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Abstract

One of the important interests in the machining is attaining better surface roughness as well as dimensional
accuracy. Polymer materials are continuously displacing the conventional materials. Their machining behavior is different
in many aspects from machining of conventional metallic materials. Polymer based composite materials have superior
properties for mechanical strength and stiffness, such as high strength-to-weight ratio and high stiffness-to-weight ratio.
Fiber reinforced polymer composite materials are the one which are produced closer to the required shape, further
machining is often necessary to achieve expected surface characteristics. This experimental study targets the machining of
carbon fiber reinforced polymer material made into the form of tube. It examines various process parameters such as cutting
speed, feed and depth of cut and their importance in deciding the surface roughness. Surface roughness was measured after
machining is carried out under specified machining conditions. This experimental study focuses on the prediction of
machining parameters that yield better surface characteristics in order to avoid machining of hard materials such as fiber
reinforced composite materials so that enormous money spent in machining could be saved to some extent. For prediction
this experimental study makes use of response surface methodology. The Taguchi method is used to solve many engineering
problems. This work uses the Taguchi’s orthogonal array method to find out the number of experiments to be carried out for
turning operations. Also the analysis of variance is used to investigate the cutting parameters. In addition to the optimal
cutting parameters for turning operations, the main cutting parameter that affect the cutting performance in turning
operations could be found out.
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Nomenclature

R, Surface roughness (um)
\Y cutting speed (m/min)

f feed (mm/rev)

d depth of cut (mm)

T tool nose radius (mm)

1. Introduction

Achieving desired quality on a machined surface itself is a general problem faced by engineers and scientists in
manufacturing sector. In specific, achieving it within the prescribed limitations on machine tool, cost involved in machining
and time spent in machining is seldom achieved [1]. Further it will be difficult to achieve some quality characteristics such
as surface roughness. Because, there are many factors those govern the surface roughness of any machined component. The
factors may include but not restricted to work piece material, cutting tool material, cutting tool nomenclature, machining
parameters such as cutting speed, feed and depth of cut, condition of machine, coolant, environmental condition, precision
of machine tool, etc., but machining parameters are the easiest factors that may be adjusted so as to attain a closer expected
performance.

The above mentioned discussion is valid only for conventional materials like metals which are homogeneous and
isotropic. Homogeneous means same density in all directions and isotropic means same properties in all directions.
Machining and attaining required surface roughness on unconventional materials such as fiber reinforced materials which
includes polymer matrix composites, ceramic matrix composites and metal matrix composites, etc., is difficult [2, 3]. The
reason for this difficulty is their nature in which they are made. A composite material may be defined as ‘a material system
composed of a mixture or combination of two or more macro-constituents that differ in form and chemical compositions and
are inseparable from each other’[4]. Matrix is of ductile in nature and fiber is of brittle in nature. Matrix is to transport the
load and the fiber is to carry the load which acts on the material Matrix and fiber may be with any composition by which it
could be made. Depending upon the composition their properties, performance varies. This leads to an uncertainty on their
performance.

The components manufactured by carbon fiber reinforced polymer (CFRP) composites require machining to attain
desired surface characteristics [5]. Surface quality is always accompanied with the surface roughness which can be
determined by measuring arithmetic average of surface roughness. Surface roughness is defined as the surface irregularities
found on the surface of machined material after a machining operation is carried out. The surface roughness is represented
by the symbol, Ra. The surface roughness is considered so important because it decides the reliability of machined
component in high strength applications, it severely affect the strength and chemical resistance of the materials [6].

Significant influence of surface roughness is realized on solid bodies particularly at their contact regions due to
contact stresses, wear, and friction and lubrication conditions [7]. Surface roughness is found to be a key design feature in
many applications, which includes fasteners, aesthetics parts, precision fits and parts which are subjected to fatigue loads
[8]. One of the reasons for the composite materials contain more surface roughness on its machined surface is due to its
inhomogeneity. That is varying properties at different points. Composite materials are more flexible in structural design due
to their higher specific strength stiffness and fatigue limit [9].

