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ABSTRACT

The machining quality plays a pivotal role in determining the service life of components. In 
this context, the primary focus of the experimental investigation is centered on the impact of 
cutting conditions during edge trimming of carbon fiber reinforced plastics (CFRP) material. 
The ultimate objective of this experiment is to pinpoint the most effective machining 
parameters, specifically the cutting speed, Vc and the feed per tooth, fz, to minimize 
damages during the edge trimming process using actual aerostructural sample components 
composed of CFRP material. Furthermore, the study took into account the issue of tool wear 

on cutting tools. The Design of Experiment 
(DoE) technique, specifically the Taguchi 
L9 orthogonal arrays method, was used to 
conduct this research. It was shown that 
the feed per tooth, fz, and the cutting speed, 
Vc, had the biggest effects on the trimmed 
surface quality as the longitudinal surface 
roughness increased. It was demonstrated 
that the fracture of the pyramidal tooltips in 
router-type tools happened more frequently 
at higher cutting speeds, Vc. The optimal 
machining parameters for minimizing 
damages during CFRP edge trimming were 
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the combination of the feed per tooth, fz at 0.05 mm and cutting speed, Vc at 50 m/min. 
The most significant element influencing the tool’s wear was the cutting speed, Vc. 

Keywords: Carbon fiber reinforced plastics (CFRP), machining conditions, milling, surface quality, tool wear

INTRODUCTION

Due to a few benefits, like being lightweight and having high modulus, specific strength, 
and corrosion resistance, carbon fiber reinforced plastics (CFRP) are becoming a more 
significant and vital material in the aerospace sector. The usage of CFRP materials has 
been on an upward trend over the past year. For instance, the weight of the composite 
structure in the Boeing 777, which entered service in 1995, was only 10 %, whereas the 
aircraft A350 XWB began using over 50 % of the composite structure in 2010 (Hashish, 
2013). This outcome unmistakably demonstrates the interest and demand for the use of 
CFRP by the aerospace sector.

Comprehending the complicated phenomenon of composite behavior, including its 
inhomogeneity and interaction with the cutting tool during machining, is crucial. The 
quality of the machined composite part, such as delamination, cracking, fiber pull-out, and 
burned matrices, may be caused by the machining process. The abrasive character of the 
reinforcement fibers and the necessity of neatly shearing them impose additional demands 
and limitations on the choice of optimal tool materials and shape (Sheikh Ahmed, 2009). 
Surface roughness is one of the measurable factors that significantly affect dimensional 
accuracy, the functioning of the machined composite’s mechanical properties, and the 
overall cost of manufacture. Understanding the kinetics of machining operations and the 
mechanics of material removal is essential to achieving the appropriate surface roughness 
of the machined surface.

Literature Review

Numerous difficulties arise while attempting to determine the proper machining parameters 
for cutting the edges of CFRP material. When milling CFRP, problems with integrity and 
surface finish are common (Sheikh-Ahmed & Shahid, 2013). Surface finish and damage 
are the two characteristics that define the surface quality produced by finish machining 
CFRP. When two panels are assembled in the aerospace industry, a higher degree of surface 
roughness will impact the CFRP’s quality since it cannot bond the two together. On the 
other side, while milling CFRP material, the rapid tool wear brought on by the abrasive 
nature of composite materials provides another challenge—the imperfect machining at a 
faster transverse causes rapid tool wear. The rise in feed rate during machining is widely 
thought to be the primary driver of this issue. The overall tool wear rate is also influenced 
by the depth of the cut (Halim et al., 2017).
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Bi et al. (2022) investigated the wear characteristics of uncoated multiple flutes for 
milling operations. Their research encompassed a range of feeds per tooth, spanning from 
0.01 to 0.15 mm/tooth while keeping spindle speed constant at 3000 rpm. Through a 
combination of theoretical analysis and practical experimentation, the authors proved the 
influence of tool wear on machining performance. They uncovered that the top ply exhibited 
less burr damage, primarily due to the dominance of SLHCE in the top ply cutting process, 
which resulted in less pronounced tool wear, thanks to clearance. In contrast, the bottom 
ply experienced greater cutting dominance by SRHCE, leading to increased damage. 

