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ABSTRACT: The study focuses on identifying the specific mechanisms of the FR4 fiberglass composite
milling process using tungsten carbide end mills with wear-resistant diamond-like and diamond coatings.
The processing was carried out at cutting speeds from 115 to 300 m/min and feed of 0.075 and 0.15
mm/tooth. At the same time, the vibroacoustic signal was recorded in three formats: changes in the RMS
value and the amplitude of the acoustic emission in the low-frequency and high-frequency ranges, as well
as the parameter Ky, which is the ratio of the RMS amplitudes of the signals in the low-frequency and high-
frequency ranges. It is shown that the coating material has a predominant effect on the surface roughness.
The minimum roughness value was Ra = 0.2 pm for the case of a diamond-coated tool. In addition, the
coating improves processing performance by increasing the cutting speed for tools with DLC by 1.3 times
and for tools with diamond coating by 1.7 times, provided that the Ra increases slightly but does not exceed
0.36 um. When processed with an uncoated instrument, the mill captures the fiber, bends it and breaks it
into bundles, creating grooves. The mechanism of glass fiber destruction by a DLC mill is similar, with the
difference that the length of the fragmented fiber sections is noticeably reduced due to reduced friction. The
mechanism of cutting fiberglass with a diamond-coated milling cutter is significantly different. There are
characteristic scratches on the worn sections of the fiber, and there are no signs of destruction of the
composite between the matrix and the fiber. Studies of vibration signals have shown that frequency ranges
up to 20 kHz and from 33 to 48 kHz are informative enough to diagnose the fiberglass milling process. The
most significant values of the Kr parameter were observed at large amplitudes of low-frequency vibrations,
typical for processing with uncoated and DLC milling cutters. The lowest Kr values were obtained using
diamond-coated milling cutters. A correlation was found between the values of the K¢ parameter and the
roughness values of the treated end surface of the fiberglass plate.

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
[ (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In recent years, the production and consumption of polymer composites containing carbon or glass
fibers in an epoxy matrix or polyester resin have been rapidly increasing. This growth is expected to
continue in various industries, particularly in the automotive sector, due to the exciting mechanical
properties combined with a relatively low cost [1]. Layered plastics can undergo all types of machining that
are used for manufacturing metal parts. However, in most cases, products made of such composite materials
require a special approach to machining, which is significantly different due to the anisotropic and
heterogeneous composite structure and the effects of plastic deformation [2]. In addition, it is necessary to
consider the influence of manufacturing technology on the mechanism of chip formation, which is also not
insignificant when determining optimal cutting modes, since, unlike metals, layered plastics have 200 times
lower thermal conductivity [3]. However, the use of cooling fluids is generally not recommended, as it can
cause swelling and negatively impact the electrical and mechanical properties of most layered plastics.
Based on the results [4], it was ascertained that spindle speed significantly affects cutting temperature and
fine particle emission, while cutting force, specific cutting energy, and tool wear are influenced by feed rate.
Application of cooled air or the use of a small amount of lubricating nanofluids during machining [5] can help
solve the problem to some extent, but it is not always effective, and overcooling can lead to cracking.

Much attention is being paid to hybrid processing methods, such as laser processing, ultrasonic
vibrations, and abrasive water jets, which have the potential to improve surface integrity and reduce cutting
tool wear. Additionally, there is the possibility of using multi-purpose processing, which can affect the
fibers orientation [6]. The effectiveness of this technology has been experimentally analyzed and compared
with the results of conventional edge milling [7]. Edges processed using multi-axis trimming technology
were significantly better in quality than edges processed using conventional technology, thanks to the
choice of the correct cutter angle. It was suggested that a hybrid strategy, such as rapid roughing with
trochoidal cutters followed by conventional finishing, could improve productivity, accuracy, and tool life
[8,9]. From the perspective of multi-energy fields, methods such as low-temperature cold air, magnetic
fields, and ultrasonic vibration can effectively enhance processing performance [10].

It becomes apparent that there is a need for additional analysis of the factors that affect the accuracy of
processing and the quality of the processed surface, which are influenced by both the wear characteristics
of the tools and the machinability of layered composites such as fiberglass, which accounts for 95% of the
international market and is prone to peel-up and push-down delamination, uncut fibers, fiber pull-out,
tearing, borehole damage, surface cavities, burrs, sub-surface damage, and glass transition [11,12].