Many researchers have worked on CFRP machining and study on the effect of their machining parameters. First
theoretical work was taken up on fiber reinforced polymer FRP by Everstine and Rogers [10] on plane deformation, which
was intended to find out the distribution of stress and displacement when machining. The surface quality of machined FRP
material is determined by the fiber, matrix material in which the fiber is reinforced and the strength of bonding between
them. Birhan Isik [11] carried out experimentation to investigate the surface roughness of unidirectional fiber reinforced
plastic composites with the cermets cutting tool and expresses his concluding remark that the influence of depth of cut have
only a least significant influence on surface roughness, but the cutting speed and feed rate.
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When Palanikumar [12] conducted experiments and carried out analysis on the effect of cutting parameters to
examine the surface roughness by using Taguchi method it was noticed that the feed rate played a key role. Palanikumar et
al. [13] attempted to do turning operation with two types of FRP tubes, of which one is made by hand lay up process and the
other by filament winding process, with the help of PCD tool, comes out with the findings that the surface roughness goes
up when feed rate is increased, but it falls down with the cutting speed. Authors also have attempted to conduct experiment
on carbon fiber reinforced polymer composites using various machining conditions with the help of different cutting tool
materials [14,15]

This experimental study focuses on the determination of process parameters and their combination for better
surface roughness in machining carbon fiber reinforced polyester (CFRP) composites. This study uses Taguchi’s
methodology which includes orthogonal array for carrying out experimentation and signal to noise ratio to identify the trend
of process parameters and the highly influential parameter.

2. Method of experimentation

The objective of this experimental study was to determine the influence of cutting parameters on carbon fiber
reinforced polyester resin when carrying out turning operation. Carbon fiber in the form of roving is reinforced by dipping
into the polyester resin and filament wound with the orientation angle of 45° alternatively to produce a cylindrical tube. An
unsaturated polyester resin was used by adding suitable hardener and accelerator. The CFRP composite material specimen
used for conducting turning experiments is shown in the Figure 1

Figure 1. CFRP composite material used for experimentation

The cutting tool used was cubic boron nitride (CBN), which is shown in Figure 2. These tools are generally used
for machining harder materials specifically for the finish hard turning, alloy steels, high speed tool steels, die steels, bearing
steels, case-hardened steels, etc., [16, 17].

In the phase of designing machining parameters three important parameters namely cutting speed, feed and depth
of cut were chosen though there are many that are affecting surface roughness. The cutting conditions used for machining
composite material and their levels were provided in the Table 1.

Table 1. Machining conditions and their levels

Levels Cutting speed (m/min) Feed (mm/rev) Depth of cut (mm)
1 100 0.05 0.50
2 200 0.10 0.75
3 300 0.15 1.00

The composite material was turned on a lathe (Make NAGMATI, India) with the spindle power of 2.25 kW having
a rotational speed range between 54 rpm to 1200 rpm. Machining was carried out under dry environmental conditions. Work
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piece material was held in between head stock and tail stock for want of stability of work piece to avoid excess vibration
caused due to the length of the work piece. Machining was done for the duration of 1.5 min with three replications.

The surface roughness measured was the commonly used and most popularly known parameter is the average
surface roughness Ra. Taylor Hobson roughness tester developed by Time Group Inc., equipped with a clear display of all
measurement parameters and profile graphs on LCD monitor and Stylus Tip Radius of 2 pm was used for this study. The
roughness tester was set to a cut-off length of range 0.8mm.

[

Figure 2. Cutting tool and tool holder used for experimentation

The Taguchi method was used to determine the best combination of process parameters in machining CFRP
material. It uses orthogonal array to plan the experiment with a lowest number of experiments to be carried out [18,19]. This
leads to the economical experimentation and analyze the impact of process parameters [19, 20].

3. Methodology

The various machining parameters and its levels in the form of coded form used for machining CFRP material and the
orthogonal array used by Taguchi [22] was used to conduct the experimental have been given. Statistical design of
experimentation technique as well as least square fitting method for model generation has been made use in response
surface methodology [23, 24].

