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Influence of Milling Parameters on Sound Pressure
Level during the Milling of Wood-plastic Composites

Zhenwen Chen,** You Peng,®* Jiayi Gan,* Fang Luo,® and Weihua Wei "/ & *

The high-intensity noise generated during high-speed milling of wood-
plastic composites, due to the material properties of anisotropy and non-
uniformity, seriously affects the working environment and operator
comfort. The influence of axial depth of cut, radial depth of cut, cutting
speed, and feed per revolution on the sound pressure level of milling noise
in wood-plastic composites was analyzed through single-factor milling
experiments. Furthermore, a principal component variance analysis was
conducted using multi-level factorial milling experiments to investigate the
interaction effects of milling parameters on milling noise variation. The
results showed that, for a fixed milling length, the significance of milling
parameters on milling noise sound pressure level decreased in the order
of cutting speed, axial depth of cut, radial depth of cut, and feed per
revolution. A smaller axial depth of cut was suggested to control noise
emission while ensuring machining efficiency. With a constant axial depth
of cut, lower feed per revolution and radial depth of cut helped achieve
reduced noise levels. This study provides a theoretical basis for
addressing the challenge of high-intensity noise generated during high-
speed milling of wood-plastic composites.
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INTRODUCTION

Wood-plastic composites (WPCs), which are made by blending wood particles or
flour with polymers, are a novel type of wood material that has emerged worldwide in
recent years (Bhaskar ef al. 2021). The machining noise during milling of WPCs can
impact machining quality, contaminate the working environment, and pose health risks to
workers. This noise is quantified by sound pressure, a measure of loudness based on
acoustic intensity, typically expressed in decibels (dB). Therefore, research on the noise
generated during the high-speed machining of WPCs is an issue that needs attention in the
field of mechanical machining.

Presently, noise issues in wood processing are receiving increasing attention.
Scholars have carried out a series of studies on the effect of circular saw blade tooth spacing
on log cross-cutting noise (Krilek er al. 2016), the influence of tool parameters on noise
(Wellenreiter et al. 2022), and acoustic monitoring of tool condition (Gorski et al. 2019).
These studies on log processing noise have achieved considerable success, yet research on
noise emission during high-speed milling of WPCs remains relatively scarce. Meanwhile,
prediction models for WPCs milling noise have been developed to achieve accurate noise
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forecasting through data processing (Wei et al. 2022). However, research on how milling
parameters and their interactions specifically affect noise levels and the underlying reasons
during high-speed milling of WPCs remains limited. These mechanisms need to be
investigated for effective noise reduction. The high-speed milling experiments on WPCs
were carried out using cemented carbide tools in this study. The milling noise signals were
acquired by a decibel meter and microphone. The influence of axial depth of cut ap, radial
depth of cut ae, cutting speed vc, and feed per revolution f on the sound pressure level of
milling noise in WPCs was analyzed through single-factor experiments, and the variation
patterns of milling noise were summarized. Furthermore, a principal component variance
analysis of milling parameters was conducted using multi-level factorial experiments to
investigate the interaction effects among milling parameters on milling noise, and methods
for controlling milling noise were proposed. This study is expected to enhance the
environmental friendliness of high-speed machining of wood-plastic products and offer
guidance for mitigating high-intensity noise in the machining process of WPCs.

EXPERIMENTAL

Materials

The experimental workpiece was made of wood powder and polyethylene
composite material, produced by Nanjing Dayuan WPC Material Co., Ltd. (Nanjing,
China). The dimensions of the workpiece were 320 mm (L) X 80 mm (W) x 39 mm (H).
The material compositions of the WPCs were as follows: wood powder 54.70%, calcium
carbonate 13.70%, recycled polyethylene 27.35%, phase solvent 2.72%, lubricant 1.53%.
The basic properties of the wood-plastic workpiece are as follows: density 1.19 g/cm?,
flexural modulus 28 MPa, and Shore hardness 58 HD. The high-speed milling experiments
employed cemented carbide inserts. A BAP40r CNC milling cutter arbor (Suzhou, China)
with a diameter of 25 mm was used. All experiments were performed on an XH714 vertical
machining center (Tengzhou, China).