Despite lower cutting force requirements, fiberglass composites have a significant impact on cutting
tool wear, as the abrasive properties of the material lead to rapid tool wear [13]. Sun et al. [14] also noted
that abrasive wear of the tool during fiberglass processing is caused by the presence of fiber-based solid
particles in fiberglass blanks. At the same time, adhesive wear may be present, resulting from heating during
cutting, and chips may form on the cutting edge. Occurring under significant cutting loads. An increase in
the feed rate, which has a minimal effect on the cutter wear, which is mainly due to the abrasive wear of
the tool on the flank surface, dramatically increases the likelihood of fiberglass delamination [15], which
takes into account the fact that the filler fibers do not deform significantly with the polymer matrix due to
the significant difference in the elastic moduli of the components [16]. In some cases, the delamination
coefficient is calculated as the ratio of the average delamination load to the sample width [17].
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The practice of fiberglass cutting with various tools has shown that in dry machining, the tool material
has a significantly greater effect on surface quality than the tool geometry, which determines cutting force,
the number of failures, and the nature of chip removal. For example, Dabhade S. [18] noted that using a
carbide tool results in a lower roughness value compared to high-speed steel. Ducobu et al. [19] conducted
a comparative analysis of various PCD and carbide cutting tool geometries for composite material milling.
The results of this study show that the diamond tool is the best option, combining less delamination and
lower cutting forces, resulting in the best performance compared to carbide tools. However, the total cutting
force for the carbide tool can be significantly reduced by using mills with more teeth, effectively reducing
the feed per tooth. However, the wear resistance of a PCD tool is much higher than that of a carbide tool,
making it more cost-effective despite its higher price. At the same time, Zawada-Michatowska et al. shown
that the surface quality obtained using a carbide tool with a PCD coating was higher than when using a tool
with PCD inserts during the milling process with the same technological parameters [20].

Knap et al. investigated the effect of various wear-resistant coatings, both traditional CrN-type nitrides
and DLC-based carbon coatings, on the processing quality of fiberglass [21]. It was noted that the surface
treated with mills with a CrN type coating showed a poor cut, manifested in the uneven protruding fiber
form and surface damage, and the best results were obtained when using a DLC tool for all studied
roughness parameters. The durability of such a tool can be increased by combining the best properties of
modern nitride nanocomposite coating (CrAlSi)N with an antifriction DLC surface layer [22]. The use of
a PCD-coated carbide tool is promising [23]. It can be deposited using various technologies [24] directly
on the working surface of arbitrary-geometry carbide mills and allows for the production of tools that utilize
the best properties of diamond, such as high hardness and thermal conductivity, excellent resistance to
abrasion, and a low coefficient of friction. These tools exhibit the lowest level of wear, although they may
not always provide the best roughness.

In the mechanical cutting process, the surface defects of the workpiece are an important indicator of
cutting quality and also reflect the condition of both the machine tool and the cutting tool [25]. The review
of factors affecting the quality of layered composites processing shows that it is complicated to assess the
degree of influence of each factor on the defect’s formation on the processed surfaces, especially since the
orientation of the composite fibers on different surfaces of the processed part will vary significantly [26].
It is evident that we need to monitor the milling process, which allows us to observe the cutting process
kinetics in real time and compare the current diagnostic signals parameters with the results of surface
analysis. The use of acoustic monitoring promises to be an option for monitoring during processing. The
use of this method in mechanical tests may contribute to a greater knowledge of composite materials, as
well as determine the stresses [27]. Of course, monitoring the temperature in the chip formation zone and
the power parameters would also be beneficial. However, it is challenging to monitor temperature changes
at the cutting edge, especially above 130 °C and during dielectric processing. Additionally, monitoring
power parameters based on changes in drive power is only suitable for modes where the power consumption
is significantly higher than the idle power consumption, which is not the case in our application. Under
these conditions, the use of acoustic emission (AE) signals for monitoring the processing of layered
composites becomes the only diagnostic method [28] in media, including solid media, as a result of
perturbations caused by a wide range of factors [29].

The purpose and novelty of this work is a comparative study of the machinability of a glass-fiber-based
composite when milling with tungsten carbide end mills with carbon-based wear-resistant coatings obtained
using various technologies: diamond and DLC coatings deposited on an intermediate layer of a composite
nanocrystalline coating based on (TiCrAlSi)N.
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2. Materials and Methods
2.1. Processed Material

The workpieces were chosen to be plates of FR4 TG 135 foiled fibernglass-reinforced plastic, 140 x
25 x 1.6 mm in size. FR4 is a material consisting of glass fibers that are impregnated with an epoxy resin
of an electrical grade. It is mainly used in electrical engineering because of its high electrical insulation
properties. The degree of this material’s moisture absorption is relatively low, making it suitable for use in
high humidity conditions. FR4 has high strength, but it is easily machined with standard tools. The main
properties of the composite are listed in Table 1.

Table 1. Basic properties of FR4 TG 135 fiberglass.

