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Abstract: Carbon fiber reinforced plastics (CFRP) are appreciated for their high mechanical properties
and lightness. Due to their heterogeneous nature, CFRP machining remains delicate. Damages are
caused on the material and early tool wear occurs. The present study aims to evaluate the effects
of fillers on CFRP machinability and mechanical behavior. CFRP laminates were fabricated by the
vacuum assisted resin transfer molding (VARTM) process, using a modified epoxy resin. Three fillers
(organoclay, hydrocarbon wax, and wetting agent) were mixed with the resin prior to the laminate
infusion. Milling tests were performed with polycrystalline diamond (PCD) tools, equipped with
thermocouples on their teeth. Machinability was then studied through the cutting temperatures and
forces. Tensile, flexural, and short-beam tests were carried out on all samples to investigate the effects
of fillers on mechanical properties. Fillers, especially wax, allowed us to observe an improvement in
machinability. The best improvement was observed with 1% wax and 2% organoclay, which allowed
a significant decrease in the cutting forces and the temperatures, and no deteriorations were seen on
mechanical properties. These results demonstrate that upgrades to CFRP machining through the
addition of nanoclays and wax is a path to explore.

Keywords: CFRP; composite machining; organoclay; wax; milling temperature; machinability;
mechanical test

1. Introduction

Composite materials are very popular because of their high specific mechanical properties, which
allow for obtaining stronger and lighter structures. Carbon fiber reinforced plastics (CFRP), are
recognized for their stiffness and their strength. CFRP are gradually replacing metal parts in the
aeronautical sector [1]. CFRP currently makes up more than 50% of the latest planes such as the Airbus
A350 and the Boeing 787 [2]. The manufacturing processes are well mastered for these materials
and make them versatile and suitable for many applications. Despite the fact that composite part
processing is near net shape, machining operations such as drilling and edge trimming are usually
required to reach the dimensional tolerances and allow part assembly. Composite machining is still
not well mastered and many issues are caused by their heterogeneous and anisotropic nature. Unlike
metals, the cutting mechanisms remain difficult to understand and are very different depending on
novel parameters, such as the fiber orientation [3].

The fiber orientation range between 0◦ and −90◦ is considered the worst machining case. Through
the cutting process, tools push the fiber, which tends to bend because of the low maintaining matter.
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The tool also induces compression load into the fiber along its axis. These forces lead to a fiber-matrix
separation near the cutting edge, followed by its propagation along the fiber by mode I and II, until
chip separation happens by flexural rupture of fiber [4,5]. Severe damages such as fiber pullout, matrix
cracking, and delamination are caused on the material at that fiber orientation range. These damages
are not desired because they produce asperities and excessive roughness on the machining surface [6].

Thermal behavior of CFRP machining is important, since the matrix is sensitive to heat. Contrary
to metals, chip separation does not occur by plastic deformation but by brittle fracture in CFRP
machining. The thermal energy brought on by this kind of failure is very negligible. Temperature
rising is generally explained by friction, especially the kind occurring at the tool/workpiece interface
on the tool clearance face. Considering the powdery chips, friction at the chip/tool interface is also
negligible [7,8]. Even if the temperatures obtained are low, comparatively to metals, matrix glass
transition temperature is often exceeded, and thermal damages may be caused on the surface [9].
Premature failures may happen because of the subsurface nature of the damages and a decrease in
mechanical strength after machining may also occur [10,11].

Tool wear is another issue appearing during CFRP machining. Considering the high fiber
abrasiveness, tools show an impoverished life. Due to the powder like character of chips, no damages
are seen on the cutting face. Nonetheless, wear commonly comes about on the clearance face where
the friction with the work piecearises [12]. Although optimized cutting conditions can significantly
improve tool life [13,14], tool wear occurs too rapidly to meet the economic requirements of industry.
Tool wear is definitely undesirable due to the mediocre cutting quality obtained. Damages become
unduly recurrent and roughness is no longer sufficient [15]. Tool wear also leads to a significant
increase in cutting temperatures and creates poor cutting conditions. More friction is generated because
of the force growth causing coating loss. The polycrystalline diamond (PCD) tools do not solve the
wear issues but they present the best tool life with carbon fiber. Despite their expensive costs, they
remain one of the most used tools for this kind of application [3].

