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Abstract: Carbon fiber-reinforced polymers (CFRPs) have very good mechanical properties, such as
extremely high tensile strength/weight ratios, tensile modulus/weight ratios, and high strengths.
CFRP composites need to be machined with a suitable cutting tool; otherwise, the machining quality
may be reduced, and failures often occur. However, as a result of the high hardness and low thermal
conductivity of CFRPs, the cutting tools used in the milling process of these materials complete
their lifetime in a short cycle, due to especially abrasive wear and related failure mechanisms.
As a result of tool wear, some problems, such as delamination, fiber breakage, uncut fiber and
thermal damage, emerge in CFRP composite under working conditions. As one of the main failure
mechanisms emerging in the milling of CFRPs, delamination is primarily affected by the cutting tool
material and geometry, machining parameters, and the dynamic loads arising during the machining
process. Dynamic loads can lead to the breakage and/or wear of cutting tools in the milling of
difficult-to-machine CFRPs. The present research was carried out to understand the influence of
different machining parameters on tool abrasion, and the work piece damage mechanisms during
CFRP milling are experimentally investigated. For this purpose, cutting tests were carried out using a
(Physical Vapor Deposition) PVD-coated single layer TiAlN and TiN carbide tool, and the abrasion
behavior of the coated tool was investigated under dry machining. To understand the wear process,
scanning electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS)
was used. As a result of the experiments, it was determined that the hard and abrasive structure
of the carbon fibers caused flank wear on TiAlN- and TiN-coated cutting tools. The best machining
parameters in terms of the delamination damage of the CFRP composite were obtained at high
cutting speeds and low feed rates. It was found that the higher wear values were observed at the
TiAlN-coated tool, at the feed rate of 0.05 mm/tooth.

Keywords: carbon fiber-reinforced polymer (CFRP); machinability; delamination; tool wear; thin
films; cutting tools

1. Introduction

Fiber-reinforced polymers are increasingly used nowadays in demanding constructions, due to
their mechanical properties. They have mostly better properties than the conventional materials.
For this reason, fiber-reinforced polymers are widely applied in space and aviation, military, defense
and automotive industries [1,2]. The most common reinforcements are glass, aramid, and carbon fibers.
The production of carbon fibers has enabled the development of new composite materials with high
strengths and low densities [3]. These materials are widely preferred in various applications, due to
their high specific strength and modulus [4]. Carbon fiber-reinforced polymer (CFRP) is among the
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most preferred advanced composite materials in the aerospace industry, due to its superior mechanical
properties. Besides, these materials are used to improve the appearance and performance of cars, and to
reduce fuel consumption in the automotive industry [5]. The most important advantages of CFRPs are
the high tensile strength/weight ratio and„ tensile modulus/weight ratio, the low thermal expansion
coefficient, and high fatigue strength and thermal conductivity [6]. Besides, low density, being a good
electric conductor and having reasonable cost are other important features of these materials [7,8].

Scientists and engineers prefer polymer-based composites over metal-based materials. Therefore,
the machining of composites is a substantial production activity in which this material type will
be used [9]. This process is needed for shaping the materials to form available parts to be used,
by removing unnecessary parts [10]. The machining of CFRP composites using the conventional
cutting tool and standard machining parameters has become widespread recently. However, it is a
complex task, due to the structure and properties of CFRP. As a machining method used in the surface
finishing of metallic materials, a milling operation is also used in the surface finishing of CFRP. As in
the case of other laminar composites, various failures are observed in the milling of CFRP. The most
common damages to the CFRP composite that occur during milling are delamination, fiber rupture,
uncut fibers, fiber pull-out and thermal damage, and all of these lead to an increase of surface damage.
The minimization of such surface failures emerging during the machining process, and the obtaining
of minimum tool wear and surface roughness, are among the aims of several studies in the field.
The surface failures resulting from the machining of CFRP composites have serious effects on the
finished surface quality. Studies have been carried out to prevent or minimize the occurrence of
failures [11–13]. In this regard, the optimal selection of manufacturing methods and machining
parameters holds particular importance in the machining of composite materials. Due to the intrinsic
characteristics of CFRP composites, the milling operation is widely used in their machining as a means
of having control over the dimensions and forms of such materials. Reasons for the application of
the milling process in the machining of composites include the near-perfect precision and surface
finishing obtained with this process [14,15]. Despite their excellent performance, the anisotropic and
heterogeneous structures of CFRP composites render these materials difficult to machine. In addition,
tool wear and delamination make the machining of these materials even harder. Non-controllable
vibrations emerging from diverse milling operations induce impairments in the material’s surface
quality, and make it difficult to obtain the desired precision [16].