Duboust et al. (2016, 2017) substantiated that surface quality was most significantly 
affected by the feed rate and the type of tool used. Fiber orientation emerged as a crucial 
factor in the chip removal mechanism and surface damage. Can (2017) indicated that 
inclined machining positions consistently yielded superior along and cross-directional 
surface trimmed quality compared to vertical machining across all cutting conditions. 
Furthermore, in a study by Khairusshima et al. (2017), an optimization study on CFRP 
material milling employing the Response Surface Method (RSM) revealed that the most 
substantial impact on trimmed surface roughness and delamination of the CFRP material 
was the feed rate when deployed helical helix end mill tool. The quality of the trimmed 
surface finish along the machining direction is correlated with a higher feed rate and 
lower spindle speed, which is caused by the increase in the effectiveness of chip thickness 
(Sheikh-Ahmed & Shahid, 2013).

Wang et al. (2016) established that cutting speed played a pivotal role in influencing the 
cutting temperature during CFRP composite material milling. Following cutting speed, feed 
rate and radial depth of cut were identified as secondary factors. In two separate studies, 
Sundi et al. (2019) highlighted that the geometric features of tools, particularly the number 
of teeth or flutes in router-type tools, had a notable impact on the resulting surface quality 
when performing edge trimming on specific CFRP materials. 

More recently, Cunningham et al. (2018) conducted a comparative analysis of Multi-
tooth (MT) or burr tools and Up-Down or Compression Routers (UD) under cryogenic 
conditions. They found that cryogenic machining improved both tool geometries’ average 
surface roughness and delamination length. In a separate study by Kuo et al. (2021), various 
cutting scenarios were modeled during the trimming of composite materials, mainly the 
CFRP. This simulation investigated the impact of cutting circumstances on delayed tool wear, 
vibrations, and the consequent surface integrity while accounting for the deflections caused 
in the cutting tools by bending moments. The study’s conclusions provided an overview of 
the underlying cutting mechanisms in charge of cutting forces and tool flank wear, as well as 
information on how they affect the texture, roughness, and topography of machined surfaces.

In contrast to previous research efforts, the current study analyzes a specific type 
of CFRP material that exhibits distinct characteristics. Notably, this material adheres to 
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aerospace standards. Moreover, the study introduces a unique range of cutting parameters 
distinct from existing literature. The primary objective is to investigate the impact of 
the cutting speed, Vc and the feed per tooth, fz, on the quality of trimmed surfaces when 
using a burr tool for edge trimming this particular CFRP material. The trimmed surfaces 
underwent thorough examination using a surf-tester apparatus to quantify the average 
surface roughness, denoted as Ra. Additionally, microscopy tools were employed to analyze 
the machined surfaces in detail to better understand the underlying processes. The study also 
monitored tool wear rates using appropriate equipment to establish a correlation between 
surface damage and tool wear.

MATERIALS AND METHODS

Methodology Overview

The cutting speed, Vc, and the feed per tooth, fz, were the primary cutting conditions chosen 
for the current work-study. On a real sample of an aerostructural composite panel with the 
specifications stated in the next paragraph, experimental work was done using a router 
tool type. At the conclusion of the research milestone, longitudinal surface roughness and 
tool wear observation were the principal analyses performed. The overall structure of the 
current research work is summarized in Figure 1. 

Figure 1. Illustration of the research methodology overview

Materials 

The thickness of the CFRP specimen used in this work was 3.25 mm, made of unidirectional 
(UD) fabric. It contained 26 plies, including two thin layers of woven glass/epoxy textiles. 
The Hexcel Composite Company’s carbon/epoxy prepreg created the 26 unidirectional 
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plies. The composite was stacked in the following order: [45/135/902/0/90/0/90/0/135/4
52/135]s. The areal density of the carbon plywood was 203 g/ m2, compared to 107 g/m2 
for the glass. While the glass ply was woven, the carbon ply had a single-directional (UD) 
fiber arrangement. The CFRP was compacted using a vacuum pump under controlled 
atmospheric conditions during curing. The laminate was prepared in a mold and then 
placed inside an autoclave. The curing cycle involved heating the temperature to 180°C 
at 3°C/min and maintaining it for 120 minutes. Subsequently, the temperature gradually 
lowered to room temperature at the same rate. The cycle occurred under a pressure of 700 
kPa within the autoclave while being vacuum-bagged and evacuated to 70 kPa. The glass 
had a cured ply thickness (CPT) of 0.08, while the carbon had a CPT of 0.125. Employing 
this curing recipe yields a nominal fiber volume fraction of 60%.