Since it became possible to make clays organophilic (organoclay) in the 1970s, nanoclays such
as phyllosilicates have been extensively used as a reinforcing filler in polymers because of their
abundance and low cost. Thanks to their platelet geometry, nanoclays show an elevated specific
surface area which allows them to obtain a high interaction level with polymers [16,17]. However,
clay concentration beyond 2 wt % is not recommended, because the particles agglomerate and become
too difficult to exfoliate [18,19]. Many studies have shown significant improvement in the mechanical
properties of CFRP, such as flexural strength and stiffness [20,21], impact strength [22,23], and fatigue
resistance [24,25] when the epoxy matrix was filled with nanoclays. Interlaminar shear strengths (ILSS)
are also increased, which means an improvement on the fiber–matrix interaction [19,26].

Hydrocarbon waxes such as polyethylene (PE) wax are often used as a lubricant in polymers for
their ability to improve some manufacturing processes, like extrusion and injection, by decreasing
adhesion and increasing slipping at the polymer surface [27,28]. Micrometrical sized particles show
better results and should be used, so as not to alter the aspects of the final surface [29].

Fillers are frequently added to adapt polymers to their applications. A wide range of fillers
are available to improve mechanical, chemical, or physical polymer properties [30]. Their effects on
CFRP machinability have not been studied yet. The present study is innovative in investigating the
effects of adding fillers into the epoxy matrix on the machinability of CFRP. Nanoclay is expected
to improve mechanical properties, especially the fiber-matrix interface, which has been shown to
be a weakness in the cutting forces transmission, since separation is the first failure to happen [31].
However hydrocarbon wax should lower friction and abrasion between the tool and the workpiece
and thus, prevent the damages caused by high temperatures and prevent tool wear.
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2. Materials and Methods

2.1. Materials Preparation

A Marine 820 epoxy resin from Axson Technologies (Madison Heights, MI, USA) was used
for the laminate fabrication. A nano organophilic phyllosilicate (Garamite-1958) and a micronized
polytetrafluoroethylene (PTFE) modified polyethylene wax (Ceraflour-996) were used as fillers in the
epoxy resin, according to the concentrations presented in Table 1, which follows a three-level factorial
design. Nanoclay content was limited to 2 wt % and wax at 1.5 wt %. A second experiment series was
carried out by adding 1% of a BYK-W-972 wetting agent (WA) to observe improvement. Nevertheless,
no WA was added into the 0% clay/0% wax sample. Qualix, a division of Dempsey Corporation (Saint
Laurent, QC, Canada) supplied all fillers.

Table 1. Fillers used and their concentrations.

Fillers Trade Name Composition Concentration

Clay Garamite-1958 Organophilic
phyllosilicates 0%, 1%, 2%

Wax Ceraflour-996 PTFE-modified PE wax 0%, 1%, 1.5%

Wetting agent (WA) BYK-W-972 High molecular weight
block copolymer 0%, 1%

The resin modification process started by drying the clay for two hours in a vacuum oven at 55 ◦C
to remove moisture. All additives were then mixed into the resin for one hour with a Silverson L5M-A
(Silverson Machines, Inc., East Longmeadow, MA, USA) high shear mechanical mixer set at 3500 rpm.
The solution was then sonicated for 30 min using a Qsonica Q700 sonicator (Qsonica, Newtown,
CT, USA), because it is an essential stage for obtaining the clay platelets’ exfoliated structure [32].
The beaker was placed into an iced water bath to evacuate the generated heat during these steps. Finally,
resin was degassed to remove air bubbles introduced by mixing and sonication. Prior to degassing,
the resin was heated at 55 ◦C to lower its viscosity and facilitate bubble migration. These steps are
illustrated in Figure 1. Once the resin was ready, hardener was added according to the ratio advised by
the supplier and mixed manually.
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Unidirectional laminates were prepared by vacuum-assisted resin transfer molding (VARTM)
method with the modified resins prepared above (Figure 2). Ten plies of TC-09-U unidirectional high
modulus carbon fiber from Texonic Inc. (Saint-Jean-sur-Richelieu, QC, Canada) were used to obtain a
[+45]10 laminate with a final thickness of 3 mm. As illustrated in Figure 3, VARTM method consisted
of using a vacuum to infuse the carbon fabric with the resin.
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Figure 3. Schema of vacuum assisted resin transfer molding (VARTM) process.