In general, the removal rate of CFRP composites, which depends on the machining parameters,
correlates with the tool wear associated with the machining parameters, and is thus mainly correlated
with the tool wear. Tool wear is a significant parameter in evaluating the performance of tools, and is
an important factor directly affecting the quality of machined parts. Therefore, the abrasion resistance
of the tools used in the milling of CFRP is directly related to the surface quality of the work piece [6].
The wear resistance of carbide tools coated with the diamond layers, which are often used for the
milling of CFRPs, is much higher in comparison with uncoated cutting tools [17]. Due to the high
hardness and low thermal conductivity of CFRP composites, the lifetime of milling tools is short,
mainly due to the abrasive character of the carbon fibers. Protecting a tool with a suitable coating can
significantly reduce its wear. Using coated cutting tools for CFRP composites reduces tool wear [18].
With the development of manufacturing technology, the use of coated tools has increased, and today
approximately 80% of all machining operations are carried out with coated cutting tools [19].

Delamination, uncut fibers, crack formations, fiber pull-out and thermal degradation are among
the most frequent damages that occur during the milling of CFRP, as a consequence of crushing or the
inadequate machining of cutting tools [20,21]. The minimization of such surface damages that emerge
during the machining process, and the reduction of tool wear, is the subject of several studies in this
field. One of the preliminary studies of delamination is documented by Sheikh-Ahmad et al. [22], who
studied the delamination damage occurring on a CFRP composite edge-milled with a pyramid milling
cutter, and reported that delamination resulted from the absence of a layer supporting the lower and
upper layers of the machined material. In their study, tool wear was observed upon increasing cutting
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length, which resulted in varying types of delamination. It was observed that the best machining
quality was obtained with the combination of high cutting speed, low feed rate and effective chip
thickness. In another study, Wang et al. [23] worked on the delamination damage occurring during the
unidirectional and multidirectional helical milling of CFRP composites, and reported that delamination
was observed on the machined edges, arising from tool wear and resulting in inadequate machining
quality. They found that adequate machining performance was obtained with a sharp cutting tool,
which also prevented delamination failure. Otherwise, delamination failure was observed in specific
parts of the machined regions, after using worn tools. Accordingly, tool wear was reported to
be an important factor in the occurrence of delamination damage. Indeed, delamination damage
leads to impairments in the structural integrity, assembly tolerance and performance of materials,
thus constituting a limitation factor for structural applications, and causing high scrap rates up to
60% [24–26]. Tool wear and delamination make the machining of these materials more difficult.
This failure mechanism is important in terms of the quality and strength of machined components [27].

Due to the inhomogeneous, anisotropic and abrasive structure of CFRP, deformations on the
cutting tool during machining take place, and because of the deformations, damage to the material
structure occurs, and surface quality deteriorates. The failures that occur during the machining process
may leave uncut fibers, and cause the separation of the laminate. To carry out the process efficiently,
and to obtain a smooth-surfaced work piece, dimensional stability and interface quality should be
ensured by applying proper machining. The present research was carried out to investigate the effect
of machining parameters on tool wear and the work piece during the milling of CFRP composites,
which are widely used in aviation and aerospace industries. In this study, the changes in the work
piece were examined in terms of tool wear, machining parameters, surface and delamination failures.
This paper aims to optimize the machining parameters, in order to reduce the tool wear values of
coated cutting tools during the milling of the CFRP composite, and analyze the damage mechanisms.
To achieve precise production with CFRPs, which are used especially in the aerospace and automotive
industries, it is important to use optimum machining parameters and suitable tools. In this study, we
conducted a milling experiment on unidirectional CFRP materials at different machining parameters.
The performance of the TiAlN- and TiN-coated carbide tools during the dry milling process of the
CFRP composite was investigated, and the tool wear on coated carbide tools after the milling of CFRP
was evaluated.

