO; Avantor Performance Materials Poland SA, Gliwice, Poland) was applied in PLA
composites and polyethylene-graft-maleic anhydride (MAHPE; SCONA TSPE 2102 GAHD,
BYK-Chemie GmbH, Wesel, Germany) in HDPE. Tables 1 and 2 describe all 36 variants.

The sawmill lignocellulosic material was dried to 5% humidity before being mechani-
cally comminuted and sorted into two size variants: >35 and 10-35 mesh.

The composites manufacture consisted of two stages:

(1) Production of WPC granules of an appropriate formulation (Tables 1 and 2) using
an extruder (Leistritz Extrusionstechnik GmbH, Niirnberg, Germany), where tem-
peratures in individual sections of the extruder were 170-180 °C, and an obtained
continuous composite band was ground in a hammer mill;

(2) Manufacture of boards from the granules obtained, with nominal dimensions of
300 x 300 x 2.5 mm in the process of flat pressing in a mold. For this purpose,
a one-shelf press (AB AK Eriksson, Mariannelund, Sweden) was used. The set-
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tings of the process were as follows: 200 °C, a maximum unit pressing pressure
Pmax = 1.25 MPa, and pressing time 6 min. After hot pressing, the boards were cooled
in the mold for 6 min in a cold press. Figure 1 shows examples of the manufactured
panels. The boards were conditioned for 7 days under standard conditions (20 & 2 °C;
65% =+ 5% humidity).

Figure 1. Examples of PLA- and HDPE-based composites.

Table 1. PLA-based composites characteristics.

Sh ¢ Share of Filler

. . . are o

Variant Matrix Share of Matrix Additives Small Particles Large Particles

(>35 Mesh) (10-35 Mesh)

1P - - 40s
2P - - 40b
3P 60 - 40b ;
4P - 40s -
5P - - 50s
6P - - 50b
7P 50 - 50b ;
8P - 50s -
9P - - 60s
10P PLA 0 - - 60b
11P - 60 b -
12P - 60 s B
13P 3 - 40s
14P 57 3 40b -
15P 3 - 50s
16P 47 3 50b -
17P 3 - 60s
18P 37 3 60b ;

s—sawdust, b—bark.
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Table 2. HDPE-based composites characteristics.

Share of a Filler

. . . Share of
Variant Matrix Share of a Matrix Additives Small Particles Large Particles
(>35 Mesh) (10-35 Mesh)
1H - - 40s
2H - - 40b
3H 60 ; 40b ;
4H - 40s -
5H - - 50s
6H - - 50b
7H 50 - 50b )
8H - 50's -
9H - - 60s
10H HDPE “ ] ] €0
11H - 60 b _
12H - 60 s B
13H 57 3 - 40s
14H 3 40b -
15H 3 - 50s
16H 47 3 50b -
17H 37 3 - 60s
18H 3 60b -

s—sawdust, b—bark.

The density according to EN 323: 1999 (EN 323, 1999) and density profile were
determined for manufactured boards using a Laboratory Density Analyzer DAX GreCon
(Fagus-Grecon Greten GmbH & Co. KG, Alfeld, Germany). A density measurement was
recorded every 0.02 mm at a measurement speed of 0.05 mm/s.

Machinability tests were carried out on a CNC Busellato Jet 130 (Casadei-Busellato,
Thiene, Italy) machining center. For through drilling (through the entire thickness of the
board), a new 8 mm diameter polycrystalline diamond DPI single-point drill (Leitz) was
used. The following cutting parameters were used: rotational speed of 6000 rpm, feed
speed of 1.2 m/min, and 0.2 mm feed per revolution. During the test, through holes were
drilled (through the entire thickness of 3 boards, in the package) in the center of the boards
with dimensions of 50 x 50 mm. During drilling, the signals of the axial force Fz were
recorded using a Kistler 9345A piezoelectric force sensor with a sampling frequency of
12 kHz. For each variant of the plate, 6 cuts were made. The effective value (RMS) of the
axial force signals was analyzed.

Statistical Analysis

The results were statistically processed using Statistica 13.3 (TIBCO Software Inc.,
Palo Alto, CA, USA). The analysis of variance (MANOVA) was used for determining the
significant differences (« = 0.05) between factors, and Tukey’s test was used for finding
homogeneous groups at a significance level of 0.05.

3. Results and Discussion

The PLA boards had densities ranging from 1061 to 1232 kg/m?, while the HDPE
boards had densities ranging from 1002 to 1105 kg/m?>. Tables 3 and 4 show the values of
the mean densities for individual variants. Individual variant density diversity within the
same matrices did not exceed 17% for PLA and 11% for HDPE. There was a slight influence
from the size of the filler particles, the type of filler, or the addition of additives in this
regard. It should be noted, however, that PLA boards with the same filler share and type,
as well as filler particle size, were 1 to 18% denser, depending on the variant.
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Table 3. The mean density values for individual variants of panels without additives.

