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Abstract

Carbon fiber-reinforced polymer (CFRP) composites are difficult to machine due to their
heterogeneous structure, leading to high force and temperatures during drilling. This
study investigates the synergistic effects of graphene and wax additives on cutting forces
and temperature in CFRP drilling. A full factorial design was employed with cutting
speed (50-250 m/min), feed rate (0.005-0.11 mm/rev) and material composition (nine
combinations of 0-2 wt% graphene and 0-2 wt% wax), resulting in 675 tests. Feed rate
emerged as the dominant factor controlling cutting force, while temperature was governed
by complex interactions. The addition of 1% wax reduced force by 33% and temperature by
22%, whereas 2% graphene alone reduced force by 35% and temperature by 18%. However,
combining 2% graphene with wax increased force by 14-16% compared to graphene
alone, indicating a transition from lubrication to reinforcement dominance (Wax:Graphene
interaction: F = 103.29). No corresponding temperature increase was observed, revealing a
decoupling of mechanical and thermal responses (r = 0.01). Material modification improves
CFRP machinability, but optimal formulations must balance competing mechanisms. The
highest stability was achieved with 1% wax/0.25% graphene for cutting force (£4.04 N)
and 2% wax/0.25% graphene for temperature (+1.48 °C).

Keywords: CFRP drilling; graphene nanoplatelets; solid lubricant; cutting force; machining
temperature; design of experiments

1. Introduction

Carbon fiber-reinforced polymer (CFRP) composites have become essential materials
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structures has led to a widespread adoption of CFRP components, which often require
secondary machining operations such as drilling for assembly purposes [3,4].
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particular, drilling operations are associated with high thrust forces and elevated tempera-
tures, which can induce critical defects such as delamination, fiber pullout, matrix cracking,
and thermal degradation [9].

Among these defects, delamination is considered one of the most detrimental, as it
directly affects the load-bearing capacity and structural integrity of the composite com-
ponent [10]. Previous studies have shown that excessive thrust forces during drilling are
the primary cause of delamination, especially at the hole exit [11,12]. In addition, the
low thermal conductivity of polymer matrices leads to heat accumulation in the cutting
zone, which can soften or degrade the matrix and further deteriorate hole quality [13-15].
Therefore, controlling both mechanical and thermal loads during drilling is essential for
achieving high-quality machining outcomes.

Extensive research has been conducted to investigate the influence of machining
parameters on CFRP drilling performance. It is well established that feed rate is the most
significant factor affecting cutting forces, as it directly controls the uncut chip thickness
and material removal rate [16,17]. Cutting speed, on the other hand, primarily influences
temperature generation due to frictional interactions at the tool-material interface [18].
Although optimization of machining parameters can reduce damage to some extent, it does
not fully overcome the intrinsic limitations associated with CFRP machinability, particularly
in terms of thermal management and frictional behavior [19].

To address these limitations, recent studies have explored the modification of com-
posite materials through the incorporation of nanofillers and functional additives. Among
these, graphene has attracted considerable attention due to its exceptional thermal conduc-
tivity, high mechanical strength, and large surface area [20,21]. The addition of graphene to
polymer matrices has been shown to significantly enhance thermal transport properties,
thereby improving heat dissipation during machining processes [22,23]. Furthermore,
graphene can improve load transfer within the matrix, leading to enhanced mechanical
performance and potentially reducing cutting resistance [24,25]. Several authors have
reported that graphene-reinforced composites exhibit improved machinability and reduced
damage during drilling and cutting operations [26,27].

In parallel, the use of solid lubricants such as wax has been proposed as an effective
strategy to reduce friction at the tool-material interface. Wax additives can form a lubricat-
ing layer that decreases adhesion and sliding resistance, thereby reducing cutting forces
and limiting heat generation [28,29]. The beneficial effects of solid lubricants have been
widely demonstrated in metal matrix composites and polymer-based materials, where they
contribute to improved tribological performance and reduced tool wear [30-32].

The combined use of graphene and wax represents a promising approach to simulta-
neously address both thermal and mechanical challenges associated with CFRP machining.
While graphene enhances heat dissipation within the composite, wax reduces frictional
interactions at the tool-material interface. This synergistic effect has the potential to sig-
nificantly improve drilling performance by reducing both cutting forces and temperature.
However, despite the growing interest in additive-modified composites, there remains
a lack of comprehensive studies investigating the combined influence of these additives
under varying machining conditions.

Most existing studies focus either on the optimization of machining parameters or
on the effect of individual additives, without considering their combined impact within a
systematic experimental framework. In particular, there is a need for detailed investiga-
tions that integrate material modification and process parameters using a full design of
experiments approach.

Therefore, the objective of the present study is to investigate the drilling performance
of additive-modified CFRP composites in terms of cutting forces and temperature. A full
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factorial design of experiments is employed to evaluate the effects of feed rate, cutting
speed, and additive composition. The study aims to provide a deeper understanding of
the coupled thermo-mechanical behavior of CFRP during drilling and to demonstrate the
effectiveness of material modification as a strategy for improving machinability.