2. Materials and Methods

In the milling experiments, the unidirectional CFRP composite (a material preferred in the aerospace
industry) was used as the work piece. A total of 24 layers of prepreg, with the dimensions of 140 × 100 mm2

and a thickness of 0.25 mm, were stacked together to make quasi-isotropic laminate with a theoretical
thickness of 6.0 mm, and with the following fiber orientation angles (0◦/45◦/90◦/−45◦) [28]. Some of the
important mechanical properties/data of the milling of the CFRP copmposites are given in Table 1.

Table 1. Technical properties of the examined fiber-reinforced polymer (CFRP) composites.

CFRP Plate Weave Type Twill Weave (2/2)
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Tool holder R390-025A25-11L NL H13A iW 6.8 
Lubricant dry machining bs 0.9 

These cutting tools used in the milling experiments were in the form of indexable inputs 
(Sandvik Coromant Company, Istanbul, Turkey). Replaceable inserts were specified in accordance 
with ISO 1832 standard [29]. The TiAlN and TiN hard coatings were deposited on uncoated carbide 
cutting tools using an industrial magnetron sputtering system (CemeCon CC800/9 sinOx ML, 
CemeCon AG, Würselen, Germany), and coated inserts were mounted onto an end milling tool 
holder (Sandvik Coromant Company, Istanbul, Turkey) with a 25-mm nominal diameter, which has 
2 teeth. The tool holder used to connect the selected cutting tools to the milling spindle was selected 
with reference to the ISO 5608 standard [30]. In our milling test, only a single tooth was mounted on 
the tool holder, to maintain stable cutting conditions. 

The machinability test and the whole experimental set-up are shown in Figure 1. All experiments 
were conducted on the three-axis Computer Numerical Control (CNC) vertical machining center 
(Falco VMC 855-B) with a peak power of 10 kW. Machining parameters (cutting speed, feed rate and 
cutting width) were determined in accordance with the manufacturer’s recommendations, the 
suggestions of some companies working with CFRPs, as well as available data from the literature 
[31]. The machining parameters used during milling experiments are given in Table 3. Scanning 
Electron Microscope (SEM) (MAIA3 TESCAN, Brno, Czech Republic) in combination with Energy 
Dispersive Spectroscopy (EDS, TESCAN, Brno, Czech Republic) systems were used for detailed 
investigation of the wear mechanisms of cutting tools. Wear zone images of all cutting tools were 
taken from the same angle during the milling experiments. 
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The cutting tools for milling CFRPs, with a maximum cutting depth (ap) of 10 mm, were provided
from the Sandvik Coromant Company (Istanbul, Turkey). The main structural parameters of the
cutting tools are shown in Table 2.

Table 2. Structural parameters of the cutting tools and tool holder.

Coating TiAlN TiN
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Symbol Dimensions

Coated method Physical Vapor
Deposition (PVD) PVD (mm)

Coating thickness 3.46 ± 0.5 µm 4.96 ± 0.5 µm la 10
ISO code R390-11 T304E R390-11 T304E rε 0.4

Grade NL H13A NL H13A S 3.59
Tool holder R390-025A25-11L NL H13A iW 6.8
Lubricant dry machining bs 0.9

These cutting tools used in the milling experiments were in the form of indexable inputs (Sandvik
Coromant Company, Istanbul, Turkey). Replaceable inserts were specified in accordance with ISO
1832 standard [29]. The TiAlN and TiN hard coatings were deposited on uncoated carbide cutting
tools using an industrial magnetron sputtering system (CemeCon CC800/9 sinOx ML, CemeCon AG,
Würselen, Germany), and coated inserts were mounted onto an end milling tool holder (Sandvik
Coromant Company, Istanbul, Turkey) with a 25-mm nominal diameter, which has 2 teeth. The tool
holder used to connect the selected cutting tools to the milling spindle was selected with reference to
the ISO 5608 standard [30]. In our milling test, only a single tooth was mounted on the tool holder,
to maintain stable cutting conditions.