Share of  Bark Large Particles  Bark Small Particles  Sawdust Large Particles = Sawdust Small Particles
Matrix Filler o] (o) o) o o) o P o
(%) (kg/m®)
PLA 40 1167 47 1171 41 1092 65 1152 56
PLA 50 1159 65 1114 46 1118 44 1146 62
PLA 60 1182 58 1123 51 1061 49 1148 56
HDPE 40 1051 24 1053 26 1025 16 1025 25
HDPE 50 1078 25 1105 27 1035 22 1039 41
HDPE 60 1094 29 1077 38 1026 18 1076 25
p—density, c—standard deviation.
Table 4. The mean density values for individual variants of panels with additives.
Bark Small Particles Sawdust Large Particles
Share of Filler
Matrix P o P (o)
(%) (kg/m3)

PLA 40 1180 34 1075 62

PLA 50 1232 62 1094 57

PLA 60 1123 54 1091 34

HDPE 40 1040 39 1002 26

HDPE 50 1043 27 1036 30

HDPE 60 1093 25 1081 22
p—density, c—standard deviation.

This is because the PLA matrix has a higher density than the HDPE matrix. Andrze-
jewski et al. [20] discovered similar relationships while researching WPCs based on PLA
and PP. The density distribution on the cross-section of all variants of the tested boards was
generally uniform (Figure 2). The density differentiation in the thickness of the individual
boards did not exceed 100 kg/m? (only in some variants did it reach 200 kg/m?), demon-
strating good homogenization of the composite components and uniform distribution of
the filler particles in the polymer matrix. Borysiuk et al. [21] discovered that increasing the
filler content in HDPE boards filled with sawdust reduces density in the central zone of
the board.
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Figure 2. Density profiles of PLA-based composites (A) and HDPE-based composites (B).

The authors also concluded that the size of the filler particles had a slight influence on
density or density profile. This was also confirmed in our research. Density variation may



Forests 2022, 13, 1950

6 of 10

Axial forces [N]

40
35
30
2
2
1
1

v o U o U

A

a

b

d &
2P 6P

large particles

10pP 3P

bark

a
b
c
d

7P

small particles  large particles = small particles

have an impact on board processing. According to Kowaluk [22], the majority of machining
parameters (cutting force, feed force, and noise) decreases as the processed material density
decreases. The recorded density changes in the tested WPCs had no significant effect on
the values of axial forces during drilling (Figure 3).

45
40
35 A
Z 30 —dep=—— Mo
e A ‘é.._ e ——
9 25 . e T
B g - - _J _A b — A A
: 20 ‘ = b A
O
% 15 e%-q--4-..°
10 b ® HDPE without additive
A PLA without additive
5 B HDPE with additive
0 PLA with additive
1000 1050 1100 1150 1200 1250

Density [kg/m?3]

Figure 3. Relationship between axial forces during drilling and the density of WPCs.

Figure 4 shows the axial force values obtained while drilling individual composite
variants. Regardless of variant content, composites made from PLA had from 25% to 56%
higher values of axial forces during drilling. The observed differences were significant in
each of the cases. PLA stiffness is associated with higher axial drilling forces for PLA-based
composites compared with HDPE-based composites. PLA has a modulus of elasticity that
is 2.5 to 5 times greater than that of HDPE [23,24].

11P| 1P [ 5P | 9P | 4P | 8P | 12P

40

35 B

2H | 6H 5H 9H 4H 8H 12H

10H| 3H  7H |11H 1H

Axial forces [N]
= NN W
v O u»nn O

fary
o

o w

large particles | small particles large particles = small particles
sawdust bark

sawdust
Figure 4. Values of axial forces during drilling of PLA-based composites (A) and HDPE-based
composites (B) (a, b, c, d—homogeneous groups by Tukey’s test).

It should also be noted that the type of matrix, compared with factors such as the
type, proportion, and size of the filler, had a significant (67.05%) effect on the value of
the axial force (Table 5). Wilkowski et al. [15] also noted the effect of matrix type (PE, PP,
and PS) on cutting forces when drilling WPCs. The authors found that composites made
of polyethylene baize had the lowest cutting forces. In our study, both PLA and HDPE
composites had lower axial forces during drilling compared with the data available in the
literature [25].
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Table 5. Analysis of variance for selected factors and interactions between the factors influencing the
axial force during drilling.

Factor SS Df MS F P X
Matrix (M) 4644.59 1 4644.59 561.268 0.000 67.05
Filler share (FSh) 458.87 2 229.44 27.726 0.000 6.62
Filler size (FSi) 9.23 1 9.23 1.116 0.293 0.13
Filler (F) 60.7 1 60.7 7.335 0.008 0.88
M x FSh 109.86 2 54.93 6.638 0.002 1.59
M x FSi 4.57 1 4.57 0.552 0.459 0.07
FSh x FSi 98.66 2 49.33 5.961 0.003 1.42
M x F 12.21 1 12.21 1.475 0.227 0.18
FSh x F 144.4 2 722 8.725 0.000 2.08
FSi x F 0.4 1 0.4 0.048 0.826 0.01
M x FSh x FSi 157.64 2 78.82 9.525 0.001 2.28
M x FSh x F 161.61 2 80.8 9.765 0.001 2.33
M x FSi x F 41.75 1 41.75 5.046 0.027 0.60
FSh x Fsi x F 23.66 2 11.83 1.43 0.243 0.34
M x FSh x Fsi x F 5.31 2 2.65 0.321 0.726 0.08
Error 993.02 120 8.28 14.34

SS—sum of the squares of deviations from the average value, Df—number of degrees of discretion, MS—average
square of deviations (MS = SS/Df), F—test value, p—probability of error, X—percentage influence of factors on
the examined property of particleboard.