2.2. Machining Tests

All laminate’s widths were trimmed at 300 mm by a circular diamond saw prior to being machined.
Fully engaged tool milling tests were performed on a Huron K2X10 three-axis CNC (computer
numerical control) machine (HURON, Strasbourg, France) in dry cutting conditions (Figure 4). Fiber
orientation of −45◦ was chosen, since it produces the worst cutting mechanism case by causing frequent
damages such as fiber pull-out, uncut fibers, and matrix cracking [5,6]. The machining fixture was
mounted directly on a Kistler 9255B three-axis dynamometer (Kistler, Winterthur, Switzerland) to
record cutting forces at a 48 kHz sampling. According to a previous study on the current tool [33],
cutting speed was fixed at 400 m/min and feed rate at 0.254 mm/rev, these parameters have been found
to optimize cutting conditions.
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Figure 4. Machining setup.

Two identical PCD tools were employed, one for each experimental series. Geometrical
specifications are given in Table 2. PCD material was chosen to prevent wear effects on cutting
forces and temperatures and show best tool life. Type-K thermocouples (from Omega, Norwalk, CT,
USA) were bonded on both tool teeth with thermally conductive cement (Omegabond 400 also from
Omega) to ensure good linkage (Figure 5). The cement was covered with an epoxy glue to protect
it from separating. The smallest wire diameter available (0.08 mm) was used, to minimize response
time. Thermocouples were also in stalled at 1.7 mm from the first CFRP ply, which was determined as
the minimum distance that prevents separation [11]. Temperature data were obtained by a wireless
thermocouple measurement system integrated in a special mandrel (M320 from Michigan Scientific
Corporation, Milford, MI, USA).

Table 2. Tool geometrical specifications.

Number of Teeth 2
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2.3. Mechanical Tests

Three-point flexural tests were carried out according to ASTM D7264. Six specimens were directly
cut from each laminate. The same fiber orientation was kept (45◦). The precision cutting machine used
(Struers Secotom 50, Struers, Mississauga, ON, Canada) was equipped with a circular diamond saw
which allowed it to directly reach the geometrical tolerances demanded by the standard. A universal
testing machine (MTS Alliance RF/200, MTS Systems Corporation, Eden prairie, MN, USA) was
used and the crosshead speed was set at 1 mm/min until specimen breakage. Maximum flexural
stress (σF) and flexural chord modulus of elasticity (EF) were determined using Equations (1) and (2).
As suggested by the standard, the strain range between 0.001 and 0.003 was chosen to calculate EF.

σF =
3·Fmax·L

2·b·h2 (1)

and
EF =

∆σ
∆ε

(2)

with, Fmax—maximum force (N); L—support span (mm); b—width (mm); h—thickness (mm); ε—strain
(mm/mm).

Interlaminar shear strength (ILSS) test is very specific to composite materials and is performed as
an indicator of the fiber–matrix interaction [34]. It consists of bending a short-beam specimen so shear
stress is induced into the plane of the specimen, which tends to make the plies slip on themselves.
Therefore, six short-beam specimens were produced from each laminate by the same method as the
flexural ones. A fiber orientation of 0◦ along the specimen span was taken to respect the standard
requirements. Tests were carried out at a crosshead speed of 1 mm/min according to ASTM D2344 and
using the same testing machine as previously. ILSS were calculated from the measured forces.

