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The quality of the machining is measured from surface finished and it is considered as the most important aspect in composite
machining. An appropriate and optimummachining parameters setting is crucial during machining operation in order to enhance
the surface quality. The objective of this research is to analyze the effect of machining parameters on the surface quality of CFRP-
Aluminium in CNC endmilling operation with PCD tool.Themilling parameters evaluated are spindle speed, feed rate, and depth
of cut. The L

9
Taguchi orthogonal arrays, signal-to-noise (𝑆/𝑁) ratio, and analysis of variance (ANOVA) are employed to analyze

the effect of these cutting parameters.The analysis of the results indicates that the optimal cutting parameters combination for good
surface finish is high cutting speed, low feed rate, and low depth of cut.

1. Introduction

Machining parameters and process of composite materials
are important to produce the necessary part for resulting
assembly and achieved required geometrical shapes and
dimensional tolerances. Conventional machining process
such asmilling, drilling, turning, abrasive cutting, and grind-
ing are frequently used for producing complex characteristic
of composite part. Normally it is done by removing materials
in term of chips formation. The shape and size of chip
removed, material removal rate, and excellent surface finish
are directly related to the kinematic relationship between the
cutting tool and workpiece [1].

Commonly, composite product is produced with near-
net shapes and requires a secondary process. The manufac-
turer will use milling process for removing the unnecessary
material to the required geometrical shape, dimensional
tolerances, and high quality finished. As mentioned in [2],
milling operation is used as a corrective machining process
in composite manufacturing so that good and high quality
surfaces are achieved.The type of fiber used in composites has
greater influence in selection of cutting tools and machining

parameters. It is important to ensure that the tool selected for
machining process is suitable for material. The knowledge of
cutting mechanism is essential to optimize the machinability
in milling. Surface roughness has a main influence on
dimensional precision, performance of mechanical pieces,
and production costs [3]. For these reasons, themanufacturer
are carried out for optimizing the cutting condition to
reach the specific surface roughness [4–6]. The demand for
high quality and fully automated production focuses on the
surface condition of product manufactured especially the
roughness of the machined surface due to the effect on
product appearance, function, and reliability and importance
to be consistent in the tolerance and surface finish [7].
Surface roughness also influences diagnosing of the stability
of machining process where reducing the surface quality may
indicate theworkpiecematerial nonhomogeneity, progressive
tool wear, cutting tool chatter, and so forth [8].

Previous works from various researchers reported that
the surface roughness and delamination factor are strongly
dependent on cutting parameters, tool geometry, and resul-
tant machining force [9–11]. In every machining process,
cutting speed had strong influence on the quality of surface
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finish. Most of the researchers found that increasing of
cutting speed improves the surface finish where the surface
roughness is decreased and at the same time machinability is
improved [4, 9–12]. Gökkaya [12] found that the best cutting
speed to obtain the minimum roughness average (𝑅

𝑎
) is in

the range of 200m/min for all feed rates. Santhanakrishnan
et al. [9] found that the minimum value of 𝑅

𝑎
is on the

highest speed which is 500m/min and 0.10mm/rev of feed
rate. However, feed rate is more dominant in determining
the surface roughness of machined product. The increasing
of feed rate leads to the increasing of surface roughness which
decreases the quality of surface finish [4, 5, 9, 13–16]. In
end milling, the use of high cutting speed and low feed rate
(0.01mm per tooth) is recommended to obtain better surface
finish for a specific test range [14]. Al Hazza and Adesta [15]
defined that the lowest feed rate (0.05mm rev−1) and highest
cutting speed caused the optimal surface roughness value.