2. Materials and Methods
2.1. Materials

Carbon fiber-reinforced polymer (CFRP) laminates were manufactured using an epoxy
matrix modified with different concentrations of graphene and wax additives. The rein-
forcement consisted of unidirectional carbon fiber fabric, reference TC-09-U (St-Jean sur
Richelieu, QC, Canada). The laminate had a total of 16 plies, resulting in a final thick-
ness of 5 mm. The epoxy matrix was SikaBiresin® CR72 (Madison Heights, MI, USA)
used with CH72-2 (medium) hardener at a mix ratio of 100:18 by weight (or 100:20 by
volume). The mixed system has a viscosity of 390 cP at 25 °C and a gel time of 43 min
for a 150 g mass at 25 °C. Laminates were cured at room temperature for 24 h. Graphene
nanoplatelets, GrapheneBlack 0X (Nano-Xplore Inc., Montréal, QC, Canada), were incorpo-
rated at concentrations of 0%, 0.25%, and 2% by weight to enhance thermal conductivity
and mechanical performance. According to the manufacturer’s datasheet, the graphene ad-
ditive has a primary particle size predominantly ranging from 0.5 to 1 um, an agglomerate
size distribution of D10 =4 um, D50 = 12 um, and D90 = 27 pum, a layer thickness between
6 and 10 layers, and a bulk density of 0.2-0.3 g/cm3. Wax additive, Ceraflour 996 (BYK
USA Inc., Wallingford, CT, USA) was added at concentrations of 0%, 1%, and 2% by weight
as a solid lubricant to improve tribological behavior during machining.

The fabrication process of the additive-modified CFRP composites is presented in
Figure 1. Initially, graphene and wax additives are introduced into the epoxy system
(Figure 1a) and dispersed through mechanical mixing in an ice bath to prevent premature
curing and ensure homogeneous distribution (Figure 1b). The mixture is then subjected
to thermal treatment (Figure 1c) and further homogenization (Figure 1d), followed by the
addition of resin and hardener (Figure 1e). Carbon fibers are subsequently incorporated
(Figure 1f), and laminate fabrication is performed through lay-up (Figure 1g). Consolidation
is achieved using a hydraulic press (Figure 1h), producing fully cured laminates (Figure 1i),
which are then cut and finished to obtain final specimens (Figure 1j,k).

(k)

Figure 1. Fabrication sequence of additive-modified CFRP composites: (a) graphene and wax,
(b) additive—epoxy mixing in an ice bath, (c) oven treatment, (d) homogenized wax/graphene-resin
mixture, (e) resin and hardener, (f) carbon fibers, (g) CFRP plate preparation, (h) hydraulic pressing
and consolidation, (i) laminate, (j) laminate cutting, and (k) plate finishing.

A total of 9 composite configurations were produced, each replicated three times,
resulting in 27 fabricated plates. These configurations were defined by the full factorial
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combination of graphene (0%, 0.25%, and 2%) and wax (0%, 1%, and 2%) weight fractions.
The distribution of these formulations is illustrated in Figure 2, including a reference
material without additives.

0 M1 M2 M3
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0 0.25 2

Graphene Content (%)

Figure 2. Weight fraction combinations of graphene and wax in CFRP laminate formulations.

The selection of wax levels (0%, 1%, and 2%) and graphene contents (0%, 0.25%, and
2%) was guided by previously published works investigating additive effects in composite
materials [27,33]. Regarding wax, these particular concentrations were selected to explore
a spectrum ranging from lubrication benefits to preservation of structural integrity. Con-
centrations exceeding 2% were excluded since prior research indicates they may cause
excessive composite softening, thereby reducing mechanical performance [27]. The 1% and
2% levels represent moderate and pronounced lubricating actions, respectively, while the
0% condition served as a reference.

Concerning graphene, the chosen weight fractions (0%, 0.25%, and 2%) reflect concen-
trations known to improve thermal and mechanical behavior while minimizing the risk of
nanoparticle agglomeration, a frequent issue at higher loadings. The literature indicates
that graphene amounts above 2% tend to degrade mechanical properties due to particle
clustering [34-36] and can also raise resin viscosity, rendering the mixture unsuitable for the
GFRP manufacturing process. The 0.25% concentration represents a minimal yet impactful
dosage for reinforcing material properties, whereas the 2% level was selected to examine
the upper boundary of graphene’s positive influence. Intermediate concentrations such as
0.5% or 1% were omitted to keep the experimental design practical while still capturing
essential data trends.

The incorporation of graphene and wax into the epoxy matrix plays a critical role in
determining the final composite performance. Uniform dispersion is essential to avoid
nanoparticle agglomeration, which can adversely affect both mechanical properties and
machining behavior. Thermal treatment enhances the interaction between additives and
the polymer matrix, stabilizes viscosity, and facilitates effective fiber impregnation during
the lay-up stage.

The consolidation step ensures strong fiber-matrix bonding, minimizes void content,
and improves structural integrity. Subsequent cutting and finishing operations prepare
the laminates for machining tests, where the presence of graphene and wax contributes
to reduced cutting forces, improved thermal dissipation, and enhanced tool-material
interaction. The defined hole distribution (Figure 2) enables repeatability and supports
reliable statistical analysis within the experimental design framework.

2.2. Experimental Design

A full factorial design of experiments (DOE) was adopted to evaluate the effects of
machining conditions and material composition on drilling performance. As illustrated
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in Figure 3, the study considered three primary factors: cutting speed, feed rate, and
additive-modified material formulations.

Material Formulation Machining Parameters
9 Formulations 25 Conditions
3 x 3 Matrix (Graphene x Wax) 5 x 5 Matrix (Cutting Speed X Feed Rate)
( - i )
Drilling Experiments

CNC Dirilling of CFRP Laminates

l

Response Variables

Cutting Forces
Temperature

L

Experimental Variables

Cutting Forces
Temperature

l

Experimental Design Strategy

Full Factorial Design
9 x 25 x 3 = 675 Total Experiments

Figure 3. Full factorial experimental design combining material formulations and drilling parameters
for CFRP composites.

Cutting speed was examined at five levels (50, 100, 150, 200, and 250 m/min), while
feed rate was varied across five levels (0.005, 0.02, 0.05, 0.08, and 0.11 mm/rev), resulting in
25 machining conditions. The material factor consisted of nine composite configurations,
corresponding to all combinations of graphene and wax contents (Figure 2).