Cutting Tool

Table 1 describes the cutting tool utilized in this project, which has a 6.35 mm diameter. 
It is an uncoated tungsten carbide router or burr tool. The specific tool geometries used 
during the current work’s experimental phases are detailed in Figure 2. There were nine 
tools in total were used, one for each run. 

Table 1 
Cutting tool geometries/details

Diameter
(mm)

Number of 
teeth

Number of helix Angle of the helix (°) Length
(mm)Right Left Right Left

Burr/Router 6.35 10 10 10 30 30 75

Figure 2. Geometry information for the burr or router tool; (a) geometric specifics; and (b) physical 
representation of the tool

(a) (b)

Design of Experiment

One of the statistical methods, the Taguchi method (Orthogonal Array L9), was used to 
arrange the entire experiment. This investigation focused on two machining parameters: the 
cutting speed, Vc and the feed per tooth, fz. The cutting speed, Vc settings were 50 m/min 
(low), 100 m/min (medium), and 150 m/min (high), with feed per tooth, fz set to 0.05 mm 
(low), 0.1 mm (medium), and 0.15 mm (high). In the following formulas, the correlations 

Right hand helix

Left hand helix
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between cutting speed (Vc), spindle speed (N), feed per tooth (fz), and feed rate (Vf) are 
illustrated. On the other hand, Table 2 provides the edge-trimming parameters that were 
used in this research.

Vc = π× D × N
1000

                                                   (1)

 fz = Vf
N 

     fz = Vf
N 

            (2)

where Vc = cutting speed, D = diameter of cutting tool, N =  spindle speed, fz = feed per 
tooth, Vf = feed rate.

Table 2
Machining settings

Run (R) Cutting Speed, Vc (m/min) RPM Feed per Tooth, Fz (mm) Vf (mm/min)
1 50 2526 0.05 125
2 100 5053 0.15 752
3 50 2526 0.1 251
4 100 5053 0.05 251
5 100 5053 0.1 501
6 150 7579 0.1 752
7 150 7579 0.05 376
8 50 2526 0.15 376
9 150 7579 0.15 1128

Taguchi Method

The Taguchi method represents a structured approach essential in experimental design and 
data analysis, particularly concerning Taguchi L9 orthogonal arrays. It is carefully crafted 
to conduct controlled experiments to gain valuable insights into process behavior. Through 
the utilization of this method, researchers concentrate on fine-tuning process parameters to 
achieve optimal output characteristics across diverse materials. At the heart of this approach 
lies the optimization of crucial output attributes such as material surface quality, tool wear, 
and surface roughness (Ra). These attributes play a pivotal role in determining the quality 
and performance of machined components.

Signal-to-Noise (SN) ratios—a crucial component in assessing performance and 
variability—are integrated into the Taguchi approach. SN ratios are useful for evaluating the 
desired output’s quality in terms of noise components and provide a thorough understanding 
of process behavior. When applied with L9 orthogonal arrays, this methodical technique 
promotes a comprehensive understanding of the process under study. It gives researchers 
the ability to maximize parameters and provide better-than-average results. In the end, this 
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approach greatly advances the field overall, improves efficiency, and refines operations 
(Pang et al., 2014; Ramnath et al., 2017).

Surface Roughness Measurement and Tool Wear Observation

The workpiece’s surface finish was measured using a Mitutoyo Surftest SJ-410 surface 
roughness tester. In this study, the assessment of surface roughness was referred to as Ra 
(Arithmetical mean deviation). Longitudinal surface roughness was assessed with each 
measurement’s stylus traveling a distance set to 4 mm. Each machined surface was assessed 
at five measurement sites, and the ultimate average Ra value was computed to quantify 
the level of surface smoothness for each specimen. Figure 3 displays the measurement 
apparatus for determining the quality of the surface roughness. 