When the type, share, and size of the filler were considered, only the size of the filler
particles had a significant effect on the values of axial forces during drilling (Table 5). This is
because uncontrolled mechanical division of larger filler particles into smaller elements and
partial destruction of the cell wall structure may occur during the extrusion process [26-29].
The moisture content of the wood as well as the geometry and operating parameters of
the extruder screw all play a role in this division. Furthermore, during extrusion, the
lignocellulosic filler particles compacted to approximately 1300 kg/m3 density [11].

Increased lignocellulosic filler content resulted in a decrease in the value of axial forces
during drilling (the percentage effect was 6.62%), with a greater decrease observed in
composites based on PLA. The percentage effect of filler type (0.88%) was relatively small
compared with that of other factors significantly affecting the values of axial forces (type
of matrix, filler share). It is also worth noting that the percentage effects of interactions
between the studied factors on axial forces were relatively small, ranging from 0.60% to
2.33% in cases where they were significant (Table 5). Furthermore, the type, proportion,
and size of the filler, as well as the interactions between the factors studied, had a smaller
influence on the axial forces than the influence of factors not studied (error = 14.34%).

The addition of additives to the composites (CaO for PLA and MAHPE for HDPE)
increased the value of axial forces during drilling in general (Figure 5). The percentage
effect of CaO addition in PLA-based composites was 16.64% (Table 6), and, in most cases,
this effect was insignificant (Figure 5A). This is because CaO is both a humectant and a
biocide [30]. In the case of PLA-based composites, factors not included in the current study
had a much greater percentage impact than the additive used (error = 70.84%).

In the case of HDPE-based composites, the percentage effect of MAHPE addition
on the increase in the value of axial forces during drilling was 59.36% (Table 7). This
effect was significant in the majority of cases (Figure 5B). This is because the addition
of coupling agents (such as MAHPE) improves the mechanical properties of the WPCs
produced by better bonding the matrix and filler particles [26,31-37]. This results in
increased material resistance during the drilling process. The addition of MAHPE had a
much larger percentage effect (59.36%) on the increase in the value of axial forces during
drilling than the nonstudied factors (error = 34.67%) (Table 7).
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Figure 5. Values of axial forces during drilling: (A) PLA-based composites with (green) and without
(blue) addition of CaO; (B) HDPE-based composites with (green) and without (blue) addition of
MAHEPE (a, b, ¢, d, e, f—homogeneous groups by Tukey’s test).

Table 6. Analysis of variance for selected factors and interactions between the factors influencing the
axial force during drilling PLA-based composite with addition of CaO.

Factors SS Df MS F P X
Filler Share (FSh) 277.92 2 138.96 424 0.018 9.10
Additive (A) 508.03 1 508.03 15.50 0.000 16.64
FSh x A 104.25 2 52.13 1.59 0.212 341
Error 2163.04 66 32.77 70.84

SS—sum of the squares of deviations from the average value, Df—number of degrees of discretion, MS—average
square of deviations (MS = SS/Df), F—test value, p—probability of error, X—percentage influence of factors on
the examined property of particleboard.

Table 7. Analysis of variance for selected factors and interactions between the factors influencing the
axial force during drilling HDPE-based composite with addition of MAHPE.

ss Df MS F p X
Filler Share (FSh) 18.72 2 9.36 1.956 0.149 2.05
Additive (A) 540.72 1 54072 112993  0.000 59.36
FSh x A 35.68 2 17.84 3.728 0.029 3.92
Error 315.83 66 479 34.67

SS—sum of the squares of deviations from the average value, Df—number of degrees of discretion, MS—average
square of deviations (MS = SS/Df), F—test value, p—probability of error, X—percentage influence of factors on
the examined property of particleboard.

4. Conclusions

Drilling is one of the machining methods available for WPCs. The following conclu-
sions could be drawn from the drilling of PLA and HDPE composites:

1.  The type of matrix had the greatest impact on the axial force values during drilling.
Regardless of the composite formulation, composites based on PLA had higher axial
forces than composites based on HDPE.

2. The increase in the share of lignocellulosic fillers generally influenced the decrease in
the value of axial forces during drilling, with PLA-based composites showing a more
significant decrease than HDPE-based composites.

3. The type and size of the filler had a minor impact on the axial force values dur-
ing drilling.

4. The increase in axial forces in the case of PLA was due to factors other than the
presence of additives. In the case of HDPE, additives had a greater contribution to
increasing the values of axial forces than other nonstudied factors.
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