Each experimental condition was repeated three times to ensure reproducibility and
account for experimental variability. Therefore, as shown in Figure 3, the complete ex-
perimental matrix consisted of 9 x 25 x 3 = 675 drilling experiments. This full factorial
approach enables a systematic evaluation of both the main effects of each factor and their
potential interactions.

2.3. Drilling Procedure and Response Measurements

Drilling experiments were conducted on a Huron K2x10 three-axis milling machine
(Huron, Eschau, France) under controlled conditions, as illustrated in Figure 4. A CoreHog
diamond-coated drill bit, manufactured in the USA, was selected due to its superior
wear resistance and effectiveness in machining abrasive materials such as CFRP. The tool
specifications were as follows: solid carbide substrate with a true crystalline CVD diamond
coating, drill diameter of 7/32 inch (5.56 mm), point angle of 118°, secondary point angle
of 80°, two flutes, flute length of 1.5 inches (38.1 mm), and overall length of 4 inches
(101.6 mm). All drilling operations were performed under dry conditions, without external
cooling, in order to assess the intrinsic thermal and tribological behavior of the composites.

The composite specimens were securely clamped to ensure stability and minimize vi-
bration during machining. For each experimental run, a through-hole was produced accord-
ing to the predefined machining parameters. Consistent tool conditions were maintained
throughout the tests to minimize the influence of tool wear on the measured responses.

Cutting forces were measured using a Kistler 9255B dynamometer (Kistler Group,
Winterthur, Switzerland) mounted on the machine table (Figure 4). This system enabled ac-
curate measurement of the thrust force during drilling. The force signals were continuously
recorded and subsequently processed to extract representative values corresponding to the
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steady-state drilling phase. For each condition, the final cutting force value was determined
by averaging repeated measurements, ensuring reliable and reproducible results.

holder

Drilling tool

Figure 4. Drilling test configuration with instrumentation for cutting force and temperature measure-
ment, (a) cutting tool, (b) drilling fixture.

The drilling temperature was monitored using an infrared thermal camera (VarioCAM®
HD head 900, InfraTec, Dresden, Germany) positioned to capture the machining zone
(Figure 4). According to the manufacturer’s specifications, the camera is calibrated using
proprietary algorithms with multiple calibration curves that compensate for temperature
fluctuations, ensuring high measurement accuracy and repeatability across a wide tempera-
ture range, with a thermal resolution of up to 0.02 K. Real-time thermal data were recorded
during each drilling operation, allowing for the analysis of temperature evolution. The
maximum temperature reached was extracted from the recordings and used as a represen-
tative indicator of the thermal load. Measurement consistency was ensured by maintaining
constant camera positioning and emissivity settings throughout all experiments.

The collected data were analyzed to assess the influence of machining parameters and
material modification on cutting forces and temperature. Statistical analysis, including
analysis of variance (ANOVA), was performed to evaluate the significance of the main
effects and their interactions.

3. Results
3.1. Cutting Force Results
3.1.1. Cutting Force Signal

Figure 5 illustrates a typical cutting force signal obtained during drilling of the ref-
erence composite (0% wax, 0% graphene) at a cutting speed of 50 m/min and a feed rate
of 0.08 mm/rev. The signal reveals five characteristic stages. The first stage corresponds
to the initial contact between the drill and the composite laminate. This is immediately
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followed by a rapid rise in thrust force upon tool-workpiece interaction. The third stage
represents the steady-state drilling phase, during which the drill lips are fully engaged and
the axial force remains relatively stable with small fluctuations due to intermittent fiber
fracture. The fourth stage shows a progressive decrease in axial force as the drill begins to
exit the laminate. The fifth and final stage is where the drill completely exits the workpiece.
The mean cutting force for each experimental condition was extracted from the steady-state
region of the signal. The observed force fluctuations during the steady-state phase are
typical of CFRP drilling and result from the heterogeneous and anisotropic nature of the
composite material [37,38].

160 T T
Steady-state drilling phase
1201 .
Z 100 B
L’L‘ Progressive decrease
o 80+ in axial force -
2
ucz Rapid rise in thrust force upon
g) 60r tool-workpiece interaction ) b
3 40t . 8
O Initial contact between drill
and composite laminate Final stage where drill
20F- . . completely exits laminate 1
0 i
-20
0 2 4 6 8 10

Time (s)

Figure 5. Representative thrust force (Fz) signal during drilling of the baseline CFRP composite (0%
wax, 0% graphene) at 50 m/min and 0.08 mm/rev, showing the distinct phases of drilling.

3.1.2. Mean Cutting Force Results

Figure 6 shows the variation in cutting force with feed rate. A strong and consistent
increase in cutting force is observed as feed rate increases from 0.005 to 0.11 mm/rev across
all cutting conditions. For the unmodified material (0% wax, 0% graphene), the force
rises from approximately 15-18 N at 0.005 mm/rev to about 95-115 N at 0.11 mm/rev,
representing an increase of more than 500%. This dominant trend is clearly confirmed by
the ANOVA results in Table 1, where feed rate is the most influential parameter (F = 2131.7,
p ~ 0), contributing the largest share of variance.

Table 1. ANOVA results for cutting force.

Source Sum Sq. d.f. Mean Sq. F Prob>F
Wax 24452 2 1222.6 89.79 0
Graphene 844.2 2 422.1 31.00 0
Speed 176.7 4 44.2 3.24 0.0137
Feed 116,098.4 4 29,024.6 2131.7 0
Wax:Graphene 5625.4 4 1406.3 103.29 0
Wax:Speed 173.8 8 21.7 1.60 0.13
Wax:Feed 1997.9 8 249.7 18.34 0
Graphene:Speed 112.2 8 14.0 1.03 0.4156
Graphene:Feed 184.6 8 23.1 1.69 0.1034
Speed:Feed 684.2 16 42.8 3.14 0.0001
Error 2178.5 160 13.6

Total 130,521 224
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Figure 6. Evolution of cutting force with feed rate.