Data anal);sts sysfem

] 74

Computer

Fig. 1. Experimental platform layout

The milling noise and background noise were collected using a condenser
microphone with a frequency response range of 80 to 14000 Hz. The milling noise sound
pressure level was measured by the Ar844 SMART Sound Level Meter (Hongkong, China)

Chen et al. (2026). “Noise during milling of WPCs,” BioResources 21(2), 3492-3505. 3493



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

with a frequency response range of 31.4 Hz to 8.5 kHz and a measurement accuracy of +
1.5 dB. Following GB/T 16769-2008 standard, the microphone and sound level meter were
positioned at a height of 1.5 m above the ground, 1 m away from the workpiece and a 10
m (L) x 10 m (W) x 4.5 m (H) laboratory with epoxy resin flooring. Background noise was
controlled in accordance with the standard requirements. The spindle noise, noise emitted
from other areas of the milling machine, and environmental noise were considered as
background noise. The milling noise signals collection system is shown in Fig. 1.

Methods

Single-factor experiments were conducted to investigate the effects of ap, ae, ve and
/f on milling noise. The milling sound pressure level was calculated and post-processed
using MATLAB software (MathWorks Inc., R2019a, Natick, MA, USA). Subsequently, a
multi-level factorial experiment was conducted, and the obtained data were imported into
Design-Expert software (Stat-Ease Inc., Version 13, Minneapolis, MN, USA) for
processing and analysis.

Sound pressure level (SPL) is defined as the logarithm to the base 10 of the ratio of
the effective root-mean-square sound pressure P(e) to the reference sound pressure P(ref),
multiplied by a constant of 20. The unit is decibels (dB). The mathematical equation for
SPL is expressed as follows (Hu et al. 2022).

P(e

SPL =20 log (%) (1)

The reference sound pressure (P(ref)) is typically set at 2 x 107 Pa, a value
corresponding to the SPL perceptible to the human ear (Lin ez al. 2022). The noise signals
collected during milling experiments were mixed with background noise. Due to the
presence of background noise, the sound level meter readings are higher than the actual
values in milling experiments. Therefore, the recorded background noise was subtracted
from the noise measured during testing to determine the SPL. The actual SPL of the
measured target signal is expressed by the following Eq. 2 (Mansor ef al. 2020),

1 1
Lys =10 log (107" - 107'* ) )

where Lps is the actual sound pressure level of the measured target signal, Ly is the sound
pressure level of the mixed noise, Lps is the sound pressure level of the background noise,
with all units measured in decibels.

RESULTS AND DISCUSSION

Impact of Milling Parameters on the Milling SPL of WPCs

The influence of milling parameters on milling SPL was investigated through
single-factor experiments under up-milling conditions, and SPL was calculated in
MATLAB using Eq. 1. The background noise, spindle idle noise and other ambient noise
under the corresponding experimental conditions were measured before each milling
operation. Subsequently, the overlapping portions of SPL between background noise and
milling noise were eliminated using the decibel subtraction Eq. 2.
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Impact of radial depth of cut on milling noise

The variable ap was maintained at 4 mm, fat 0.3 mm/rev, and vc at 250 m/min,
while ae was set to 2, 4, 6, 8, and 10 mm. The SPL (ae) of milling was measured with ae as
the variable and the maximum value of the SPL was taken as the numerical result; ae, the
SPL variation curve under single-factor variations is shown in Fig. 2. In the test, the
background noise initially decreased and then increased with a changing rate that started
slow and then accelerated. In comparison to the initial background noise, the final
background noise slightly increased. Overall, the background noise approximated a
constant value under constant spindle speed conditions. After eliminating background
noise interference, the average milling noise decreased 2 dB. When ae. increased from 2
mm to 4 mm, the milling noise SPL rose from 80.5 to 83.4 dB. Subsequently, when ae
increased from 6 mm to 8 mm, the milling noise SPL rose from 83.6 to 86.6 dB. In both
stages, there were relatively rapid increases in the milling noise SPL. However, when ae
increased from 4 mm to 6 mm and from 8§ mm to 10 mm, the milling noise SPL showed
gradual slowdowns in the rate of increase.
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Fig. 2. Radial depth of cut — Sound pressure level variation curve