The machinability test and the whole experimental set-up are shown in Figure 1. All experiments
were conducted on the three-axis Computer Numerical Control (CNC) vertical machining center (Falco
VMC 855-B) with a peak power of 10 kW. Machining parameters (cutting speed, feed rate and cutting
width) were determined in accordance with the manufacturer’s recommendations, the suggestions of
some companies working with CFRPs, as well as available data from the literature [31]. The machining
parameters used during milling experiments are given in Table 3. Scanning Electron Microscope (SEM)
(MAIA3 TESCAN, Brno, Czech Republic) in combination with Energy Dispersive Spectroscopy (EDS,
TESCAN, Brno, Czech Republic) systems were used for detailed investigation of the wear mechanisms
of cutting tools. Wear zone images of all cutting tools were taken from the same angle during the
milling experiments.

Before starting the work, preliminary tests for surface properties and parameters related to the work
piece were made, and appropriate machining parameters were determined. The literature on the related
subject, and the actual machining parameters performed in the applications, were taken as the basis in
the determination of the machining parameters used in these preliminary tests. After determining
the optimizing and suitability of the machining parameters, 9 separate tests were performed with
the TiAlN-coated tools, and 9 tests with the TiN-coated tools. Accordingly, milling experiments were
performed for 9 different cutting tests, with TiAlN- and TiN-coated tools (at three different cutting
speeds, three different feed rates, constant axial cutting depth and constant radial cutting width).
The milling experiments were carried out under dry machining conditions in order to eliminate the
effect of coolant, and avoid environmental effects. The cutting length of each pass was 140 mm, which
is the length of the CFRP material.

The use of modern tool coatings improves the tribological behavior of the cutting tools during dry
machining. The contact surface properties and wear behavior of the cutting tools are improved by using
tool coatings instead of coolants. To improve the machining performance and lifetime of carbide cutting
tools, a hard coating surface can be obtained using the Physical Vapor Deposition (PVD) technique.
Thanks to single and multilayer conventional coatings, such as TiN, TiAlN, etc., the lifetime and
performance characteristics of the cutting tools are improved. In the milling of CFRPs, delamination
is primarily affected by cutting tool material and geometry. Dynamic loads can lead to the breakage
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and/or wear of cutting tools in the milling of CFRPs [18]. Accordingly, they emerge as a triggering
factor for the occurrence of delamination and other failure mechanisms. For this reason, we used
coated carbide cutting tools in this study in the milling of CFRP composites to increase the wear
resistance and machining performance of cutting tools and to minimize damage to the work pieces.Coatings 2020, 10, 623 5 of 20 
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Table 3. Machining conditions and their ranges.

Experiments
Cutting Speed Feed Rate Radial Depth of Cut Axial Depth of Cut

Vc [m/min] f z [mm/tooth] ae [mm] ap [mm]

1–4–7 100 0.05–0.15–0.25 1 6
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3. Results and Discussion