The effect of cutting speed (Figure 7) is comparatively weaker and exhibits a non-
monotonic behavior [39]. At a given feed rate, cutting force generally increases from
50 to around 150-200 m/min, followed by a slight decrease or stabilization at higher speeds

(250 m/min). For example, at 0.05 mm/rev and without additives, the force increases
from approximately 56 N at 50 m/min to about 67-68 N at 150-200 m/min, before slightly
decreasing at higher speed. This moderate influence is supported by Table 1, where cutting
speed is statistically significant (p = 0.0137) but with a much lower F-value (F = 3.24)
compared to feed rate.
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Figure 7. Variation in cutting force with cutting speed.
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Figure 8 presents the mean cutting force for each combination of wax and graphene
content, averaged across all feed rates and cutting speeds. For the baseline composition (0%
wax, 0% graphene), the mean force is 60.9 N. The addition of 1% wax alone reduces mean
force to 41.0 N (a reduction of 33%). Increasing wax to 2% alone yields a similar value of
40.9 N, indicating a saturation effect.

Mean Force aer Mean Temperature for A". Combinations B oon Force (N)

e ' ' [ Mean Temperature (°C)
. ! !
- - - -Separator line

80 0% Graphene . 0.25% Graphene 7 2%
:

N N
Qs\e \o\e (ﬁ\e

Concentration Combinations

Figure 8. Influence of wax and graphene on mean cutting force and mean temperature.

The addition of 0.25% graphene alone reduces mean force to 48.2 N (21% reduction).
The addition of 2% graphene alone reduces mean force further to 39.5 N (35% reduction).

For hybrid compositions, at 1% wax with 0.25% graphene, mean force is 40.8 N. At 2%
wax with 0.25% graphene, mean force is 41.5 N. However, when 2% graphene is combined
with 1% wax, mean force increases to 45.2 N. When combined with 2% wax, mean force
increases to 45.7 N. These values represent increases of approximately 14-16% compared to
2% graphene alone (39.5 N).

Figure 9 presents the mean cutting force and associated uncertainty for each wax—
graphene composition. Uncertainty values range from £+4.04 N to £6.56 N. The lowest
uncertainty (+4.04 N) is observed for the 1% wax/0.25% graphene composition. The high-
est uncertainty (£6.56 N) is observed for the baseline composition (0% wax/0% graphene).

Cutting Force for 9 Combinati (Wax x Grap )
T T T T T T T

©
S

Cutting Force [N]
S [~
5 3
T T
1

[N
=)
T

o

&6 & E & & F
Figure 9. Impact of wax and graphene concentrations on cutting force with uncertainty.

For wax-alone compositions, mean forces are 48.19 N (£5.39 N) at 1% wax and 39.46 N
(£4.62 N) at 2% wax. For graphene-alone compositions, mean forces are 41.04 N (£4.12 N)
at 0.25% graphene and 40.85 N (£4.14 N) at 2% graphene.

For hybrid compositions, mean forces range from 40.84 N to 45.74 N, with uncertainties
from $4.04 N to £4.59 N. The 1% wax/0.25% graphene composition achieves the lowest
mean force among hybrids (40.84 N), with the lowest uncertainty overall (+4.04 N). The 2%
wax/2% graphene composition exhibits the highest mean force among hybrids (45.74 N),
with an uncertainty of £4.40 N.
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Table 1 presents the analysis of variance (ANOVA) for the cutting force, quantifying
the statistical significance and relative contribution of each factor and their interactions.
Feed rate exhibits by far the largest effect, with a sum of squares of 116,098.4 and an F-value
of 2131.7 (Prob>F = 0), confirming it as the dominant parameter controlling cutting force.
Wax and graphene also exert highly significant individual effects (F = 89.79 and 31.00,
respectively), while cutting speed shows a much smaller but still statistically significant
influence (F = 3.24, Prob>F = 0.0137).

Among two-way interactions, the Wax:Graphene interaction is particularly strong
(F=103.29, Prob>F = 0), confirming the dual behavior observed in Figure 6, where the
effect of graphene reverses depending on the presence of wax. The Wax:Feed interaction
is also significant (F = 18.34), while the Speed:Feed interaction (F = 3.14, Prob>F = 0.0001)
indicates a mild coupling between these parameters. In contrast, Wax:Speed (F = 1.60,
Prob>F = 0.13), Graphene:Speed (F = 1.03, Prob>F = 0.4156) and Graphene:Feed (F = 1.69,
Prob>F = 0.1034) are not statistically significant at the 5% level, indicating that the influence
of cutting speed does not strongly depend on material composition.

3.2. Temperature Results

The experimental results reveal that temperature evolution is governed by the com-
bined influence of machining parameters and material composition, as illustrated in
Figures 10-12 and statistically supported by the analysis of variance presented in Table 2.

Figure 10 shows the variation in temperature as a function of feed rate. An overall
decreasing tendency is observed as the feed rate increases; however, this trend is not strictly
monotonic. For instance, for the unmodified material (0% wax, 0% graphene) at 50 m/min,
temperature increases slightly from approximately 75 °C at 0.005 mm/rev to about 79-80 °C
at 0.02 mm/rev, before decreasing at higher feed rates. Similar local fluctuations are
observed across other cutting speeds and material configurations. Nevertheless, at higher
feed rates (0.08-0.11 mm/rev), temperature values generally stabilize at lower levels,
typically within the range of 60-75 °C.
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Figure 10. Temperature as a function of feed rate.
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Figure 12. Effect of wax and graphene concentrations on temperature with uncertainty analysis.