Parameter Value

Thickness 1.6 mm
Density 1.4 g/cm?
Destructive stress in compression perpendicular to the layers 200 MPa
Tensile strength 69 MPa

Glass transition 135 °C

2.2. The Machine and Tools

For machining, in particular, milling, FR4 requires tools that can withstand the abrasive effects of this
composite material. Typically, tungsten carbide end mills are used to ensure their durability. The material
has a relatively low moisture absorption rate, which allows limited use of coolants; we did not use them in
our experiments.

End mills were used for milling operations. Table 2 provides detailed information about the tool used
in this study. The tools were made on a machine, the Walter Helitronic Micro (Walter AG, Tubingen,
Germany), from calibrated rods made of a 6% Co content CTS12D alloy with a submicron grain (0.4-0.8
um), specially designed for diamond coating (Ceratizit, Reutte, Austria). The milling was carried out on a
DMC 635 V ecoline machine (DMG MORI AG, Bielefeld, Germany) (Figure 1) without coolant in
accordance with the mode shown in Table 3.

The processed fiberglass plate was clamped with two bolts in a specially milled groove. The plate could
bend under the influence of the cutting force component Fy due to the low modulus of elasticity of fiberglass,
which could affect the processing accuracy. The deflection value was measured using a profile-meter
DektakXTL (Bruker, Billerica, MA, USA). In addition, the roughness parameters Ra and Rz, as well as the
waviness parameters: the average absolute value of the profile deviations from the middle line Wa, and the
height of the irregularities, which is determined by the sum of the maximum deviation from the middle line
in 5 peaks and 5 valleys Wz were measured on each of the seven 20-mm sections.

Table 2. The end mills’ technical characteristics.

Parameter Value
Diameter, D 11.99 mm
Number of teeth, z 4
The rake corner, y 4.29°
The flank corner, o. 7.29°
Spiral angle, ® 33.97°
Flank surface width 1.3 mm

Cutting part length 12 mm
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Figure 1. (a) The milling test, (b) processing scheme.
Table 3. Milling modes.
Parameter Value
Cutting speed, V m/min 115, 180, 230, 300
Rotation frequency, n min™! 3000, 4750, 6000, 8000
Feeding on the tooth, f, mm 0.15, 0.075
Cutting depth, a, mm 1.6
Cutting width, a. mm 0.5

2.3. Deposition of Diamond-like and Diamond Carbon Films to End Mills

The diamond-like coating (DLC) C:H-Si was applied by CVD not directly to the surface of the carbide
tool, but to an intermediate layer of the nitride coating (TiCrAlSi)N [30]. The Si content in the diamond-like
coating was 0.8%. The coating was deposited using the Platit 1311 + DLC unit (Platit, Selzach, Switzerland).
The nitride inner layer was applied at a 500 °C temperature, a working gas pressure of 0.4 Pa, and a bias
voltage of 50 V for an hour. The DLC technology involved reducing the process temperature to 180 °C. The
deposition process of the outer coating layer was in a glow discharge in acetylene with the addition of 1%
tetramethyl silane (CH3)4Si (TMS) at a pressure of P = (0.8 Pa and a bias voltage of 500 V for one hour and
40 min. The total coating thickness was 3.8 pm, with a DLC layer thickness of 0.7 um (Figure 2a). The SEM
image of the coating was obtained using a Vega 3 instrument (Tescan, Brno, Czech Republic).

The diamond coating was deposited using a microwave plasma chemical reactor ARDIS 100
(Optosystems LLC, 5 kW, 2.45 GHz, Troitsk, Russia) [31]. The technology of applying such a coating is
quite complex and multi-stage [32]. Prior to the experiment, the experimental mill’s surface was chemically
etched with Murakami reagents (KsFe(CN)e:KOH:H20 = 1:1:10) for 10 min and then with Karo acid
(aqueous solution of H2SO4 and H202) for 4 s to reduce the concentration of cobalt on the tool surface,
which can cause graphitization of the diamond film. For the same purpose and to reduce the level of residual
thermal stresses in the next stage, a tungsten barrier layer was deposited on the etched tool using magnetron
sputtering to form a layer up to 0.6 um thick, followed by a 10-min process of diamond seed particle
deposition, which ensured the reliable formation of diamond nuclei [33]. The diamond film growth occurred
from a CH4/H2 gas mixture with a CHs4 4% concentration at a substrate temperature of 850 °C. By
periodically introducing nitrogen, a multilayer polycrystalline diamond structure was formed, which
provides the necessary nanocrystal growth while reducing the overall surface coating roughness. The
deposition process lasted for 6 h, and the thickness of the diamond film was 9—11 pm. These multilayer
diamond coatings demonstrated better adhesion and abrasion resistance compared to single-layer diamond



Intell. Sustain. Manuf. 2026, 3(1), 10002. doi:10.70322/ism.2026.10002 6 of 21

coatings [34]. Based on the above, a diamond coating was grown on the tool, consisting of six alternating
layers of 1.9-2.1 pm microcrystalline grains in the shape of a parallelepiped or octahedron, and
nanocrystalline grains about 80 nm in size [35] (Figure 2b).