3.1. Analysis of Tool Wear

3.1.1. TiAlN-Coated Tools

Figure 2 shows the tool wear on TiAlN-coated tools, generated during the milling of CFRP
composite. The resulting wear values (VB) are the maximum values determined from SEM images of
the flank face after using the cutting length of 2800 mm (see Figure 3). Due to the inhomogeneous and
anisotropic nature of CFRPs, their machining behavior differs in many ways from conventional metal
machining, since, for the cutting of CFRPs, tool materials with a high resistance against abrasion are
needed. Namely, the flank wear is more strongly affected by the abrasive wear than the cutting energy.
At the beginning of the fiber cutting process, a full fiber cut happens; however, the cutting edge becomes
more rounded after a certain period. This situation results in flank wear on the cutting tool. Flank wear
is the primary tool wear mechanism that develops when machining CFRP composites [32]. During
milling, the TiAlN coating has been removed at the cutting edge. This is due to stress concentrations
that lead to a cohesive failure in the transient filleted flank cutting wedge region [15]. In addition,
the highest wear values were observed at the feed rate of 0.05 mm/tooth (see Figure 3), and it was
determined that these values decreased with the increasing feed rate, as shown in Figure 2. This is
due to the fact that the tool wear caused by the milling of CFRP depends on the cutting process
time [11,33,34]. In the experimental study, the maximum process time of 131.9 s took place with the
0.05 mm/tooth feed rate and the 100 m/min cutting speed. The process times reduced with increased
cutting speed and feed rate. The shortest process time was 8.8 s, which happened with the machining
parameters of 0.25 mm/tooth feed rate and 300 m/min cutting speed.
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3.1.2. TiN-Coated Tools

Figure 4 shows the tool wear of TiN-coated tools, generated during the milling of the CFRP
composite. The resulting wear values are the maximum values determined from SEM images after
using the cutting length of 2800 mm (see Figure 5). For the cutting parameters used in this study,
the flank wear of the TiN-coated inserts was mainly caused by the abrasion scars on the SEM image
of the flank face (see Figure 5). Similar to the case of the TiAlN-coated inserts, the flank wear was
also detected on TiN-coated inserts. However, for the 0.05 mm/tooth feed rate, the wear VB values
were less, when compared to the TiAlN-coated cutting tool. This can be explained as the TiN coating
of the tool acts as a thermal barrier on the cutting tool, and protects the cutting tool from thermal
cracking [35]. As a result of the experimental study, it was determined that flank wear values decreased
with increasing feed rate. In the milling of CFRPs, the highest flank wear values were measured
at the 0.05 mm/tooth feed rate. This wear occurs due to the hard and abrasive structure of carbon
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The highest wear value (189.30 µm) of the TiAlN- and TiN-coated tools used for milling CFRP
materials was found to be no more than the ISO standard’s flank wear criterion: VB = 300 µm [39].

3.2. Analysis of Delamination Damage Mechanism on TiAlN- and TiN-Coated Tools

We investigated the delamination damages of a CFRP work piece during milling at the specified
machining parameters, and at different angles of the fiber orientation (0◦/45◦/90◦/−45◦). Various
delamination damages were observed in the milling of CFRPs with TiAlN- and TiN-coated tools.
Delamination or interlaminar crack propagation is one of the most feared damage mechanisms in
CFRPs, since it reduces the stiffness and compressive strength of the material, and it is difficult to
detect [40]. This is due to the fact that there is no layer to reinforce the work material at the top of the
CFRP [22,41]. In the milling of CFRP carried out with coated carbide tools, the main work piece damage
is delamination at the edge of the material [21]. During the milling of CFRPs, the cutting tool bends the
fibers out and tries to remove them from the layer. This creates stress between layers, and causes the
layers to separate from the top [42]. During the machinability test, the work piece should be protected
from the damages. However, edge-milling of CFRPs are exposed to delamination due to the abrasive
characteristic of this material. Delamination depth (DD) emerges during the edge-milling of CFRP
material, and it impairs the quality of machined components. This parameter holds importance in
terms of the quality and strength of machined components.