ILSS = 0.75·
Fmax

A
(3)

with, Fmax—maximum force (N); A—Section (mm2).
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Tensile tests were only performed on the experimental series with 1% WA, because of time and
economic issues related to this university–industry partnership. As a high correlation with flexural tests
occur, tensile tests on both experimental series were found not to be necessary. Specimens’ preparation
and test procedure followed all the directives given by ASTM D3039. Comparatively to metals, tensile
tests on composite materials are quite difficult and cause some issues. Tensile specimens need to be
rectangular shaped because of their high anisotropy. However, this shape makes failures occur close to
the grips instead of the gage region [35–37]. Thus, 50 mm tabs made from [±45]3S GFRP were bonded
on each side of the specimens, as recommended by the standard, to avoid grip failure occurrence.
Seven 25 × 250 mm specimens were cut from each laminate, using a circular diamond saw, with a fiber
orientation of 45◦. Tensile tests were carried out on an MTS Landmark hydraulic testing machine at a
head speed of 1 mm/min. The chord modulus of elasticity was determined over the strain range of
0.001 to 0.003, in accordance with the standard. An extensometer was used to allow an accurate strain
measurement. Tensile strength (σT) and chord modulus of elasticity (ET) were calculated from the data.

σT =
Fmax

A
(4)

and
ET =

∆σ
∆ε

(5)

with, Fmax—maximum force (N); A—Section (mm2); ε—strain (mm/mm).

2.4. Constituent Content Tests

The fiber volume fractions were determined to explain the changes in mechanical properties.
Three 25 × 40 mm rectangular specimens were cut from each laminate. As it is required for calculation,
accurate density of each sample was determined by the displacement method specified in ASTM D792.
Specimens were firstly weighed in air then in demineralized water. Water temperature was measured
in order to determine its density using charts given by the standard. All weight measurements were
performed to the nearest 0.1 mg, as demanded by the standard. Finally, composite density was
calculated according to the following equation:

ρC =
M

M−Mwater
·ρwater (6)

with M—mass (g); Mwater—apparent mass in water (g); ρwater—water density (g/cm3).
Composite content tests were performed according to procedure G of ASTM D3171, which consists

of matrix burn off by pyrolysis. Specimens were then burned at 540 ◦C for five hours in air, using
a crucible. The chosen duration and temperature allowed removing all matrices without altering
the fibers. The specimens were weighed before and after pyrolysis. The fiber volume content was
then determined.

V f =
M f

Mi
·
ρc

ρ f
(7)

with Mf—final mass (g); Mi—initial mass (g); ρf—fiber density (g/cm3).

3. Results and Discussion

3.1. Fiber Volume Fraction

Thanks to the VARTM process, fiber volume fractions were relatively high, with a mean value of
59.4%. Nevertheless, slight variations were observed in the fiber volume fraction, as shown in Figure 6,
which were attributed to the variability of the VARTM process. This variability was also amplified by
resin viscosity increase due to fillers. Indeed, changes in resin viscosity were qualitatively observed,
while resins were decisive in the VARTM processes since too high of a viscosity may have caused
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higher fiber volume fractions or even failed to properly impregnate the fiber fabrics [38,39]. Other
studies have noticed that the addition of fillers such as organoclay into the resin led to an increased
viscosity, which caused variations in the fiber volume fraction of the laminate [25,40].
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3.2. Mechanical Properties

In order to examine the effects of fillers on mechanical properties, flexural, short-beam, and tensile
tests were performed on samples. However, since fiber volume fraction linearly affects some mechanical
properties in composite materials, strength and stiffness were normalized to a Vf of 60% using the
Equation (8) [36].

Normalized value = Test Value·
0.6
V f

(8)

Normalized values bypass the fiber volume fraction effect and allow comparison between samples.
In addition, in order to properly discern significant changes in the large number of samples, an analysis
of variance (ANOVA) was performed. For all mechanical tests, the ANOVAs led to acceptance of the
hypothesis that average values differ between samples, with a p-value lower than 0.05%.