Figure 2. Morphology of diamond-like (a) and diamond (b) coatings.

It should be noted that, on the uncoated mills, the radius of the cutting-edge rounding was about 8 pm,
as measured using the multifunctional optical measuring system MikroCAD premium+ (GFM, Teltow,
Germany). The surface roughness on the uncoated and DLC mills was Ra = 0.44 pm. The diamond coating
increased the roughness to 2 um, and the radius of rounding of the cutting-edge increased to 15-18 pum.
The DLC technology also increased the cutting edge radius to 15 um, mainly due to the nitride sublayer
applied under the carbon coating.

2.4. Vibroacoustic Monitoring

Acoustic emission (AE) signals were recorded using an AP2037-100 piezoelectric accelerometer
(Globaltest, Sarov, Russia). Table 4 presents its main technical specifications. The accelerometer was
mounted on a fixture for securing the workpieces being processed (Figure 1) using a magnet. The vibration
acceleration signals were recorded at a 200 kHz frequency.

Table 4. Technical specifications of the AP2037-100 accelerometer.

Conversion Factor 10 mV/m/s?
Linear frequency range 0.5...15,000 Hz
Maximum impact (peak value) 10,000 g
Frequency of the installation resonance in the axial direction (more than) 45 kHz
Noise level, RMS [1 Hz =+ 10 kHz] (less than) 0.0035 m/s?

To ensure collection and processing of the accelerometer signals, a fast-acting external I/O module on
the USB 2.0 analog-digital conversion E20-10 (LCard, Moscow, Russia) bus with a 10 MHz sampling
frequency was used. The main technical specifications of the module are given in Table 5.

Table 5. Technical specifications of the E20-10 module.

Parameter Value
ADC bit rate 14 bits
ADC conversion maximum frequency 10 MHz
Voltage measurement subranges (independent setting for each channel) +3.0V;+1.0V;+0.3V
Lower bandwidth frequency of the conversion path 0 Hz
Typical value of the upper frequency of the conversion path at 3 dB level 1.2 MHz

Typical signal-to-noise ratio of the ADC channel 73 dB
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Acoustic information of the fiberglass plates processing was collected in three formats: the change in
root mean square (RMS), AE amplitude in the low-frequency and high-frequency ranges, and the ratio of
RMS amplitudes in these ranges (Kr). To select the most sensitive ranges, amplitude spectra of AE signals
were first constructed, and the informative sections were selected based on the most significant change in
signal amplitudes. As a result of the analysis of the AE signal spectra during the processing of identical
workpieces with mills with different coatings and in different modes, two frequency ranges were selected:
0.2-20 kHz and 33-48 kHz, where the AE amplitudes were recorded, and the Kr ratio of the signal
amplitudes in the low- and high-frequency ranges was calculated. Figure 3 shows examples of the joint AE
spectra during the processing of a fiberglass plastic workpiece by mills with and without diamond coating.

The Kr parameter characterizes the power density (the ratio of the transmitted power to the area of
impact), which decreases with wear of the cutting tool, with a decrease in the dynamic stiffness of the
technological system, with a decrease in the cutting speed, or with the creation of other conditions affecting
the chip separation process [36]. All of this leads to the AE signals being formed by longer voltage pulses,
and the amplitudes in the low-frequency and high-frequency ranges ratio increases due to amplitude
spectrum distortion. To increase the informativeness of Ky, it is necessary to select frequency ranges in the
AE signal spectrum where the amplitude reacts more sharply to changes in cutting conditions, and where
the influence of interference from the operating machine components is less. This effect is enhanced by
selecting frequency ranges as far apart as possible on the frequency scale, but within the vibration sensor
sensitivity range.

mV

6 10 14 18 22 26 f,kHz

(a)

111\./ i
0.4 A\

5l IR
NNSEPEBEN N
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30 34 38 42 46 f, kHz
(b)

Figure 3. AE spectra during processing of textolite with uncoated (1) and diamond-coated (2) cutters (cutting speed 180 m/min,
feed 0.15 mm/tooth): (a)—2-30 kHz range, (b)—30-50 kHz range.
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In the cutting process, stress pulses occur not only during the separation of chip elements but also
during the contact surfaces’ friction, under the influence of moving machine tools, and due to
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inhomogeneities in the structure of the processed material. Nevertheless, changes in the power density
transferred from the tool to the workpiece affect the AE spectrum and can serve as an indicator of the
quality of the cutting process.

In the present work, the tool wear due to the short cutting time did not affect the Kf change. However,
changes in the cutting modes and properties of mills with different coatings affected the nature of the
vibrations accompanying the cutting process. It is also important to note the specific compliance of the
workpieces themselves: thin plates have low dynamic stiffness in the direction perpendicular to the cutting
direction. At the same time, the plates clamping force, possibly unevenness along their length, could make
their stiffness variable along the pass length, which inevitably affects the AE parameters.