Figures 6 and 7 show the values of delamination depth as a function of cutting speed and feed
rate, and SEM images of the delamination of CFRP obtained with the TiAlN-coated tools. The graph
includes data measured via SEM images, for different machining parameters and after 2800 mm of
chip removal. In our investigation of delamination damage after milling with TiAlN-coated tools,
it was found that the values increased with the increasing feed rate (Figure 6), despite decreasing
tool wear, which was given in Figure 2. This increase in delamination depth can be caused by the
reduced efficiency of milling with the increasing feed rates. Some authors have found that an increase
in delamination depth is caused by the edges of the cutting tools that are in more contact with the
abrasive structure, which depends on the vibration and increased feed rates [43–45]. In the milling of
CFRPs, the hardness and strength differences of the matrix and carbon fibers cause rapid changes in
the cutting forces, which cause different defects in the transition area [41]. In this study, the highest
delamination depth value (310 µm) was obtained with a cutting speed of 200 m/min and a feed rate of
0.25 mm/tooth, while the lowest delamination depth value (94 µm) was obtained with a cutting speed
of 300 m/min and feed rate of 0.15 mm/tooth (Figure 7). When milling the CFRP composite with the
TiAlN-coated tools at a cutting speed of 100 m/min, the delamination depth values increased by 12%
when the 0.05 mm/tooth feed rate was increased by 200%, and the delamination depth values increased
by 81.4% when the 0.15 mm/tooth feed rate was increased by 67%. Therefore, it is understandable that
the fibers can be cut more easily by keeping the cutting speed at a high level.
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Figures 8 and 9 show the values of delamination depth as a function of cutting speed and feed
rate, and SEM images of the delamination of CFRP obtained with the TiN-coated tool. The graph
includes data measured over SEM images for different machining parameters, and after 2800 mm of
chip removal. The work piece behavior during machining with the TiN-coated tool was similar to
that for the TiAlN tool. With an increase milling feed rate, the delamination depth increased, and it
decreased if the cutting speed increased.
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During the machining process, different damages, such as delamination, tool wear, fiber pull-out,
fiber breakage and uncut fibers, occur, which all increase the surface roughness. These machining
failures can be overcome by selecting the appropriate tool geometry and material. Thus, CFRP
composites need to be machined with a sharp tool, otherwise the quality of surface treatment reduces,
and the layers of the composite are separated. In the event that the material cannot be completely
cut, the cracking and separation of the fibers in the CFRP composite may occur [20]. Figure 10 shows
the defects on the CFRP surface that occurred during experiments at high feed rate (0.25 mm/tooth).
With the feed rate increased, the amount of material in the cutting tool increases, and this results in a
deterioration of the machined surface. Therefore, feed rate is the most significant machining parameter
in the milling of CFRPs that affects the roughness. In general, the roughness increases with increasing
feed rate [41,46]. Besides, the surface quality is observable directly during and after machining,
without the need to damage the CFRP surface to reach the machined surface. Namely, machining
quality depends significantly on the machining parameters and cutting tool geometry. During the
milling operation, depending on the changing fiber orientation angle, the adhesive interaction between
the insert and the CFRP composite also changes. Therefore, the insert interacts with different fiber
orientation angles. During the milling experiment on the CFRP composite performed at 0◦ and 90◦

fiber orientation angles, the fibers were cut more easily. In consequence, both the CFRP composite
and the insert suffered no damage due to the milling process at high speed. Despite this, at ±45◦

fiber orientation angles, due to the effect of the intense interaction between the insert and the CFRP
composite, greater surface damage on the work piece may result. This could be explained via the
stacking sequence of different plies in the work piece [47]. Further, regarding tool wear on the cutting
tool, it was required to decrease the cutting speed, which also caused lower surface quality. Since
the fiber orientation angles at ±45◦ react to shear loads, the maximum defect is observed during the
experiment at these fiber orientation angles [48,49].
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Figure 10. SEM images of CFRP surface after machining with TiAlN- and TiN-coated inserts,
at 0.25 mm/tooth feed rates and after using the cutting length of 2800 mm.