Table 2. Analysis of variance (ANOVA) for cutting temperature.

Source Sum Sq. d.f. Mean Sq. F Prob>F
Wax 2682.4 2 1341.21 20.18 0
Graphene 414.1 2 207.03 3.12 0.0471
Speed 5785.3 4 1446.33 21.76 0
Feed 566.7 4 141.68 2.13 0.0793
Wax:Graphene 3455.4 4 863.84 13.00 0
Wax:Speed 292.3 8 36.53 0.55 0.8175
Wax:Feed 7247 8 90.59 1.36 0.2166
Graphene:Speed 1416.3 8 177.03 2.66 0.0090
Graphene:Feed 1026.8 8 128.34 1.93 0.0587
Speed:Feed 2472.5 16 154.53 2.33 0.0041
Error 10,633.5 160 66.46

Total 29,469.9 224

The effect of cutting speed, presented in Figure 11, exhibits a non-monotonic and

condition-dependent behavior. At low feed rates (e.g., 0.005

mm/rev), temperature in-

creases significantly when the cutting speed rises from 50 to approximately 100-150 m/min,
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reaching peak values exceeding 100 °C for the unmodified material. However, further
increases in cutting speed (200-250 m/min) do not systematically lead to higher temper-
atures; instead, stabilization or even a decrease is observed depending on the material
composition. For example, with the addition of graphene (0.25%), temperature at high
cutting speed (250 m/min) decreases to approximately 55-60 °C, indicating improved
thermal behavior under specific conditions.

Figure 8 also presents the mean cutting temperature for each composition. For the
baseline composition (0% wax, 0% graphene), the mean temperature is 83.0 °C. The addition
of 1% wax alone reduces mean temperature to 65.1 °C (a reduction of 22%). Increasing wax
to 2% alone yields a similar value of 64.7 °C.

The addition of 0.25% graphene alone reduces mean temperature to 70.2 °C (15%
reduction). The addition of 2% graphene alone reduces mean temperature to 67.7 °C
(18% reduction).

For hybrid compositions, at 1% wax with 0.25% graphene, mean temperature is
69.4 °C. At 2% wax with 0.25% graphene, mean temperature is 64.1 °C. At 1% wax with 2%
graphene, mean temperature is 70.2 °C. At 2% wax with 2% graphene, mean temperature is
66.9 °C. Unlike force, no clear increase in temperature is observed for hybrid compositions
compared to individual additives.

Figure 12 presents the mean cutting temperature and associated uncertainty for each
wax—graphene composition. Uncertainty values range from approximately +1.48 °C to
£2.66 °C. The lowest uncertainty (+1.48 °C) is observed for the 2% wax/0.25% graphene
composition. The highest uncertainty (£2.66 °C) is observed for the baseline composition
(0% wax/0% graphene).

For wax-alone compositions, mean temperatures are 70.29 °C (£1.83 °C) at 1% wax
and 66.80 °C (£2.44 °C) at 2% wax. For graphene-alone compositions, mean temperatures
are 65.25 °C (£2.07 °C) at 0.25% graphene and 63.01 °C (£1.79 °C) at 2% graphene.

For hybrid compositions, mean temperatures range from 63.34 °C to 69.64 °C, with
uncertainties from 41.48 °C to 4:2.29 °C. The 1% wax/2% graphene composition exhibits a
mean temperature of 63.34 °C (£1.59 °C), which is the lowest among all hybrid composi-
tions. The 2% wax/0.25% graphene composition achieves the lowest uncertainty overall
(£1.48 °C) while maintaining a mean temperature of 69.64 °C.

Unlike the force uncertainty analysis where the 1% wax/0.25% graphene composition
showed the lowest uncertainty, for temperature the 2% wax/0.25% graphene composition
exhibits the lowest uncertainty. Additionally, the baseline composition shows the highest
uncertainty for both force and temperature, while the 2%-graphene-alone composition
shows low uncertainty for both responses.

The ANOVA results summarized in Table 2 confirm that feed rate is the most signifi-
cant factor affecting temperature (p < 0.001), followed by cutting speed and wax content.
Graphene exhibits a lower statistical contribution, while interaction terms between param-
eters are also significant, indicating that the effect of one factor depends on the levels of
the others.

It should be noted that the ANOVA presented in Tables 1 and 2 was performed using
the mean values of the three repetitions for each experimental condition (225 observations:
9 formulations x 25 machining conditions). The three repetitions were averaged to reduce
the influence of random experimental variability and to focus on the main effects and
interactions of the controlled factors. The standard deviations derived from the repetitions
are presented in Figures 8 and 11 as uncertainty bars.
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3.3. Correlation Results

Figure 13 presents the correlation matrix between the four input parameters (wax,
graphene, speed, feed) and the two measured responses (cutting force and temperature).
Feed rate exhibits a very strong positive correlation with cutting force (r = 0.93), while its
correlation with temperature is weak and negative (r = —0.12). Cutting speed shows a
weak positive correlation with temperature (r = 0.20) and a negligible correlation with force
(r = —0.02). Wax content displays weak negative correlations with both force (r = —0.12)
and temperature (r = —0.30). Graphene content shows very weak negative correlations
with force (r = —0.05) and temperature (r = —0.06). The correlation between force and
temperature is near zero (r = 0.01), indicating no linear relationship between these two
responses. All correlations among the input parameters are zero or near zero, confirming
the orthogonality of the experimental design.

Temperature

Force

Feed

Variables

Speed

Graphene

Wax

et

et

O I+ e C]
2 e C 3
"a‘?‘\ 696 <@ gt dﬂe“b"o

Variables

Figure 13. Correlation matrix.