In order to get good surface quality, it is necessary to use
optimization technique to find optimal machining parame-
ters. This paper investigates the effect of machining param-
eters on the quality of surface finish of CFRP-Aluminium
composite laminate using Taguchi design of experiment
(DOE) method. Taguchi method is able to systematically
formulate the experimental layout, analyze the considerable
influence of each experimental parameter using statistical
analysis of variance (ANOVA), and after all determine the
optimal parameters combination to yield the best machining
condition. Taguchi used the signal-to-noise (𝑆/𝑁) ratio as
the quality characteristic of choice. 𝑆/𝑁 ratio can represent
the average (mean) and variation (standard deviation) of
the experimental results [9, 10]. The machining parameters
involved in this experiment are cutting speed, feed rate, and
depth of cut. The main objective is to find the combination
of machining parameters to achieve low surface roughness
during end milling.

2. Material and Method

In the present work, a series ofmachining tests are carried out
usingHAASCNCMillingVF-6machine to do themachining
operation of CFRP-Aluminium composite laminate. The
machining processes are performed under dry conditions.
Meanwhile, the workpiece materials having the size 100mm
× 100mm × 7 ± 0.5mm is made by the combination of
carbon fiber reinforced polymer (CFRP) and aluminium
alloy 2024-T3. In this experiment, the selected cutting tool is
polycrystalline diamond (PCD) endmill with 6mmdiameter
and 0.2mm corner radius.

2.1.Workpiece Fabrication. Theworkpiece for the endmilling
experiments is fabricated using two layers of aluminium alloy
2024-T3 and 18 layers of unidirectional carbon fiber (UDCF)
prepregs as the epoxy resins are the matrix material. The
CFRP-Aluminium composite laminates are fabricated using
autoclave process with the following parameters: pressure 85
+ 15/−0 psi, vacuum 22Hg, temperature 355∘F, curing time
120–135min, and heating and cooling rate 0.3–4.0∘C/min.
This process provides higher volume fraction and reduced
voids in terms of the final quality of the laminates produced
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Figure 1: Scheme of CFRP-Aluminium laminate.

Total cured thickness: 1.2mm (6 plies)
Nominal cured thickness: 0.2mm/ply
CFRP ply

Thickness: 1.2mm
Aluminium plate

Figure 2: Final workpiece for experiment.

as well as having a safer and cleaner fabrication environment.
During the fabrication, the UDCF prepregs are laminated
in 0∘, 45∘, and 90∘ directions and layered with Al 2024-T3
alternately. Figure 1 shows the layup arrangement of CFRP-
Aluminium composite laminates. After curing process, the
composite laminates are cut and trimmed into required size:
100mm × 100mm × 7mm. Figure 2 shows the workpiece for
this experiments.

2.2.Milling Process. As previouslymentioned, themachining
operations are carried out using HAAS CNC Milling VF-6
machine as shown in Figure 3(a) under dry condition. An
end mill used in this experiment is double tooth cutter with
cutting edges of PCD; see Figure 3(b). The numerical control
(NC) codes are generated using MASTERCAM software.
The codes contain the machining parameters such as cutting
speed, feed rate, and depth of cut and the info needed
like machining period, type of workpiece material, and type
of cutting tool. Figure 4 shows the tool engagement on
workpiece. The sections that need to be machined and the
workpiece after being machined are shown in Figures 5(a)-
5(b). Each section gives different effect onmachining process.

(i) Section 1 (S1) represents the effect of machining on
pocket.

(ii) Section 2 (S2) represents the effect of machining on
corner part.

(iii) Section 3 (S3) represents the effect of machining on
simple part.

2.3. Surface Roughness Measurement. The centre line average
(𝑅
𝑎
) is commonly used for surface roughness measurement

using MarSurf PS1 as shown in Figure 6. This device is a
compact roughness measuring instrument for mobile use.
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Figure 3: (a) HAAS CNC milling machine; (b) PCD end mill with double tooth cutter.
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Figure 4: Tool engagement on workpiece material.

The maximum measuring range of MarSurf PS1 is 350𝜇m
(0.014 in) (−20𝜇m to +150 𝜇m) (−0.008 in to +0.006 in). The
measurements are made along the feed direction of the
milled surface and the 𝑅

𝑎
values are the average of five

measurements for each section.