The surface roughness may be calculated from the known relation [23] as:
Ra=(0.0321 X f) /R (1)
where Ra, the surface roughness in um; f, the feed in mm/rev; and R, the tool nose radius.

But the functional relationship between the surface roughness and independent variables cutting speed, feed and depth of
cut may be described in a following way:
Ra = CF’DYV'T® )
where Ra, the surface roughness in pm; C, the constant; F, the feed in mm/rev; D, the depth of cut; V, the cutting speed; T,
the tool nose radius and p,q,r,s are constants, which are to be derived.

Surface roughness relationship may be written in the linear form as follows:
N = BotBratPaxatPaxs 3)

But in simple terms, the above equation can also be written in the following manner:

§= bo +by by o tbs “
where § is the value of surface roughness by prediction with the transformation in logarithmic form, by,b;,b, and b; are
coefficients of parameters Bo,B1,B,,p; respectively.
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Using this first order model the three parameters are estimated. In the case of any statistical deficiency with the
first order model then the second order model may be developed as given below:
Y = by b1y tbaxtbaatbia xi ot xixsthas 2 xatbin i o stz (5)

If the true response is nonlinear and unknown then the need of second order regression model arises.

4. Results and Discussion

The empirical equation for surface roughness may be written as follows:

Surface roughness = 2.7572 - (0.0034 X Cutting speed) - (14.1333 X Feed) + (0.2400 X Depth of cut) + (91.3333 X Feed X
Feed) - (0.1333 X Depth of cut X Depth of cut) - (0.0148 X Cutting speed X Feed) - (0.0078 X Cutting speed X Depth of
cut) + (14.6667 X Feed X Depth) (6)

After completing the machining operation the response parameter that is, surface roughness was measured.
Statistical analysis was performed on the results obtained for attaining main effects. The main effect of a factor may be
described as the average change in the response generated by a change in the level of a factor studied. The response values
resulting from the experimental work carried out by orthogonal array are analyzed using Taguchi’s technique. This step
determines the effect of various process parameters to achieve desired surface roughness. Taguchi’s technique offers three
category of signal to noise ratio. They are larger-the-better, medium-the-better, small-the-better. Larger is suitable for
determining the profit, production rate, etc., medium the better is applicable to current. Smaller the better is appropriate for
tool wear, surface roughness, tire wear, unit cost, etc., This experimental study uses smaller-the-better, because surface
roughness is the one to be minimized.

Results obtained from the analysis of Taguchi have been provided here. Figure 3 shows the surface roughness
profile obtained during measurement of surface roughness using Taylor Hobson surface roughness measurement instrument.

It shows the general trend of various process parameters cutting speed, feed and depth of cut on the response
variable surface roughness. It is observed that the order of process parameters that influences the surface roughness is feed
followed by cutting speed and depth of cut.
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Figure 3. Surface roughness profile obtained during measurement

This observation is supported by the response table obtained from the analysis which is shown in Table 2. The
correlation coefficient R-square for the experimental result obtained was 88.1 which shows a good correlation the
experimental values possess. Main effects plot obtained from the analysis for individual machining parameters on the
response surface roughness is shown in Figure 4. Figure 5 is the interaction plot, which shows the effect of the factor feed
for different values of depth of cut 0.5 mm, 0.75 mm and 1 mm on surface roughness.

General observation from the plot is surface roughness increases when the feed is increased. This was witnessed
irrespective of the value of depth of cut. An interaction was found out between two extreme values of depth of cut. This
observation coincides with the findings of Paulo Davim [21,22] when he conducted experiments to determine the
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machinability study of PEEK composites. From this analysis, it could be suggested that for a better surface roughness the
combination of machining parameters would be low value of feed and high value of depth of cut.