4. Discussion
4.1. Cutting Force

The combined experimental results and ANOVA analyses (Table 1) provide clear
insight into the mechanisms governing cutting force during machining.

The dominant influence of feed rate is consistent with fundamental cutting mechanics.
Increasing feed rate directly increases the uncut chip thickness, leading to higher material
removal resistance and, consequently, higher cutting forces. The extremely high F-value
(2131.7) obtained in Table 1 confirms that feed rate overwhelmingly controls force genera-
tion. This behavior is widely reported in the machining literature, where cutting force is
primarily governed by chip load and shear deformation mechanisms [40,41].

The effect of cutting speed is comparatively weak but statistically significant. The
observed non-monotonic behavior can be explained by two competing mechanisms. At low-
to-intermediate speeds, increased friction and deformation rates lead to higher forces. At
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higher speeds, thermal softening of the material and improved chip formation can reduce
cutting resistance, resulting in stabilization or slight reduction of force. This explains
the relatively low F-value (3.24) despite statistical significance and is consistent with
observations in composite machining studies [42].

The mean force values confirm that both wax and graphene act as effective lubri-
cants when used individually in CFRP drilling. The 33% reduction with 1% wax alone
demonstrates wax’s ability to reduce friction at the tool—chip interface and facilitate chip
evacuation [43,44]. The saturation effect between 1% and 2% wax (41.0 N vs. 40.9 N) sug-
gests the existence of a lubrication threshold, beyond which additional wax does not further
reduce cutting resistance, consistent with the significant Wax:Feed interaction reported in
the force ANOVA [45].

The progressive force reduction with increasing graphene content (60.9 N — 48.2 N
— 39.5 N) in the absence of wax confirms graphene’s solid lubrication mechanism. Recent
studies have shown that graphene-based additives form a protective tribofilm on the tool
surface during CFRP drilling, reducing friction and preventing fiber—tool adhesion [46-48].

The most notable finding is the reversal of graphene’s effect in the presence of wax.
When 2% graphene is combined with 1% or 2% wax, mean force increases by 14-16%
compared to 2% graphene alone. This confirms the highly significant Wax:Graphene
interaction observed in the force ANOVA (F = 103.29, Prob>F = 0). In the absence of wax,
graphene’s lubricating effect dominates. However, when wax is present, the reinforcing
effect of graphene on the composite matrix becomes dominant, increasing the material’s
rigidity and rupture limits, thereby raising cutting resistance [49].

The ANOVA results in Table 1 provide statistical confirmation of the trends observed
graphically. The dominant F-value and sum of squares for feed rate quantitatively sub-
stantiate the conclusion that feed rate governs cutting force during CFRP drilling. Recent
studies on CFRP drilling have confirmed that feed rate exerts the greatest influence on
thrust force and delamination, with statistical analysis demonstrating its predominant role
in drilling operations [43,44]. The highly significant Wax:Graphene interaction supports
the proposed transition from lubrication-dominated to reinforcement-dominated behavior:
the effect of graphene cannot be considered independently of wax content. Investigations
into graphene-reinforced polymer composites have shown that graphene incorporation
can increase thrust force due to enhanced rupture limits, while wax-based additives have
demonstrated superior performance in reducing drilling temperatures through combined
lubricating and heat sink effects [45,49]. Specifically, formulations containing 2% wax
achieved the lowest drilling temperatures, underscoring wax’s effectiveness as a lubricant
in composite machining [45].

The non-significant Graphene:Feed interaction (Prob>F = 0.1034) indicates that the
influence of graphene on cutting force is consistent across feed rates, whereas the significant
Wax:Feed interaction suggests that the lubricating benefit of wax becomes more pronounced
at higher feed rates. In CFRP drilling, the effectiveness of solid lubricants often increases
under more severe conditions (higher feed rates) due to improved film formation and
reduced fiber-tool adhesion [46].

The lack of significance for Wax:Speed and Graphene:Speed confirms that cutting
speed plays only a secondary, composition-independent role within the tested range,
consistent with the absence of a clear monotonic trend in Figure 6. This aligns with recent
findings where cutting speed was identified as having a less pronounced effect on thrust
force compared to feed rate in CFRP drilling operations [43,50]. Finally, the significant
Speed:Feed interaction, albeit with a modest F-value, suggests that at some combinations
of speed and feed, second-order effects (e.g., local thermal softening of the epoxy matrix or
fiber pullout mechanisms) may slightly modulate cutting force during CFRP drilling.
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The uncertainty values in Figure 8 quantify the repeatability of cutting force mea-
surements. The baseline composition exhibits the highest variability (£6.56 N), which is
attributed to the heterogeneous nature of unmodified fiber-reinforced polymer composites,
where inconsistent fiber fracture and tool-fiber adhesion lead to fluctuating force signatures
during drilling [49,51].

The progressive reduction in uncertainty observed with wax addition alone (£5.39 N
at 1% wax; £4.62 N at 2% wax) indicates that wax enhances process stability by providing
consistent lubrication at the tool—-chip interface. Similarly, graphene alone reduces uncer-
tainty (+£4.12—4.14 N) through the formation of a stable tribofilm on the cutting tool, which
maintains low and consistent friction across repeated drilling cycles [45,46].

The 1% wax/0.25% graphene hybrid composition achieves the lowest uncertainty
(£4.04 N) while also maintaining a low mean force (40.84 N). This suggests a synergistic
effect at moderate concentrations: wax provides effective boundary lubrication, while
graphene nanoparticles fill microscale asperities on the tool surface, creating a more uniform
and durable lubricating layer compared to either additive used alone [45,52].