3. Experimental Design

The experiment is performed to investigate the effect of one
or more factors of process parameters on quality of surface
finish. In this study, Taguchi design of experiment (DOE) is
used to design the experimental matrix. Taguchi method is a
systematic method to plan the experiment based specially on
design of orthogonal array (OA) that can significantly reduce
the number of experiments but in highly acceptable results.

The three important machining parameters involved in
this experiment are cutting speed, feed rate, and depth of cut,

which affected the surface roughness𝑅
𝑎
ofmachined surface.

Three different levels, 1 (low), 2 (medium), and 3 (high), of
each parameter are selected for experimentation which rep-
resent the typical range of machining parameters employed
in industry using PCD cutter.The range of machining condi-
tions is selected based on the range suggested by the cutting
tool manufacturer, VHF Camfacture AG. By considering the
workpiece consisting of two different materials, the range of
each parameter has to be in the range of aluminium and
carbon reinforced plastic (CRP). The selected experimental
parameters and their levels are indicated in Table 1.

In traditional full factorial, there are 27 experiments
needed to complete all the experimental works of three
factors and three levels. However, by using Taguchi method,
with selected parameters and levels, current parametric study
could be well performed using L

9
OA where only nine

experiments should be run to complete the array.

4. Results and Analysis

The objective of this experiment is to optimize the milling
parameters to get minimum surface roughness of machined
surface using the smaller the better characteristics. Table 2
shows the actual data for surface roughness of three different
sections (S1, S2, and S3) with their calculated 𝑆/𝑁 ratio,
whereas Tables 3(a)–3(c) show the mean 𝑆/𝑁 ratio for each
level for S1, S2, and S3, respectively.Their data are then plotted
as shown in Figures 7(a)–7(c), respectively.

The quality characteristic for surface roughness is the
smaller the better. The 𝑆/𝑁 ratio of each experimental run
is calculated using the following equation:

𝑆/𝑁 = −10 log(1
𝑛

𝑛

∑

𝑖=1

𝑥
2
) , (1)

where 𝑛 is the number of observations and 𝑥 is the observed
data.

The surface roughness data are analyzed using Taguchi
method. Taguchi suggested analyzing the means and 𝑆/𝑁
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Figure 5: (a) The sections that need to be machined; (b) workpiece after being machined.

Table 1: Machining parameters and levels.

Factor Level
1 2 3

A: spindle speed (RPM) 3000 4000 5000
B: feed rate (mm/min) 800 1200 1600
C: depth of cut (mm) 0.2 0.3 0.375

Figure 6: Surface roughness measuring procedure.

ratio using conceptual approach that concerned graphing the
effect and visually identifying the factors that come out to
be significant without using ANOVA to make the simplest
analysis. Analysis of the effect of machining parameters is
carried out on 𝑆/𝑁 ratios of machinability output using
response table and analysis of variance (ANOVA). Response
table allowed the direct identification of parameters effect to
the surface roughness by viewing the difference between the
maximum and minimum 𝑆/𝑁 ratio values. The higher the
difference is, the stronger the influence the factor will have
on surface roughness.

The three sections show the same pattern of optimum
machining parameters even though the𝑅

𝑎
values are different

in each section. Combination of feed rate and cutting speed
provides the strongest effect on 𝑅

𝑎
where feed rate is the

dominant factor at 62.67% for S1, 49.49% for S2, and 52.34%
for S3, and cutting speed is the dominant factor at 17.24% for
S1, 22.28% for S2, and 25.72% for S3 as shown in ANOVA in
Tables 4(a)–4(c).