They should be described with sufficient detail to allow others to replicate and build on published
results. New methods and protocols should be described in detail, while well-established methods can be
briefly described and appropriately cited. Give the name and version of any software used, and make clear
whether the computer code used is available. Include any pre-registration codes.

3. Results and Discussion

Unfortunately, there may be unforeseen consequences when processing composite materials. As a rule,
such materials are brittle, not plastic. Most composites can absorb energy only through damage and elastic
deformation mechanisms, not through plastic deformation [37]. In this case, sensitivity to the rate of
deformation plays an important role [38]. The results showed [39] that transverse cracking of the matrix is
the first type of damage, followed by delamination between layers and longitudinal cracking of the matrix
in fiber bundles. In particular, the strength of the fiber bundle itself has a greater effect on compression
failure, which is the main reason for the final destruction of the material. A sharp decrease in the residual
compressive strength and an even smaller decrease in the tensile strength as a result of impact damage
characteristic of intermittent cutting are the main problems when assigning processing modes.

Substantial surface roughness is one of the most serious defects that can occur as a machining result of
composite materials, and to expand the scope of application of glass fiber, precise milling is necessary to
remove excess material [40]. However, the correlation of the surface roughness criteria, widely used in
literature, to the mechanical behavior raises several contradictions [41]. In addition, the accuracy of
dimensions and quality of surfaces processed by milling is sensitive to the temperature generated in the
cutting zone exceeding cause melting or damage to the polymer matrix and, as a result, the formation of
resin deposits on the cutting edge of the tool [42,43].

Research results show that the fiber being cut orientation angle has the most significant effect on
surface roughness [44]. An et al. showed that when milling 90° orientation fibers, tool life is higher than
when the 0° orientation, due to the fiber bending and increased friction between the fiber and the tool. Due
to their nature, glass fibers break by a brittle fracture. The rupture of the fibers was perpendicular to or at
an angle to the longitudinal axis. The average lengths of destroyed glass fibers ranged from 30 to 60 pm
[45]. The FR4 fiberglass structure is characterized by the presence of fiberglass cloth with multidirectional
fiber orientation. Consequently, during milling, several chip removal mechanisms will be present
simultaneously [46], and the chip morphology will be discontinuous and broken. For fiber orientation close
to 90°, shear fractures will be characteristic, and for fiber orientation close to 0°, fractures associated with
fiber bending along the fiber-matrix interface will be characteristic. This is where the properties of carbon-
based wear-resistant coatings, such as the extremely low (up to 0.14) coefficient of friction for DLC [47],
and the high hardness and thermal conductivity of diamond polycrystalline coatings (up to 1400 W/(m*K))
[48], can be helpful.

Figure 4 shows SEM images and 3D profile fiberglass reinforced plastic surface graphs after processing
with different mills in the following mode: cutting speed V =230 m/min, feed per tooth fz =0.15 mm.
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It can be seen that the surface roughness treated with end mills is affected by the tool interaction with
the fiberglass, which is located at a slight angle to the cutting direction. For example, when processing with
an uncoated mill (Figure 4a), it is possible to see the areas of composite failure between the fiber bundles
and the epoxy matrix. The mill captures the fiber, bends it, and breaks it off in bundles, creating depressions
that are clearly visible in the 3D profile. The mechanism of fiberglass fracture by a DLC milling cutter is
similar, with the difference that the length of the fractured fiber sections is noticeably shorter due to its
bending (Figure 4b). It can be assumed that the fracture zone between the matrix and the fiberglass will be
smaller due to reduced friction. The 3D profile shows areas with intact and partially fractured fibers.

The fiberglass cutting mechanism with a diamond-coated mill is significantly different. The glass fiber
is worn down due to the diamond grains in the coating high abrasive effect. In (Figure 4¢) and (Figure 4d),
it is easy to see the characteristic scratches on the worn-down sections of the fiber, rather than the broken-
off sections. There is no evidence of composite failure between the matrix and the fiber. The 3D profile
shows no individual fibers.

Research has shown that when milling fiberglass composites with end mills, cutting speed [45], feed
rate [49], and axial depth are parameters that affect tool wear as much as the effect associated with different
fiber orientations. In this case, increasing the feed rate increased the cutting force and surface roughness.
Increasing the cutting speed also increased the cutting force but reduced surface roughness. However, this
effect is non-linear [18], as at specific feed rates and high spindle speeds, there may be an increase in
temperature at the tool-workpiece interface due to increased friction, which can sometimes lead to increased
roughness and affect the final size of the product due to the accumulation of epoxy binder on the cutter
working surface. In such cases, burnt black chips may even appear during machining.
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Figure 4. The surface of the fiberglass board after milling in the following mode: cutting speed V = 230 m/min, feed per tooth
f, = 0.15 mm: (a)—uncoated milling cutter, (b)—DLC milling cutter, (¢,d)—diamond-coated milling cutter.