Flexural tests were performed on both experimental series, with and without wetting agent.
Normalized flexural strength and stiffness are shown in Figures 7 and 8, respectively. For both
flexural strength and stiffness, no trend between mechanical properties and filler concentrations was
distinguishable, no mathematical modeling was found either. Indeed, all samples showed relatively
close values, and only a few samples were found to be significantly different from others by the
ANOVA. Comparatively to the neat epoxy, a significant improvement in strength was observed for the
sample with 1% wax and 1% WA. This result was not expected since wax is not known to improve
mechanical properties, but is ordinarily only used for lubrication needs [27,28]. However, this sample
did not lead to the same improvement on stiffness, whereas the neat epoxy remained statistically equal
or stiffer than others. Variations between both experimental series were seen on strength, which means
that WA may have interactions with clay and wax, in contrast to stiffness, where WA has no influence.
Mechanical properties are generally improved in polymers by the addition of particles which help to
block the deformation under load [28]. Such a behavior was expected from clay, which was expected
to increase mechanical properties more significantly, as observed by others [19–21]. This was not
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due to interaction with other fillers, because even samples with only clay/epoxy were not changed.
It might be due to the kind of phyllosilicate present in the current additive. More experiments should
be carried out with other organoclay additives to confirm this hypothesis. However, despite the three
filler addition, almost none of the samples showed significant decrease of the flexural properties.
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Figure 7. Normalized maximum flexural stress changes with fillers without and with wetting
agent (WA).
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Short-beam tests were performed in order to investigate the effects of fillers on the fiber–matrix
interaction. ILSS are presented in Figure 9 with and without WA, data are not normalized here since
short-beam strength is not a fiber fraction dominated value [36]. Contrary to flexural tests, clay has
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been shown to have a tendency to increase ILSS. Comparatively to the neat epoxy, an addition of 1%
clay led to a significant ILSS improvement of 5%. Similarly, 2% clay gave the best results despite the
large uncertainties. Organoclays are well known to provide a better bonding between fiber and matrix
and the present observation joins the conclusions made by other studies [19,26]. However, as presumed
before, WA have an interaction with clay, since the same concentrations were not statistically different
to the reference in the second experimental series. As observed for flexural tests, the sample with 1%
wax and 1% WA is also statistically significant on ILSS.
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Figure 9. Interlaminar shear strength changes without and with wetting agent (WA).

Tensile tests are generally useful to determine the intrinsic mechanical properties of a material [35].
Tensile tests were performed on the 1% WA experimental series. Figure 10 shows normalized stresses
and chord modules of elasticity. These tests revealed conclusions close to the flexural ones. Both showed
similar trends and the ANOVAs revealed the same significant samples as previously, such as the
sample with 1% wax and 1% WA, which also improved tensile strength. The similarity between both
tests can be seen in Figure 11, where a positive correlation between the flexural and tensile chord
modulus of elasticity appears. This observation is explained by the traction-compression, which
occurs into flexural specimens while bending. Other authors have demonstrated the possibility to
estimate tensile properties through the flexural test, which is easier to perform [41,42]. Due to this
high correlation, as well as time and economic issues related to this university–industry partnership
study, the implementation of the tensile tests were not performed on the 0% WA experimental series.
As proposed by the industrial partner, this study aims to investigate the effect of fillers on CFRP. Thus,
flexural tests alone are enough to have a preview of fillers’ effect on mechanical properties in the
present study. Deeper measurements of tensile properties will be done in further studies.

3.3. Machinability

Given that PCD provides the best tool life [3] and that the total cutting length is relatively low for
our tests, effect of tool wear on forces and temperatures was assumed negligible. Inspection of the
tools’ wear confirmed this hypothesis, almost no wear was apparent after all machining tests.
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Cutting forces are generally considered to be one of the main machinability indicators [43].
Reduced forces are great since they allow for softening of the cutting mechanism and slowing down
the tool wear. Forces were measured during cutting using the dynamometer table, and both feed
and normal direction forces are presented in Figure 12. The normal and feed forces showed similar
tendencies, a correlation coefficient of 95.7% was calculated between both forces. Normal forces were,
nevertheless, lower than feed forces. Depending on the concentration of fillers, differences were
observed between the samples. Almost all concentrations allowed us to obtain forces lower than
the neat epoxy reference. Wetting agent decreased the forces. Samples from the experimental series
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with 1% WA were lower comparatively to the second experimental series. All samples with 1% wax
showed reduced forces, regardless of the nanoclay content. However, at a concentration of 1.5% forces
increased back. Hence, a wax concentration of 1% seems to be an optimized percentage. Organoclay
also has the capability to improve machinability. It was observed that the more the concentration is
increased, the more the forces are reduced. The best improvement was seen for a concentration of 2%
of organoclay, 1% wax, and 1% WA in the matrix according to the present results. Comparatively to
the neat epoxy sample, this concentration allows us to decrease the feed force by 37% and the normal
force by 15%.
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Figure 12. Cutting forces changes with fillers without (a,b) and with (c,d) wetting agent (WA).