Figure 3. Mitutoyo SJ-410 surf tester equipment for surface quality evaluation

roughness.  

 

 
Figure 3. Mitutoyo SJ-410 surf tester equipment for surface quality 

evaluation 

 

An optical microscope, Nikon MM-800, was also used to check each cutting tool’s 
tool wear and learn how each machined surface was finished. With a magnification range 
of 1× to 100×, this microscope made it easier to spot tool wear or damage and provided a 
sharper picture of what was happening on the trimmed surfaces. E-max software attached 
to a personal computer eased the image capturing and data processing when the specimen 
was under the microscope. Both surface damage observations and tool wear assessments 
were made with the Nikon MM-800 microscope, as shown in Figures 4 and 5. The burr 
tooltip, which is the primary area of engagement during the machining process, was the 
focus of the evaluation of the tool wear following the CFRP trimming. 

RESULTS AND DISCUSSION

When specifying the surface quality of machined CFRP material in production, surface 
roughness plays a significant impact. The surface layer can be quickly altered during 
manufacturing, which alters the composite’s mechanical characteristics. 



Syahrul Azwan Sundi, Izzat Afandi Abdul Hakim, Mohd Farid Mahadi, Noramin Nazar Shah, 
Raja Izamshah, Intan Sharhida Othman, Mohd Shahir Kasim and Mohd Nor Hafizi Noordin

142 Pertanika J. Sci. & Technol. 32 (S2): 135 - 149 (2024)

In general, Figure 6 demonstrates that an increase in the feed per tooth, fz, will cause 
an increase in the Ra value of surface roughness for all three cutting speeds, Vc applied. 
Surface roughness rises proportionately as the feed per tooth, fz, rises. The lowest average 
Ra value of surface roughness was seen in run 8, which has a cutting speed, Vc at 50 m/min 
and the feed per tooth, fz, at 0.15 mm. The surface roughness measurement, Ra, generated 
the maximum value for the highest cutting speed, Vc at 150 m/min and the highest feed 
per tooth, fz, at 0.15 mm, represented by run 9. 

A rougher finish on the trimmed surface resulted from increased cutting speed, Vc and 
the feed per tooth, fz. This finding is consistent with a prior study by Karataş and Gökkaya 
(2018), who found that greater feed rates, Vf, were associated with increased trimmed 
or milled surface quality. In contrast, higher cutting speeds, Vc, were associated with a 

Figure 5. Observation of tool wear using the Nikon MM-800 optical microscope

Figure 4. Examination of surface damage on trimmed surfaces using the Nikon MM-800Figure 4. Examination of surface damage on trimmed surfaces using the 
Nikon MM-800 

 

 
Figure 5. Observation of tool wear using the Nikon MM-800 optical 

microscope 

Enlarged Micrographs 

Tool to be observed 
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similar decrease. In contrast, Bi et al. (2022) findings showed that lower feed rates, Vf 
(0.01 mm/tooth) or lower feed per tooth, fz (0.01 mm/tooth), led to more severe tool wear 
and lower-quality machining.

Taguchi—Signal to Noise (SN) Ratio Analysis 

The means of the SN ratio for the smaller, better qualities of surface roughness, as determined 
by Minitab software, are shown in Figure 7. The graphs’ slope unequivocally demonstrates 
that feed per tooth, fz, is the second most important element influencing the trimmed surface 
quality after cutting speed, Vc. Of all the cutting settings examined, the best combination for 
achieving the best surface roughness was 50 m/min of cutting speed, Vc and 0.05 mm of feed 
per tooth, fz. Both settings were the first or the smallest settings overalls. 

Figure 6. Average surface roughness, Ra value vs. number of Runs (refer to Table 2)

Figure 7. Main effects plot for signal-to-noise (SN) ratio (data means)
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Microscopy Evaluation

From looking at the microscopic photos of the machined surface in run 3 operated at 
a cutting speed, Vc of 50 m/min and a feed per tooth, fz of 0.10 mm, some areas had 
experienced fiber pull-out (Figure 8a). A clear illustration of a well-machined surface 
with no obvious flaws is shown in Figure 8(d). However, Figure 8(b) reveals some areas 
exhibiting matrix smearing and visible signs of matrix burnout. Notably, the extent of 
damage increased with higher spindle speeds and feed rates.