Figure 5 shows the profiles of the milled end surfaces of sheet fiberglass plastic using an end mill
without a wear-resistant coating at various cutting and feed rates.
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Figure 5. Profiles of the end surface (1) of FR4 fiberglass and its quality parameters (2 (Ra)) after milling with an uncoated tool
in the following modes: (a) cutting speed V = 115 m/min, feed f, = 0.15 mm/tooth, (b) cutting speed V = 180 m/min, feed f, =

0.15 mm/tooth, (¢) cutting speed V = 230 m/min, feed f, = 0.15 mm/tooth, (d) cutting speed V = 230 m/min, feed f, = 0.075
mm/tooth.

When milling at a 115 m/min speed and a feed of fz = 0.15 mm/tooth, the cutting is unstable (Figure
5a). The profile shows that the fourth of the 20 mm sections has a buildup on the milling cutter, which
caused the epoxy binder to heat up above its glass transition point. This buildup on the fifth of the 20 mm
sections deformed the softened plastic, resulting in a loss of approximately 10 pm in size. In the sixth
section, the adhesive apparently came off, and the cutting stability was somewhat restored. The average Ra
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roughness value was 0.4 um, and the height of the irregularities, determined by the maximum deviation
from the Wz average line, was 2.97 um.

Increasing the cutting speed to 180 m/min (Figure 5b) reduces the interaction time between the tool
and the workpiece and improves heat dissipation. The cutting becomes stable, but under the influence of
the cutting force component Fy, the fiberglass elastically deflects up to 50 um, which is reflected as a hump
on the profile. Ra decreases to 0.34 um, and Wz decreases to 2.6 um. A further increase in cutting speed
on the second and third 20 mm cuts (Figure 5c¢) reduces roughness to 0.26 pum and Wz to 1.7 um, but the
increased friction raises the temperature in the cutting zone. The fiberglass loses its elasticity, and the binder
begins to the cutting-edge stick, resulting in a loss of size up to 20 um.

Celik et al. [13] noted that the best surface quality is achieved at low feed rates and high cutting speeds.
In our case, the opposite is true, at least when processing FR4 fiberglass with uncoated end mills with the
geometry shown in Table 2. Reducing the feed rate to 0.075 mm/tine results in a size loss of up to 30 um,
although the roughness values of Ra = 0.23 pm and Wz = 1.5 pm become significantly lower (Figure 5d),
but this reduction appears to be due to the heated plastic deformation.

A DLC mill differs from a mill without coating not only by its low-friction coefficient, which reduces
the heat load in the cutting zone, but also by its larger cutting-edge radius. Figure 6 shows the profiles of
the end surface of a fiberglass plate after processing with this tool.
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Figure 6. Profiles of the end surface (1) of FR4 fiberglass and its quality parameters (2 (RA)) after milling with a DLC tool in
the following modes: (a) cutting speed V = 115 m/min, feed f, = 0.15 mm/tooth, (b) cutting speed V = 180 m/min, feed f, = 0.15
mm/tooth, (¢) cutting speed V =230 m/min, feed f, = 0.15 mm/tooth, (d) cutting speed V =230 m/min, feed f, = 0.075 mm/tooth,
(e) cutting speed V =300 m/min, feed f, = 0.15 mm/tooth, (f) cutting speed V = 300 m/min, feed f, = 0.075 mm/tooth.

It can be seen that at a feed rate of fz = 0.15 mm/tooth, the milling process is stable at all investigated
cutting speeds up to 300 m/min (Figure 6a—c,e). However, at this speed, there may be a non-critical loss of
fiberglass elasticity due to increased temperature. The roughness of the machined surface does not depend
on the cutting speed and remains at an average of Ra = 0.36 um, with a height of Wz = 2.4 um. Reducing
the feed rate, as in the case of an uncoated milling cutter, leads to softening of the fiberglass and to tool
sticking, which affects the dimensional accuracy of the product (Figure 6d,f). The surface quality
deteriorates slightly to Ra = 0.39 pm and Wz = 2.6 um.

The change in the material removal mechanism when using a diamond-coated milling cutter has a
significant impact on the profiles of the machined surfaces, as shown in Figure 7.
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Figure 7. Profiles of the end surface (1) of FR4 fiberglass and its quality parameter (2 (RA)) after milling with a diamond-coated
tool in the following modes: (a) cutting speed V = 115 m/min, feed f, = 0.15 mm/tooth, (b) cutting speed V = 180 m/min, feed
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f, = 0.15 mm/tooth, (¢) cutting speed V = 230 m/min, feed f, = 0.15 mm/tooth, (d) cutting speed V =230 m/min, feed f, = 0.075
mm/tooth, (e) cutting speed V =300 m/min, feed f, = 0.15 mm/tooth, (f) cutting speed V =300 m/min, feed f, = 0.075 mm/tooth.