In contrast, the 2% wax/2% graphene composition exhibits higher mean force (45.74 N)
and moderate uncertainty (£4.40 N). The force increase confirms the transition from a
lubrication-dominated to a reinforcement-dominated regime at high additive concentra-
tions. However, the uncertainty remains comparable to other hybrid compositions, indi-
cating that while the mechanical resistance increases, the process remains stable. This is
consistent with findings that excessive nanofiller content can increase composite rigidity
without necessarily compromising drilling repeatability [49,51].

4.2. Temperature

The experimental results (Figures 9 and 10) combined with the statistical analysis
(Table 2) highlight that temperature evolution during machining is governed by a complex
interaction between machining parameters and material composition.

The dominant effect of feed rate observed in Table 2 is consistent with well-established
machining mechanisms. Increasing feed rate generally reduces the tool-workpiece contact
time, thereby limiting heat accumulation and promoting heat evacuation through chip
removal. However, the non-monotonic trends observed in Figure 9 indicate that this
relationship is not purely linear. Similar behavior has been reported in recent studies on
composite machining, where temperature depends on the balance between frictional heat
generation and chip evacuation efficiency rather than a single dominant parameter.

The influence of cutting speed (Figure 10) is also non-monotonic. The increase in tem-
perature at intermediate speeds (50-150 m/min) can be attributed to higher energy input
and friction at the tool—chip interface. However, at higher cutting speeds (200-250 m/min),
the observed stabilization or decrease in temperature suggests improved heat dissipation
due to shorter contact time and faster chip removal. This behavior agrees with recent
findings in composite machining, where thermal response is strongly dependent on the
interplay between cutting parameters and material properties.

The mean temperature values reveal that both wax and graphene individually reduce
cutting temperature, with wax showing a stronger effect (22% reduction at 1% wax) com-
pared to graphene (18% reduction at 2% graphene). The saturation effect observed for
force is also present for temperature: 1% wax alone reduces temperature to 65.1 °C, while
2% wax alone yields a similar value of 64.7 °C, indicating that additional wax beyond 1%
provides minimal further thermal benefit [45].

Unlike force, hybrid compositions do not show an increase in temperature. The mean
temperatures for 1% wax/2% graphene (70.2 °C) and 2% wax/2% graphene (66.9 °C)
remain within the range of other wax-containing formulations (64.1-70.2 °C). This indicates
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that while graphene reinforces the composite and increases cutting force in the presence
of wax, this reinforcement does not proportionally increase cutting temperature. The
temperature response remains governed primarily by the lubricating and heat-dissipating
actions of the additives rather than by the mechanical strength of the composite [53,54].

The decoupling between force and temperature is further evidenced by comparing
the 2%-graphene-alone composition (39.5 N, 67.7 °C) with the 2% wax/2% graphene
composition (45.7 N, 66.9 °C). Despite a 16% higher cutting force, the temperature is nearly
identical (66.9 °C vs. 67.7 °C), suggesting that force and temperature are governed by
different physical mechanisms during CFRP drilling: force by mechanical shearing of
carbon fibers, and temperature by frictional and thermal phenomena at the tool-matrix
interface [50].

The ANOVA results (Table 2) further confirm that temperature evolution cannot be
attributed to independent parameter effects. The statistical significance of interaction terms
indicates that the effect of each parameter depends on the levels of the others. In particular,
the beneficial effects of wax and graphene are more pronounced under conditions where
friction dominates (low feed rates), whereas their influence diminishes when mechanical
effects become dominant.

To recap, the results demonstrate that feed rate is the most influential parameter,
followed by cutting speed and wax content, while graphene exhibits a secondary but
condition-dependent influence. The non-monotonic trends observed experimentally are
consistent with the recent literature and emphasize the importance of considering parameter
interactions when optimizing machining processes.

The uncertainty values in Figure 11 reflect the repeatability of cutting temperature
measurements during CFRP drilling. The baseline composition exhibits the highest thermal
variability (£2.66 °C), which is attributed to inconsistent frictional heating caused by irreg-
ular fiber—tool contact and intermittent chip evacuation in unmodified composites [49,51].

Compared to force uncertainty, temperature uncertainties are substantially smaller in
magnitude (max 4-2.66 °C vs. +:6.56 N). This indicates that temperature measurements are
inherently more repeatable than force measurements, likely because temperature reflects
integrated thermal effects over the drilling cycle, whereas force captures instantaneous
mechanical fluctuations [45,52].

The 2% wax/0.25% graphene composition achieves the lowest thermal uncertainty
(£1.48 °C). This contrasts with the force analysis, where the 1% wax/0.25% graphene
composition had the lowest uncertainty. This suggests that thermal stability is optimized at
higher wax content (2%) combined with low graphene (0.25%), whereas mechanical stability
is optimized at moderate wax (1%) with low graphene. Slamani et al. [45] reported that
although graphene alone slightly elevated median temperatures, it substantially reduced
thermal variability during drilling, supporting the observed low uncertainties for graphene-
containing compositions.

The 2%-graphene-alone composition achieves both low mean temperature (63.01 °C)
and low uncertainty (£1.79 °C). This indicates that graphene’s solid lubrication mechanism
not only reduces frictional heating but also provides consistent thermal performance across
repeated drilling cycles. The formation of a stable graphene tribofilm on the tool surface
likely minimizes fluctuations in the coefficient of friction, leading to more uniform heat
generation [46,52].

Among hybrid compositions, the 1% wax/2% graphene composition exhibits the
lowest mean temperature (63.34 °C) with low uncertainty (£1.59 °C). This combination
achieves thermal performance comparable to 2% graphene alone (63.01 °C) while using
half the graphene content. This suggests a synergistic thermal effect where wax assists
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in dispersing graphene and promoting uniform tribofilm formation, enhancing both heat
reduction and thermal stability [45,51].