In this machinability test, which was applied with TiAlN- and TiN-coated inserts, the wear images
were evaluated after milling with specified machining parameters to investigate the wear of the cutting
tools. The wear images given in Figures 3 and 5 are taken from the center of the cutting tools after using
a cutting length of 10 mm. Milling was carried out 6-mm thick CFRP, so that the contact points of the
cutting tool were 2 mm above and 2 mm below. Figure 11 shows the summary of this condition clearly.
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Due to the frictional heating, during the milling of the CFRP composite, the flank wear of the
cutting tools was observed. The presence of the hard, abrasive fiber inside the matrix of the CFRP
composite causes the abrasion of the cutting tools. Tool wear directly affects the surface quality of
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the machined parts [50]. Due to the highly abrasive nature of the carbon fibers and the low thermal
conductivity of the matrix resin, rapid tool wear can occur even if diamond-coated carbide and multi
crystalline diamond cutting tools are used, because the laminated structure and layers are exposed
to separation as a result of the cutting forces that take place during machining. We can explain this
phenomenon via the fact that during the milling experiment, the surface fibers are bent by the cutting
force. Due to a lack of external support, the fibers are rebounded under the cutting force [40]. Tool
wear can be kept under control with increasing cutting forces. Therefore, tool wear is very significant
during the milling of CFRPs, because if cutting forces increase tool wear increases. The consequence
of this is delamination, which is an undesirable damage mechanism in CFRPs machining [51]. Thus,
the delamination, machining accuracy and surface quality are directly related to tool wear. Furthermore,
the mechanical resistance of carbon fibers is highly related to tool wear [52]. In their study, Hintze
et al. attributed the increase of delamination to the increase in the cutting edge radius of PCD tool,
because the rounded cutting edge increases the cutting forces [53]. Moreover, when the cutting
temperature increases, the delamination depth can also increase, due to the degradation of the resin
used in CFRP [54].

The highest values of flank wear increased in the low processing conditions (100 m/min and
0.05 mm/tooth). Under low machining conditions, the cutting operation took place over the longest time
(131.9 s) to remove the chip from the CFRP composite. During the chip removal process, the cutting
tools remained continuously in contact with the hard and abrasive fiber materials. Due to the increased
interaction at the tool–work piece interface over the long processing period, the tool wear value was
also increased. With increases in the machining parameter values, tool wear rates were decreased,
due to the decreasing time of interaction (Figures 2 and 4). In the case of, the machining done at high
processing conditions (300 m/min and 0.25 mm/tooth), the interaction time was only 8.8 s, and the
lowest tool wear values were found. EDS and elemental mapping images taken from the worn surfaces
of TiAlN- and TiN-coated tools are given in Figures 12–15. The EDS and elemental mapping images
have shown that the depth of the surface area was widened, up to 100 µm. The average surface area
variations and effect can be observed from the figures.
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The selection of the cutting tool materials and machining parameters are largely determined by
the properties of the CFRPs. Due to the specific structural properties of CFRPs, milling is used for
shaping parts made of these materials, but some unwanted damages occur because this process is
discontinuous. Delamination, which is one of these damages, depend on the component of cutting
force normal to the stacking plane in uni/multi directional laminate composites [9]. The delamination
damage, which may happen during the milling process of CFRP, is a failure mechanism that results
in the impaired quality of machined components. As a result of the study, it was observed that the
delamination depth obtained with both coated cutting tools did not exceed 1.5 mm (1500 µm), which is
the acceptance limit in the aviation industry [40,55]. The highest value of delamination depth (310 µm)
was obtained with the 200 m/min cutting speed and the 0.25 mm/tooth feed rate, for the TiAlN-coated
tool. The lowest value (80 µm) was measured for the TiN-coated tool operated at a cutting speed of
300 m/min and a feed rate of 0.05 mm/tooth. In their study, Sheikh-Ahmad et al. reported on edge
trimming operations of CFRPs, and they obtained the best surface quality at high cutting speeds
and low feed rates [22]. According to the delamination damage mechanism, it was found that the
machining of CFRP composites was better at the high cutting speeds and low feed rates. In their study,
Xu et al. found similar results that support this condition [56].