For further understanding the effect of main parameters,
the surface plots of surface roughness against the parame-
ters are created in Figures 8(a)–8(c). The figures show the
interaction of feed rate and spindle speed to the surface
roughness. It is found that the higher spindle speed may
decrease the surface roughness. The highest values of 𝑅

𝑎
are

foundwhen the feed rate = 1600mm/min and spindle speed =
3000 rpm. Generally, the combination of high spindle speed
and low feed rate produces better surface finish, supported
by previous findings of others. In the scanning electron
microscope (SEM) images as shown in Figure 9, it is apparent
that sharp and brittle fractures of fiber indicate the failure
modes. From the figure, it is found that the highest speed and
lowest feed rate give the better surface finish.
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Figure 7: Signal-to-noise ratio graph of surface roughness.

Table 2: Experimental result and the calculated S/N ratio.

Number of experiments Factor Surface roughness (𝑅
𝑎
) Calculated S/N ratio

A B C S1 S2 S3 S/N S1 S/N S2 S/N S3
1 1 1 1 0.6612 0.7418 0.7754 3.59334 2.59426 2.20948

2 1 2 2 0.869 0.9374 0.958 1.21960 0.56150 0.37269

3 1 3 3 1.138 1.1494 1.054 −1.12285 −1.20942 −0.45681

4 2 1 3 0.9296 1.0348 0.9576 0.63408 −0.29713 0.37632

5 2 2 1 1.0414 1.2034 1.0432 −0.35235 −1.60820 −0.36735

6 2 3 2 1.088 1.0924 1.1206 −0.73258 −0.76763 −0.98901

7 3 1 2 0.4812 0.456 0.5072 6.35349 6.82070 5.89642

8 3 2 3 0.8992 0.992 0.9578 0.92287 0.06977 0.37450

9 3 3 1 1.088 1.1108 0.9902 −0.73258 −0.91272 0.08554
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Figure 8: Effect of feed rate on surface roughness at different spindle speed.

5. Discussions

Surface roughness plays an important role in many areas
and one of the factors of great importance in evaluation of
machining accuracy. Machining parameters such as cutting
speed, feed rate, and depth of cut have significant influence
on the surface roughness for a given machining setup. The
mechanism of machining process in CFRP-Aluminium com-
posite is due to the combination of tool geometry, bending
rupture shear, and plastic deformation and the mechanisms
are dependent on the fiber orientation, the toughness of fiber
and aluminium, and the flexibility of metal and fiber. These
mechanisms form a surface texture on the workpiece [17].

The variation of surface roughness with respect to the
machining parameters indicates that the surface roughness

fluctuated for various spindle speed, feed rate, and depth of
cut.The surface roughness is better at high spindle speed, low
feed rate, and low depth of cut.With reference to Figure 9 the
micrographs of workpiece surfaces aftermachining operation
with different parameters. The micrographs show the surface
profile obtained from low, medium, and high spindle speed
and feed rate.The surface roughness is rapidly increased at the
highest feed rate.The increase of feed rate leads to the increase
of heat generated and thus tool wear which resulted in the
higher surface roughness. The highest feed rate also results
in increased chatter and produced incomplete machining at
faster traverse and causes a higher surface roughness [5, 18].

The surface roughness data are analyzed using conceptual
signal-to-noise (𝑆/𝑁) ratio approach.The use of 𝑆/𝑁 ratio for
selecting the combination levels for surface roughness value
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(a) Speed = 3000 RPM; feed rate = 1200mm/min;
depth of cut = 0.3mm

(b) Speed = 4000 RPM; feed rate = 1600mm/min;
depth of cut = 0.3mm

(c) Speed = 5000 RPM; feed rate = 800mm/min; depth
of cut = 0.3mm

Figure 9: Scanning electron micrographs of the machined surface.

Table 3: (a) Response table for average S/N ratio for S1. (b) Response table for average S/N ratio for S2. (c) Response table for average S/N
ratio for S3.