When ae increased, the overall milling noise SPL showed a stepwise upward trend.
Although the chip morphology of WPCs workpiece after milling showed little variation
with the progressive increase in ae (Wei et al. 2021), the increase in ae led to a significant
increase in the effective contact length between the tool and workpiece, thereby enhancing

the cutting interaction. Comparable observations were documented by European scholars
(Kminiak et al. 2023).

Impact of feed per revolution on milling noise

The ap was maintained at 4 mm, ae at 6 mm, and vc at 250 m/min, while f'was set
to 0.1, 0.2, 0.3, 0.4, and 0.5 mm/rev; f, the SPL variation curve under single-factor
variations is shown in Fig. 3. It could be observed that the SPL of background noise
remained approximately constant and was notably distant from both the noise measurement
SPL curve and the pure milling noise SPL curve, there was a substantial disparity in these
SPLs. The pure milling noise SPL curve closely followed the trend of the noise
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measurement SPL curve. After subtracting the background noise interference using the
decibel subtraction equation, the average SPL was reduced 1.7 dB. The change in f
significantly affected the milling noise SPL. As fincreased from 0.1 mm/rev to 0.2 mm/rev,
the milling noise SPL rapidly rose from 78.3 to 84.1 dB, an increase of 5.8 dB. However,
as f further increased from 0.2 mm/rev to 0.5 mm/rev, the rate of increase in the milling
noise SPL markedly slowed down. When fincreased, the overall milling noise SPL showed
a stepwise upward trend. In the stage of f'increasing from 0.2 mm/rev to 0.3 mm/rev, the
milling noise SPL was slightly affected by the changing /. When freached 0.5 mm/rev, the
milling noise SPL increased to 89.5 dB, representing an increase of 11.2 dB compared to
the SPL at f of 0.1 mm/rev. This phenomenon resulted from the positive correlation
between feed per revolution and cutting force. When cutting edges and spindle speed
remained constant, increased feed per revolution elevated the feed rate, intensifying cutting
force via chip compression (Durkovic ef al. 2018) and friction. Log planing studies
reported similar trends, noise increased with increasing feed rate (Ajdinaj ef al. 2023).
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Fig. 3. Feed per revolution — Sound pressure level variation curve

Impact of cutting speed on milling noise

The ap was maintained at 4 mm, acat 6 mm, and feed f'at 0.3 mm/rev, while v. was
set to 150, 200, 250, 300, and 350 m/min; ve, the SPL variation curve under single-factor
variations is shown in Fig. 4.
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Fig. 4. Cutting speed — Sound pressure level variation curve

The background noise increased with the elevation of ve. In ve range of 150 m/min
to 250 m/min, vc had a pronounced impact on background noise, rising from the initial 74.8
dB to 83.9 dB. As v. continued to rise in the range of 250 to 350 m/min, the SPL gradually
tended to stabilize, reaching 85.7 dB at 350 m/min. Overall, the SPL of background noise
increased with the growing ve. Specifically, it had a significant rise of 10.9 dB compared
to the initial level at vc of 350 m/min. It was indicated according to the equation in
references (Hu et al. 2021) that as the spindle speed gradually increased, vc also increased.
The increase in vc led to two effects. On one hand, it amplified the aerodynamic noise
generated by moving fluid (Sampath et al. 2007). On the other hand, it enhanced the impact
energy generated by the spindle (Rech et al. 2017). Therefore, the milling noise showed a
corresponding increase in SPL.