Notably, the 2% wax /2% graphene composition shows a mean temperature of 65.68 °C
(£1.96 °C), which is slightly higher than the 1% wax/2% graphene composition (63.34 °C).
This indicates that excessive wax content (2%) when combined with high graphene (2%)
may impede heat dissipation, possibly due to the insulating effect of a thick wax layer or
agglomeration of graphene nanoparticles at high concentrations [46,49].

4.3. Analysis of the Correlation Matrix

The correlation matrix confirms and quantifies the relationships observed in
Figures 5 and 6 and Tables 1 and 2. The very strong positive correlation between feed
rate and cutting force (r = 0.93) substantiates feed rate as the dominant mechanical factor
in CFRP drilling, consistent with ANOVA findings where feed rate exhibited the highest
F-value for force [43,44]. In contrast, the weak negative correlation between feed rate
and temperature (r = —0.12) suggests that higher feed rates reduce thermal exposure by
shortening tool-workpiece contact time, thereby limiting heat accumulation in the CFRP
laminate [46].

The weak positive correlation between cutting speed and temperature (r = 0.20) aligns
with the ANOVA results showing speed as a significant factor for temperature (F = 21.76,
Prob>F = 0). Higher cutting speeds increase frictional heat generation at the tool-composite
interface, elevating the risk of epoxy matrix thermal degradation [45,50]. However, the near-
zero correlation between speed and force (r = —0.02) confirms that speed plays a secondary
role in mechanical cutting resistance, consistent with the non-significant Wax:Speed and
Graphene:Speed interactions observed in the force ANOVA.

The weak negative correlations of wax with force (r = —0.12) and temperature
(r = —0.30) confirm wax’s dual lubricating and heat-reducing function. The stronger nega-
tive correlation with temperature (—0.30 vs. —0.12) suggests that wax’s primary benefit
in CFRP drilling may be thermal mitigation rather than force reduction, likely due to its
ability to form a lubricating film that reduces frictional heating [45]. Graphene shows very
weak correlations with both responses, consistent with the ANOVA finding that graphene’s
effect on force is highly dependent on wax content (significant Wax:Graphene interaction)
rather than acting as a standalone factor [49].

Finally, the near-zero correlation between force and temperature (r = 0.01) reveals
that these two responses are decoupled in CFRP drilling under the tested conditions. This
indicates that high cutting forces do not necessarily translate to high temperatures, and vice
versa, suggesting that force is governed primarily by mechanical shearing of carbon fibers,
while temperature is dominated by frictional and thermal phenomena at the tool-matrix
interface [50].

5. Conclusions

Based on the systematic investigation of CFRP drilling performance using a full
factorial design of experiments with graphene and wax additives, the following conclusions
are drawn:

e  Feed rate is the dominant factor controlling cutting force (F = 2131.7, r = 0.93), while
temperature is governed by complex interactions between machining parameters and
material composition.

e Addition of 1% wax alone reduces mean cutting force by 33% and temperature by 22%.
Addition of 2% graphene alone achieves a 35% force reduction and 18% temperature
reduction. Saturation effects are observed beyond 1% wax.
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e A significant Wax:Graphene interaction exists (F = 103.29, p ~ 0). In the absence of
wax, graphene acts as an effective solid lubricant. However, when wax is present,
graphene’s reinforcing effect dominates, increasing cutting force by 14-16% at 2%
graphene content.

e  Force and temperature are decoupled (r = 0.01), indicating distinct physical mecha-
nisms. Force is governed by mechanical shearing of carbon fibers, while temperature
is controlled by frictional phenomena at the tool-matrix interface.

e  Optimal force stability is achieved with 1% wax and 0.25% graphene (+4.04 N).
Optimal thermal stability is achieved with 2% wax and 0.25% graphene (+1.48 °C).

e  Material modification offers a viable strategy for improving CFRP machinability.
However, optimal formulations require careful balancing of competing reinforcement
and lubrication mechanisms.

Future Works

Based on the limitations acknowledged throughout the review process, several re-
search directions are proposed for future investigation:

e  Hole quality assessment: Systematic investigation of hole quality, including delamina-
tion factor, surface roughness, and circularity, should be conducted to establish direct
correlations with cutting forces and temperatures, as the present study focused solely
on the measurement of these fundamental physical responses.

e  Microstructural analysis: Direct evidence of the proposed mechanisms should be
obtained through complementary analyses, including SEM examination of machined
surfaces and tool wear, Raman spectroscopy for graphene dispersion characterization,
DSC/TGA for thermal property evaluation, and thermal conductivity measurements.
Detailed microscopic analysis of hole morphology, including fiber fracture mecha-
nisms, matrix deformation, and the influence of ply layering on cutting force and
temperature reduction, is recommended to validate the hypothesized lubrication and
reinforcement mechanisms.

e Tool wear and tribofilm formation: Extended drilling tests should be carried out to
evaluate tool wear progression and tribofilm formation, as the current study main-
tained consistent tool conditions to isolate additive effects.

e Optimization of additive concentrations: Systematic exploration of intermediate
graphene concentrations between 0.25% and 2% combined with wax levels from
0% to 1% is advised to determine optimal formulations that enhance lubrication while
limiting reinforcement drawbacks.

e  Machine learning for process optimization: The extensive dataset collected (675 tests)
offers a basis for creating machine learning models to predict cutting forces and
temperatures for real-time process control.

e Industrial validation: Validation under diverse industrial conditions, including differ-
ent tool geometries, cooling strategies, and workpiece configurations, would confirm
the applicability of these laboratory findings to practical manufacturing settings.
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