The first thing that stands out is the significant improvement in surface quality compared to uncoated
and DLC-coated mills. When milling at a cutting speed of V = 115 m/min and a feed rate of f,=0.15 mm/t,
the Ra values are 0.2 pm, and the Wz height is 1.3 um (Figure 7a). As the cutting speed increases, the
values of these parameters gradually increase to Ra = 0.26 pm and Wz = 1.7 um at a cutting speed of V =
180 m/min (Figure 7b) and Ra = 0.31 um and Wz = 1.9 pm at V = 230 m/min (Figure 7c). Plate deflection
during milling caused by the elasticity of the system also occurs, but its magnitude is significantly lower
than for uncoated and DLC cutters, amounting to 10-20 um. Further increase in the cutting speed to V =
300 m/min still leads to the glass fiber heating above the glass transition point and the loss of its elasticity
(Figure 7e). At the same time, the quality parameters deteriorate significantly: Ra = 0.36 pm, and Wz =2.1
um, probably due to the formation of binder deposits on the cutter cutting edge. When the feed rate is
reduced to fz = 0.075 mm/tooth, the surface quality remains almost the same when milling with a diamond-
coated tool at a cutting speed of V =230 m/min: Ra = 0.29 ym, Wz = 1.7 um (Figure 7d). However, at a
cutting speed of V = 300 m/min, the surface quality improves significantly: Ra = 0.25 pm, Wz = 1.5 um
(Figure 7f), which can be attributed to good diamond thermal conductivity. However, the vibro-diagnostic
data suggest that this improvement in roughness is due to the heating of the polymer binder and the
beginning of a change in the cutting mechanism of the fiberglass workpiece, similar to the processing of a
DLC tool. Therefore, it can be argued that, for a diamond coating, the best quality machined surface on
FR4 plastic can be achieved at a relatively low cutting speed and a medium feed rate. In addition, the
combination of higher feed per tooth (mm) and lower cutting speed for composition fiber materials reduces
the size and shape of harmful dust particles [50].

The AE signals RMS recordings in two frequency bands and Kr during processing with a non-coated
mill at a cutting speed of V = 180 m/min and a feed rate of fz = 0.15 mm/tooth show (Figure 8a) that the
AE amplitude varies unevenly along the entire length of the workpiece, which is determined by changes in
the workpiece rigidity. Consequently, the Kr values range from 40 to 75 units. Therefore, the following are
the minimum Ky values obtained in the middle of the pass, where the fixture rigidity was stable. For
comparison, Figure 8b shows the results for a diamond-coated mill.
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Figure 8. RMS AE signal recordings in 2 frequency bands and K during processing with a non-coated milling cutter (a) and a
diamond-coated milling cutter (b) at a cutting speed of V = 180 m/min and a feed rate of f, = 0.15 mm/tooth.

Comparing the curves on Figure 8a with the curves on Figure 8b, the AE amplitudes decreased at low
frequencies and increased at high frequencies when working with a diamond-coated mill. At the same time,
Kr decreased by several times. If we focus on the middle part of the pass, Kr decreased more than three
times. The paradoxical result is that the diamond-coated mill has twice the rounding of the cutting edge
compared to the non-coated mill, which should reduce the power density and increase K. In this case, the
uncoated mill cutting-edge sharpness plays a negative role due to the workpiece low rigidity manifestation
in the direction perpendicular to the cutting direction and the workpiece plane. High sharpness of the cutting
edge leads to a decrease in normal forces in the contact between the machined surface and the flank surface
ofthe cutter. Therefore, at the moment of the helical tooth cutting, the workpiece can move along the normal
to its plane under the action of the axial component of the cutting force, increasing the time of the formation
of the chip element and the duration of the corresponding stress pulses, which can be observed in the spectra
of AE signals. With a larger rounding radius of the cutting edge, the tension in the contact between the mill
and the workpiece increases, providing the workpiece rigidity. The friction force is also influenced by the
abrasive properties of the diamond coating surface, which increase the coefficient of friction.

An increase in cutting speed directly affects the power density applied to the workpiece, as the chip
element formation and the corresponding stress pulse occur over a shorter period. However, the workpiece
low rigidity can have the opposite effect on its displacement during the cutting process. With higher cutting
speeds, the workpiece low rigidity has a less significant impact, as surface displacement along the cutter
axis is reduced due to the shorter exposure time. Feeding on the mill tooth has less effect on power density,
but here too, the influence of workpieces low rigidity can be affected.