The milling noise steadily increased in the speed ranges of 150 to 200 m/min, 250
to 300 m/min, and 300 to 350 m/min. However, the milling noise showed a declining trend
in the speed range of 200 to 250 m/min. This was attributed to the rise in temperature within
a certain range as vc increased, consequently reducing cutting forces and vibrations (Xu et
al. 2018). The raw materials of WPCs incorporated thermoplastic plastics, when the
friction heat between the milling tool and the workpiece increased, the surface of the
workpiece softened. This led to a reduction in the frictional force between the milling tool
and the workpiece, thereby decreasing the milling noise SPL. The milling noise showed
another increase when vc reached 250 m/min, and at vc of 350 m/min, the milling noise
pressure level reached 88.5 dB, representing a subsequent growth of 7.2 dB compared to
the initial level. Based on the considerable variation in background noise pressure level
with changing vc, it was evident that alterations in vc had a substantial impact on milling
noise.

Impact of axial depth of cut on milling noise

The ae was maintained at 6 mm, f'at 0.3 mm/rev, and vc at 250 m/min, while ap was
set to 2, 3, 4, 5, and 6 mm; ap, the SPL variation curve under single-factor variations is
shown in Fig. 5.
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Fig. 5. Axial depth of cut — Sound pressure level variation curve

The background noise level remained relatively constant and its SPL curve was
notably distant from both the noise measurement SPL curve and the pure milling noise SPL
curve, and there was a substantial disparity in the SPL. After removing the interference of
background noise, the average milling noise SPL decreased 0.56 dB. When ap increased
from 2 to 3 mm, the milling noise SPL increased from 84.6 to 86.1 dB. Similarly, as ap
increased from 4 to 5 mm, the milling noise SPL increased from 86.8 to 88.1 dB. There
was a rapid increase in the milling noise SPL during these two stages. However, when ap
increased from 3 to 4 mm and from 5 to 6 mm, the milling noise SPL showed a gradual
upward trend. When a; increased, the overall milling noise SPL showed a stepwise upward
trend. Through observation of the phenomena occurring during the milling process, it was
evident that as ap increased, the morphology of the WPCs chips changed with an increase
in chip thickness, resulting in an increase in the reactionary force exerted on the mechanical
system and ultimately manifested in an increase in milling noise.

Multi-factor Analysis of Milling Noise SPL

To comprehensively understand the interactions among various factors and their
combined effects on the milling noise SPL, a multi-level factorial experiment with 4 factors
at 3 levels (the level table is shown in Table 1) was designed in this study.

Table 1. Multi-Level Factorial Experiment Parameter Levels

Parameter Unit Low Level Medium Level High Level
ap mm 3 4 5
8e mm 6 8 10
Ve m/min 250 300 350
f mm/rev 01 0.3 0.5
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Table 2. Multi-Level Factorial Experimental Data

Shuffle ap Qe Ve f Pure Milling Noise SPL
Sortin Number /min mm/rev dB
g mm mm m
8 1 5 10 350 0.1 77.7
4 2 5 10 250 0.1 741
13 3 3 6 350 0.5 80.2
12 4 5 10 250 0.5 90.2
16 5 5 10 350 0.5 72.8
9 6 3 6 250 0.5 82.2
15 7 3 10 350 0.3 80.8
10 8 5 6 250 0.3 83.3
5 9 3 6 350 0.1 81.9
17 10 4 8 300 0.1 83.5
19 11 4 8 300 0.5 82.3
3 12 3 10 250 0.5 93.6
1 13 3 6 250 0.1 771
6 14 5 6 350 0.1 68.3
14 15 5 6 350 0.3 82.5
7 16 3 10 350 0.5 85.5
11 17 3 10 250 0.1 89.1
18 18 4 8 300 0.5 79.4
2 19 5 6 250 0.1 68.5

The interference of background noise on milling noise was mitigated by the decibel
subtraction equation, and the processed multi-level factorial experimental data and the pure
milling noise SPLs are listed in Table 2.