Cutting temperatures are an important point in CFRP machining because of the sensibility of
polymers to heat. Typical temperature curves measured through the thermocouples are shown in
Figure 13. Once the tool starts to cut, temperatures rapidly increase and then show a tendency to
converge towards a final value. The cutting length is not long enough to reach the final temperatures,
but differences between samples are nonetheless seen at the end of the test. As expected, even with a
new PCD tool, cutting temperature exceeds 170 ◦C after only 300 mm of machining, while most epoxy
matrices have a glass transition temperature of about 160 ◦C [1,28]. Damages may then happen on the
surface while cutting, confirming the relevance of thermal aspect problems during CFRP machining.

Given that all CFRP laminates were trimmed precisely at the same width, the final temperatures
measured (at a cutting length of 300 mm) were thereafter used to compare samples. An influence
of fillers on temperatures was visible (Figure 14). Both experimental series had the same tendencies
but were shifted by about a few degrees. No interactions of wetting agent on temperatures can be
asserted, the lag between the series with and without wetting agent can be explained by a tool change.
Two identical tools are used for this study, one for each experimental series. Due to their tiny size,
thermocouples are difficult to place precisely on the tools. Thermal responses are, hence, slightly
different between both tools. However, variations in each experimental series are confident since the
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tool used did not change. Independently of WA, lower temperatures were nevertheless observed for
all the combinations that had a concentration of 1% wax or 2% clay. As noticed for forces, the best
improvements on temperatures were obtained by the samples with 1% wax and 2% clay. Drops of
11 ◦C and 18 ◦C, respectively, were observed for the 0% WA and 1% WA series with this combination.J. Compos. Sci. 2019, 3, 85 14 of 17 
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Figure 14. Maximum temperature changes with fillers without (a) and with (b) wetting agent (WA).

Temperatures seem to follow the same trends as normal forces. To investigate this relation,
temperature as a function of normal force is traced in Figure 15. Temperatures are clearly separated
into two groups, depending on the experimental series. As explained previously, both tools used are
identical but the groups formed are due to the difference in thermocouple response. The more suitable
hypothesis is that even if thermocouples were bonded with care, they probably were situated a bit
closer to the surface of the tool. Thus, tool B used for the 1% WA series presumably had a better thermal
bonding with the thermocouples than tool A. This hypothesis explains why higher temperatures
are obtained with WA. A strong correlation exists between temperatures and forces. Temperatures
increase linearly with normal forces. This result allows confirmation of the hypothesis that heat is
mainly produced by friction, which is commonly assumed in CFRP machining [7,8]. This also helps to
understand how temperatures are decreased. Fillers actually have no direct effect on temperatures,
but they do on forces. By decreasing the forces, lower temperatures are obtained.
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4. Conclusions

In this study, CFRP plaques were made using an epoxy resin filled with nano organoclay, wax,
and a wetting agent. Machining tests were carried out using thermocouples fixed to PCD tools in
order to investigate the machinability of the fabricated CFRP, while mechanical tests were carried
out to inspect changes in mechanical properties. According to the presented results, the following
conclusions are made:

• Without wetting agent, a concentration of 2 wt % of organoclay improved the fiber-matrix interface
of the CFRP. At this concentration, ILSS had been increased about 7%.

• Tool temperatures quickly exceed matrix glass transition temperature, even with a new sharp tool.
Attention to the thermal aspect should be taken during composite machining.

• Independently of clay concentration, 1 wt % of wax in the epoxy matrix decreased cutting forces
and temperatures. Organoclay effect was less important than wax, but also allowed increasing
machinability at a concentration of 2 wt %. The best improvement was observed with 2%
organoclay, 1% wax, and 1% WA, which allows us to decrease feed forces by 37%, normal forces
by 15%, and temperatures by 18 ◦C.

• A strong correlation exists between normal forces and temperatures. This correlation proves
that heat is generated largely by friction at the tool/workpiece interface in CFRP machining.
The temperature decreases are, hence, fallout of the reduced forces allowed by the additives.

• The laminates filled with additives had a better machinability without altering their mechanical
properties.
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