Table 6 shows data on AE parameters obtained at cutting speed and feed variations, and at different options
of wear-resistant coating on the mill working surface in comparison with the roughness of the processed surface.
The given parameters correspond to the moment of processing the middle part of the workpiece.

Table 6. Comparison of AE signal parameters and surface roughness during milling of fiberglass plates.

Coating Vv, fz, Amplitude Amplitude Parameter Roughness
m/min  mm/tooth 0.2-20 kHz, mV 33-48 kHz, mV K Ra
without coating 115 0.15 340 2.6 130 0.4
without coating 180 0.15 600 4 150 0.34
without coating 230 0.075 300 6 50 0.26

DLC 230 0.15 510 4.9 105 0.36
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DLC 300 0.15 1120 4.7 240 0.36

DLC 300 0.075 470 4.7 100 0.39
diamond 115 0.15 175 10 17 0.2
diamond 180 0.15 300 15 20 0.26
diamond 230 0.15 150 6 25 0.31
diamond 230 0.075 250 6.3 40 0.29
diamond 300 0.15 1350 12.3 110 0.36
diamond 300 0.075 600 5.5 110 0.25

From Table 6, it follows that the most significant values of the Kr parameter are observed at large
amplitudes of low-frequency vibrations. The best power density indicators (Krfrom 17 to 25) were obtained
when diamond-coated cutters. However, at a cutting speed of V = 300 m/min, the efficiency of these cutters
was significantly reduced, the Kr parameter increased to 110, and was comparable to Kr for DLC mills
processing. There is also an apparent correlation between the Kt parameter values and the roughness values
of the end surface of the fiberglass plate, which allows us to control the surface quality parameters by
establishing a feedback loop based on the Kr value and changing the cutting modes during the processing
process, provided that the technical specifications of the machine equipment allow for this.

4. Conclusions

Cutting of polymer composites is associated with a number of problems caused by the properties of
the constituent materials. The presented work includes an experimental analysis of the processes occurring
during the milling of fiberglass reinforced plastic sheet by a tool with wear-resistant coatings based on
carbon with diamond and diamond-like structure, which allows for drawing some conclusions based on the
study results.

1. The coating material of the tungsten carbide end mills and the cutting mode have a predominant effect
on the roughness of the FR4 fiberglass workpiece’s surface. The diamond-coated tool showed the best
results. The minimum roughness value obtained in the experiment was Ra = 0.2 um, and the
irregularities height was Wz = 1.3 um.

2. The use of cutting modes that minimize excessive heat generation can improve the quality of the
machined surface. To achieve this, it is important to choose relatively low cutting speeds and
appropriate feed rates to avoid melting of the polymer matrix and resin buildup on the cutting edge.
However, it is possible to significantly improve processing performance by increasing the cutting speed
if relaxing the surface roughness requirements to Ra = 0.36 um. Experiments have shown that in this
case, the use of wear-resistant coatings allows for an increase in the processing performance of
fiberglass by end mills by 1.3 times (from 180 to 230 m/min) for a tool with DLC, and by 1.7 times
(from 180 to 300 m/min) for a diamond-coated mill. Reducing the feed to the tooth did not improve
the quality parameters of the treated surface of the FR4 fiberglass with a tool of a given geometry, as
it increases the time of tool-work interaction and the probability of exceeding the glass transition
temperature of the composite in the cutting zone.

3. Studies of vibration signals have shown that the frequency ranges up to 20 kHz and from 33 to 48 kHz
are sufficiently informative for monitoring the milling process of FR4 sheet fiberglass plastic. The
highest values of the Kr parameter, which is the ratio of the RMS amplitudes of signals in the low-
frequency and high-frequency ranges, were observed at high amplitudes of low-frequency vibrations
that reduce the quality of processing, which is typical for processing with a mill without coating and
with DLC. The lowest Kr values were obtained when diamond-coated mills were used at different
speeds, but only at a higher feed rate. However, at a cutting speed of V =300 m/min, the K¢ parameter
increased, indicating a decrease in this tool efficiency.

4. A correlation was revealed between the values of the Kr parameter and the roughness values of the
treated fiberglass plate surface.
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In most of the published materials on the fiberglass sheets processing, the authors use relatively small
diameter milling cutters on high-speed machines. Unfortunately, in this case, the features of the interaction of
the tool and the workpiece are quite difficult to identify due to the insufficient rigidity of the system. The authors
express the hope that this study can help interested technologists in choosing a tool with a wear-resistant coating
and assigning appropriate cutting modes to increase the efficiency of processing this difficult-to-process material.
In the future, it is planned to use the considered approach to optimize the parameters of the diamond coating on
small-diameter milling cutters designed for processing printed circuit boards.
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