Parameters ap, ae, f, and ve were used as input variables in the experiment, while
the milling noise signal SPL was the output variable. The noise collection time for each
group corresponded to the duration required for milling a length of 320 mm. Before each
experiment, the spindle idle noise for the duration required to mill a length of 320 mm was
collected. The maximum milling SPL and maximum spindle rotation noise pressure level
of each group were recorded as the experimental data (Sio-Sever ef al. 2022).

Principal component analysis of milling parameters

The parameters of the multi-level factorial experiment were input into the Design-
Expert software to conduct a variance analysis on the four milling parameters affecting the
milling noise SPL. The significance of the effects of ap, ae, ve, f, and their interactions on
the milling noise SPL was analyzed, and the results are shown in Table 3. The significance
levels of each parameter are indicated in Fig. 6.

Table 3. Milling Parameters Variance Analysis Results

Sources of Sum of Degrees of M
Variance Squares Freedom ean Square F-value P-value
q

Fitted Model 465.76 9 51.75 34.07 < 0.0001
A—ap 110.78 1 110.78 72.94 < 0.0001
B-ae 35.11 1 35.11 23.11 0.0013
C—vc 255.20 1 255.20 168.03 < 0.0001
D—f 30.53 1 30.53 20.10 0.0020

AB 12.08 1 12.08 7.95 0.0225
AC 5.64 1 5.64 3.71 0.0901
AD 1.89 1 1.89 1.24 0.2969
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BC 3.15 1 3.15 2.07 0.1878
BD 11.39 1 11.39 7.50 0.0255
Residual 12.15 8 152
Error
Lack of Fit 11.40 6 1.90 5.09 0.1733
Pure Error 0.7467 2 0.3733
Sum 478.36 18

Here, the null hypothesis Ho was set as follows: The factors (ap, @e, Ve, f) have no
effect on the SPL, with a significance level set at 0.05. In analysis of variance, the F-value
represents the ratio of between-group variance to within-group variance. The larger the F-
value, the greater the between-group variance, indicating that the factor has a more
significant impact on the experimental results. The P-value represents the probability of
observing results as extreme or more extreme than the actual results under the assumption
that the null hypothesis is true. When the P-value is less than the predetermined
significance level, the experimental results are considered significant. Furthermore, a
smaller P-value indicates that the factor has a more significant impact on the experimental
results.

According to Table 3, the fitted model showed a relatively high level of fit with an
F-value of 34.07 and a P-value less than 0.0001. The F-value for vc was 168.03, with a P-
value less than 0.0001. Furthermore, it was evident that vc had the most significant impact
on milling noise, as shown in Fig. 6. This observation aligned with the analysis of the
impact of ve on milling noise. The F-value for ap was 72.94, with a P-value less than 0.0001.
Similarly, it could also be seen from Fig. 6 that ap significantly influenced the milling noise
SPL. The F-values for ae and f were 23.11 and 20.10 respectively, with corresponding P-
values of 0.0013 and 0.002. Both factors had a relatively significant impact on the milling
noise SPL. From Fig. 6, the significance of the impact on the milling noise SPL could be
ranked as follows: vc had the greatest effect, followed by ap, ae, and finally f.
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Analysis of the interactive effects of milling parameters and strategies for milling noise
control

To better analyze strategies for controlling milling noise, it was necessary to further
analyze the interaction effects among these parameters on the milling noise SPL. The
contour plots and 3D surface plots illustrating the correlation between the milling noise
SPL and milling parameters were exported from the Design-Expert software and are shown
in Fig. 7. From Fig. 7a and Fig. 7b, it is apparent that the contour plots and 3D surfaces
exhibited varying undulations, and their interaction had a significant impact on the milling
noise SPL. When ap, was kept below 4 mm, the slope of ae curve changed gradually,
indicating that an increase in ae had relatively little impact on the milling noise SPL. When
ap ranged from 4 to 5 mm, the milling noise increased notably with the increase in de.
Therefore, to control noise emission, ap should be maintained within the range of 0 to 4
mm, and the magnitude of ae can be further adjusted accordingly. From Fig. 7c and Fig.
7d, it is evident that both ap and vc have a significant impact on milling noise. Thus, a more
intuitive confirmation could be obtained that milling noise SPL was more significantly
influenced by ve through comparison. However, as the contour slope approximated to a
linear plane, the interaction between the two variables did not significantly affect the
milling noise SPL, which was consistent with the previous analysis. As ve gradually
increased to high speed, the growth of milling noise was not as significant as it was at low

speeds. This was because the milling force increased significantly and rapidly as the cutting
depth grew in the low-speed phase.
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Fig. 7. Contour plots and 3D surface plots