Figure 8. Overall microscopic images and SEM images of the trimmed surface

(a) Vc =  50 m/min  fz = 0.10 mm (b) Vc =  100 m/min  fz = 0.15 mm (c) Vc =  150 m/min  fz = 0.15 mm

(d) Vc =  50 m/min  fz = 0.15 mm (f) Vc =  50 m/min  fz = 0.15 mm(e) Vc =  150 m/min  fz = 0.15 mm 

R1

R5

R9

R8

R7

R2

R6

R4
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Matrix degradations
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Conversely, the combination of trimming parameters featuring a cutting speed, Vc of 
150 m/min and a feed per tooth, fz of 0.15 mm in run 9 resulted in the most severe surface 
damage, as evident from the microscopic and SEM images in Figure 8(e). These images 
depict most fibers remaining uncut and illustrate the poorest surface integrity among all 
the tested conditions.

Tool Wear Observation

The examination of the burrs tool after the CFRP trimming process revealed fractures in the 
tooltip, and the corresponding data is presented in Table 3. It is evident that the cutting tool 
was subjected to a lower cutting speed, and Vc exhibited minimal damage compared to the 
others. Runs 2, 4, and 5, where moderate cutting speed, Vc, at 100 mm/min, was utilized, 
showed moderate damage to the tools. However, the most significant tool fractures were 
observed in runs 6, 7, and 9, where the damage to the tooltip was notably pronounced. 
This underscored the relationship between higher cutting speed, Vc and increased tool 
tip fractures. Additionally, it became apparent that the tool’s wear condition influenced 
surface roughness values, with higher tool wear correlating with elevated surface roughness 
readings. Figure 9 depicts the photomicrograph of run 9, which appeared to align with the 
observed surface finish.

Furthermore, the variation in applied feed rates also generally impacted tool wear. 
These findings aligned with those of Cunningham et al. (2018), who reported that surface 

Table 3 
Images of tooth fracture

RUN No. Tooth Fracture RUN No. Tooth Fracture

(1) (2)

(3) (4)
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RUN No. Tooth Fracture RUN No. Tooth Fracture

(5) (6)

(7) (8)

(9)

Table 3 (continue)

Figure 9. (a) Fractured tooth; and (b) tooltip of pyramid tooth still obviously seen

 

   

Figure 9. (a) Fractured tooth (left) and (b) tooltip of pyramid tooth still 
obviously seen (right) 

Tooth Fracture 

Fresh Tip 

 

   

Figure 9. (a) Fractured tooth (left) and (b) tooltip of pyramid tooth still 
obviously seen (right) 

Tooth Fracture 

Fresh Tip 

(a) (b)
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roughness worsened with increasing tool wear, primarily affecting the CFRP panel. In a 
separate study by Devan et al. (2022) and Urresti et al. (2022), it was noted that tool wear 
was primarily influenced by abrasive wear and the rounding of the cutting edge, attributed 
to the hard abrasion of carbide grains. The study also concluded that tool life is inversely 
proportional to cutting speed, Vc feed speed, Vf and depth of cut.

CONCLUSION

This study clarifies the effect of the cutting speed, Vc and the feed per tooth, fz, on the 
edge-trimming of CFRP material during the machining process. 

1. The cutting speed, Vc, as the longitudinal surface roughness rose with greater feed 
per tooth, fz, was shown to have the greatest influence on the trimmed surface 
quality. 

2. It was shown that at greater cutting speed, Vc, the fracturing of the pyramidal 
tooltips in router-type tools occurred more frequently. 

3. Based on the SN ratio study, it was determined that the combination of the cutting 
speed, Vc and the feed per tooth, fz at level 1 (50 m/min and 0.05 mm) resulted in 
the best machining parameters for reducing damages during CFRP edge trimming.

4. The cutting speed, Vc, has been shown to have the greatest influence on the effect 
of the tool damage during CFRP edge trimming. 
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