Table 2. Response table for means

Levels Cutting speed (m/min) Feed (mm/rev) Depth of cut (mm)
1 3.222 2.308 2.849
2 2.839 2.688 2.846
3 2.459 3.524 2.826
Delta 0.763 1.217 0.023
Rank 2 1 3
Cutting S peed (m/min) Feed (mm/rev)
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Figure 4. Response graph obtained for surface roughness
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Figure 5. Interaction plot of feed and depth of cut on surface roughness.
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Figure 6. Interaction plot of cutting speed and depth of cut on surface roughness.
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Interaction plot for the effect of process parameters cutting speed and various values of depth of cut 0.5 mm, 0.75
mm and 1 mm on surface roughness is shown in Figure 6. It is interpreted from the plots that increase in cutting speed
results in decrease of surface roughness linearly for lower range of cutting speed and slightly non linear for the higher range
of cutting speed with respect to all values of depth of cut. Further an interaction effect was found out between the lower
value as well as higher value of surface roughness. It is suggested to choose the combination of parameters with higher
cutting speed and higher value of depth of cut. Though the parameter depth of cut does not have any significant role on the
part of the surface roughness [23-25], its trend was observed that the surface roughness was increasing on the increasing
value of depth of cut.

Figure 7 presents the data for the interaction effect of process parameter cutting speed for various values of feed on
surface roughness. There is interaction effect on these values of parameters for this case. Referring to the interaction plot it
was noticed that surface roughness becomes high with the lower value of cutting speed particularly with the higher depth of
cut. This is due to the high pressure exerted by the cutting tool to deform the composite material in shear mode along with
the protrusion of fibers on the machined surface of CFRP composite material.
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Figure 7. Interaction plot of cutting speed and feed on surface roughness.

Further Fig. 8 demonstrates the interaction plot matrix of various process parameters on surface roughness. This
graph shows the interaction effects for three different cutting speed, feed and depth of cut together for better visualization.
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Figure 8. Interaction plot matrix for various process parameters on surface roughness

Figs. 9 and 10 show the SEM pictures of machined CFRP composite material at different machining conditions.
Fig. 9 is the SEM picture of composite material at higher feed of 0.15 mm/rev in combination with constant cutting speed
and depth of cut of 200 m/min and 0.75 mm respectively. It is observed from the figure that the fibers are cut in a huge
amount and protruded on the surface of the machined material leading to the higher surface roughness. But Fig. 10 shows
the SEM picture of composite material at a lower feed value of 0.05 mm/rev and illustrates only a few fibers are broken
attributing a better surface roughness when compared to the former condition.
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Figure 9. SEM image of CFRP material at feed = 0.15 mm/rev

Figure 10. SEM image of CFRP material at feed = 0.05 mm/rev

Further the comparison of surface roughness between the experimental value as well as RSM value is shown in Fig
11. The correlation coefficient R-square is used to justify the predicted response. The value of R-square for the predicted
result obtained was 88.1 which show a good correlation the experimental values possess.
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Figure 11. Comparison of surface roughness between experiment and RSM

5. Conclusion

Carbon fiber reinforced polyester material was used for carry out experimentation for determining the combination
of process parameters that helps to achieve a better surface roughness. Based on the experimentation and analysis carried
out the following concluding observation is recorded. The predicted surface roughness from response surface methodology
was compared with the one obtained from experimentation. There found a good correlation between them in terms of R-
square value, which is 88.1 %. Based on the correlation found out from the above analysis it is suggested that response
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surface methodology can well be utilized for predicting the surface roughness of carbon fiber reinforced polymer
composites.

During machining the chip produced was powdery in form due to the brittleness of material. Among the various
parameters feed is the factor play a primary role in deciding the surface roughness followed by cutting speed. But depth of
cut does not make any significance for this particular case. Surface roughness was found to be increasing when feed is
increased. Further on the other hand it was found that the surface roughness was decreasing when cutting speed was
increased. This trend was identified evidently from SEM pictures that were acquired from the machined CFRP composite
material at different feed conditions keeping cutting speed and depth of cut constant.

The combination of process parameters that offer better result is lower value of feed accompanied by the higher
value of cutting speed.
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