However, when ve reached a certain level, the influence of ap on the increase in
cutting forces became less significant and consequently resulted in a corresponding
slowdown in the increase rate of milling noise SPL. In addition, when both ap and vc
increased simultaneously, the milling noise SPL could reach a maximum of 91 dB.
Therefore, under the premise of prioritizing machining efficiency, a smaller ap should be
selected after determining the appropriate vc to control noise emission.

From Fig. 7e and Fig. 7f, it can be observed that the varying ap significantly
influenced the milling noise SPL when f'was in the range of 0.1 to 0.5 mm/rev. The slope
of the 3D surface plot was steeper in the direction of increasing ap and the milling noise
SPL increased obviously. However, when ap was below 3.5 mm, the slope of the 3D surface
plot was gentler in the direction of increasing f, which meant that the varying f had an
insignificant effect on the milling noise pressure level. This was because when ap was small,
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the varying f had an insignificant effect on the variation of cutting forces, which led to
lower noise generation. Similarly, when ap fell within the range of 3.5 to 5 mm, an increase
in fled to a greater rise in the milling noise SPL. Therefore, it is advisable to limit ap to the
range of 0 to 3.5 mm when larger f'is required for better control of noise emission. From
Figs. 7g and 7h, it can be observed that the interaction between ae and ve was similar to the
interaction between ap and ve. The variation in milling noise SPL was not significant under
their interaction. The milling noise SPL increased with the growing ae and could be
controlled below 85 dB during low-speed milling. Therefore, when ae is relatively high, ve
should be set within the range of 200 to 250 m/min to control noise emission while ensuring
machining efficiency. From Fig. 7i and Fig. 7j, it can be observed that the contour lines of
fand ae interaction became denser as both factors increased, and the contour surface of the
3D plot fluctuated. Hence, the interaction between these two factors significantly affected
the milling noise SPL. When ae ranged from 2 to 6 mm and franged from 0.1 to 0.3 mm/rev,
the rate of change in the milling noise SPL was relatively slow. This can help to maintain
a steady level of noise in the machining environment.

CONCLUSIONS

1. The single-factor experimental results indicated that when the radial depth of cut, feed
per revolution, and axial depth of cut were gradually increased, the corresponding noise
measurement SPL and pure milling noise SPL exhibited similar variation trends, while
changes in cutting speed had a significant effect on background noise. The variations
in radial depth of cut and feed per revolution both resulted in noticeable changes in
milling noise, with the former corresponding to a lower overall noise level and the latter
to a higher overall noise level. Additionally, to maintain machining efficiency while
minimizing noise, it is recommended to set the cutting speed within the range of 200
to 250 m/min.

2. Analysis of variance indicated that cutting speed v. had the most significant effect on
milling noise SPL under constant milling length conditions, followed by axial depth ap,
radial depth a., and feed per revolution f'in descending order. Nevertheless, in terms of
actual SPL variations, radial depth a. and feed per revolution f also demonstrated
considerable noise increases within certain parameter intervals.

3. The interaction analysis of milling parameters indicated that variations in cutting speed
and radial depth of cut had a relatively minor effect on milling noise SPL, while under
low-speed milling conditions, the SPL increased significantly with the increase of axial
depth of cut. A smaller axial depth of cut should be adopted to control noise emission
without sacrificing machining efficiency. Furthermore, when ay is fixed, lower feed per
revolution and radial depth of cut are beneficial for achieving reduced noise levels and
maintaining a stable acoustic environment.
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