(a)

Factor Level (S/N) Max–Min Rank
1 2 3

A 1.23003 −0.15028 2.18126 2.33155 2
B 3.52697 0.59671 −0.86267 4.38964 1
C 0.83614 2.28017 0.14470 2.13547 3

(b)

Factor Level (S/N) Max–Min Rank
1 2 3

A 0.64878 −0.89099 1.99258 2.88357 2
B 3.03928 −0.32564 −0.96326 4.00254 1
C 0.02445 2.20486 −0.47893 2.68379 3

(c)

Factor Level (S/N) Max–Min Rank
1 2 3

A 0.70845 −0.32668 2.11882 2.44550 2
B 2.82741 0.12661 −0.45343 3.28083 1
C 0.64256 1.76003 0.09800 1.09599 3
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Table 4: (a) ANOVA result for S1. (b) ANOVA result for S2. (c) ANOVA result for S3.

(a)

Response factor Sum of square Degree of freedom Mean square/variance Ratio (𝐹) % contribution
A 8.24621 2 4.12311 3.31265 17.23556
B 29.98511 2 14.99256 12.04554 62.67243
C 7.12354 2 3.56177 2.86165 14.88905
Error 2.48931 2 1.24466 1 5.20296
Total 47.84418 8 100

(b)

Response factor Sum of square Degree of freedom Mean square/variance Ratio (𝐹) % contribution
A 12.49168 2 6.24584 3.45397 22.27946
B 27.74957 2 13.87479 7.67280 49.49258
C 12.21027 2 6.10514 3.37616 21.77756
Error 3.61662 2 1.80831 1 6.45040
Total 56.06814 8 100

(c)

Response factor Sum of square Degree of freedom Mean square/variance Ratio (𝐹) % contribution
A 9.04112 2 4.52056 2.65674 25.72415
B 18.39459 2 9.19729 5.40526 52.33702
C 4.30762 2 2.15381 1.26580 12.25622
Error 3.40309 2 1.70155 1 9.68261
Total 35.14642 8 100

recommends the use of low value of feed rate in order to
get good surface finish. Feed rate is found to be the most
significant effect to produce theminimumvalue of arithmetic
average surface roughness (𝑅

𝑎
).Thepresented statistical anal-

ysis of factorial effect recommended that the combination of
feed rate and cutting speed has significant effect on 𝑅

𝑎
. The

𝑅
𝑎
values apparently increased with the increase of feed rate

as shown in Figure 8, whereas the marginal improvement of
𝑅
𝑎
regarding the increasing of cutting speed. As mentioned

before, feed rate has more dominant influence on 𝑅
𝑎
than

cutting speed and depth of cut due to the influence of mech-
anism of chip formation [11]. The velocity of chip is faster at
high cutting speed and low feed rate that lead a shorter time
for the chip to be in contact with the new machined surface
and the probability of the chip to left over the new formed
surface is small [14]. The S3 has higher 𝑅

𝑎
value compared to

𝑅
𝑎
of S1 and S2. The stiffness of workpiece is reduced during

machining S3 part due to the change of workpiece thickness,
causing the increasing of𝑅

𝑎
and percentage error. S1 gives the

best result of surface roughness due to the theory provided by
Ghani et al. [19] that the cutting process should proceed from
the least supported area to the best supported area which
improves the stability of workpiece stiffness.

6. Conclusion

This study has presented the experimental investigation of
end milling CFRP-Aluminium composite laminate using
Taguchi design of experiment method.The following conclu-
sions can be drawn based on the results obtained:

(i) Feed rate has themost dominant factor in influencing
the surface roughness, 𝑅

𝑎
, followed by spindle speed

with each factor contributing as follow: S1 = 62.67%,
S2 = 49.49%, S3 = 52.34% and S1 = 17.24%, S2 =
22.28%, S3 = 25.72%, respectively.

(ii) The dominant effect of feed rate on surface roughness
is possibly accredited to the different mechanism of
chip formation at different feed rate.

(iii) SEM images are used to verify the surface integrity
and morphology of the machined laminates.

(iv) The influence of depth of cut on surface roughness is
insignificant.

(v) The parameters considered in the experiments are
optimized to achieve minimum surface roughness
using response table, normal probability plot, and
analysis of variance (ANOVA) technique.
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