The CFRP is reinforced with carbon fiber bonded with epoxy adhesive. Its structure is not uniform,
so it is difficult to machine. Therefore, the choice of the cutting tool and the optimum machining
parameters are very significant during milling. Since the tool tip does not actually cut into the work
piece, but applies a pressure on it, this results in a series of failures, such as delamination, delamination
depth, etc. [57]. The tool is worn seriously during the milling, and its life is reduced. The high tool
wear and poor surface finish of the work piece result in a poor-quality work piece. CFRP could not
cut the fibers completely due to the insufficient layer-thickness during the machining. Due to the
insufficient layer-thickness during the machining of CFRP, the TiN-coated tool could not cut the fibers
completely. This was because the corner radii of the cutting edges are more rounded. The corner radii
of the TiAlN-coated tool are sharper.

In order to better analyze the delamination depth of CFRP, the SEM investigations of the wear zones
of TiAlN- and TiN-coated tools, as well as the coating–substrate interface, were performed. We found
that the transition regions have different profiles. Typical examples are shown in Figures 16 and 17. It is
thought that these transition regions, which play an important role in the cutting process together with
other parameters, have an effect on delamination damage. Unlike the TiAlN-coated tool, the interface
profile of the TiN-coated tool showed that the wear is large and fluctuating. This could be due to the
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thickness of the coating layer, and the property of having the lowest adhesion. It was observed that the
widths of the tooth-shaped profile formed in this area for the TiAlN-coated tool were 20 and 25 µm.
In some regions, where this value changes, it has been observed that it is further narrowed, while the end
parts were sharpened. This situation may be explained via the higher hardness of TiAlN coatings [58].
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4. Conclusions

Surface damages to CFRP work piece materials, such as burrs, fiber fractures and the delamination
formed during milling, are significant to the quality of the machining process. In the present article,
the tool wear and work piece damage mechanisms in unidirectional CFRP composites used in milling
processes were investigated. Additionally, according to experimental observation, the formation
mechanism of the delamination depth is also analyzed. The salient features and innovative outcomes
of this study have been drawn beneath:

• As reported in various studies, failures, such as delamination, tool wear, fiber pull-out, uncut
fibers and thermal damage, occur during the machining of CFRPs. When compared with other
related works, such in-depth microstructural investigation of these failures has been carried out
for the first time in the present study.
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• During the milling operations, the wear VB arising from the abrasive characteristic of CFRP
composites was detected on TiAlN- and TiN-coated tools. According to the wear results, the highest
wear value (189.30 µm) was obtained on the TiAlN-coated tool, at a 0.05 mm/tooth feed rate and a
100 m/min cutting speed. The lowest wear value (72.50 µm) was obtained on the TiAlN-coated
tool at a 0.25 mm/tooth feed rate and a 300 m/min cutting speed. For the 0.05 mm/tooth feed rate,
the wear VB values were lower when compared to the TiAlN-coated cutting tool.

• In the milling of CFRP composites with TiAlN- and TiN-coated tools, the delamination depth
increases depending on the feed rates, due to the abrasive, heterogeneous structure of the material,
and its resistance against plastic deformation. The results obtained for varying feed rates show
that the best results were obtained with a 0.15 mm/tooth feed rate and a delamination depth value
of 86.21 µm, used on the TiN-coated tool. The highest delamination depth value of 310.41 µm was
obtained on the TiAlN-coated tool at 0.25 mm/tooth feed rate. Feed rate was found to be the most
influential parameter in the machining of CFRP materials. All delamination depth results for the
CFRP composite materials, obtained after milling with coated cutting tools, remained under the
accepted limit in the aviation industry.

• The defects on the CFRP’s surface occurred during experiments at high feed rates (0.25 mm/tooth).
With the feed rate increases, the amount of material in the cutting tool increases, and this results
in a deterioration of the machined surface.

• In terms of fiber orientation angles, at 0◦ and 90◦ orientation the work piece material and the
cutting tool did not suffer any damage. On the other hand, at ±45◦ fiber orientation angles, higher
surface damage was observed during milling.

• SEM images at the delamination depth showed the influence of parameters on surface damage.
Each feed rate caused a different damage; in particular, high cutting speeds led to more visual
damages. Thus, the increase of the amount of material on the cutting tool results in the deterioration
of the machined surface.
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