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1 Introduction

A metal-ceramic composite in which both the phases are continuous and inter-
penetrating is termed as a co-continuous composite [1]. These composites exhibit
superior mechanical properties and thermal shock resistance owing to their uniform
three dimensionally interconnected microstructure [2, 3]. Further, the addition of a
metal (ductile) phase to the ceramic, leads to a composite with enhanced toughness
[4]. By varying the volume fraction of each phase, the desired hardness, strength
and fracture toughness can be achieved [5]. Due to these advantages, such com-
posites have been widely studied and applied in defence sector [6], aerospace [7]
and automotive industries [8, 9]. Co-continuous composites were first developed
using the reactive metal penetration (RMP) technique by Breslin [10]. Vecchia et al.
[11] performed RMP of silica glass with 99.9% pure aluminium and Al–Si (10%)
alloy as infiltrating alloys. It was found that the composites thus fabricated, had
very low thermal expansion, high stiffness, improved toughness and impact
strength, appreciable bending and compression strength compared with traditional
ceramics. Co-continuous ceramic composites (C4) were manufactured by infiltra-
tion of silica glass preform with 1050 A aluminium alloy by Pavese et al. [1]. The
fatigue limit was estimated to be 91 MPa at 107 cycles. Such composites were
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suitable for applications involving high cycle fatigue. Banerjee and Roy [12]
studied the displacement reaction between Al and SiO2 which yielded an
interpenetrating composite. The study reported that the composite possessed
enhanced density and compressive strength. It was also amenable for near net-shape
fabrication. Evarts [13] studied advanced processing techniques for co-continuous
ceramic composites. The study reported that addition of copper to liquid aluminium
bath reduced the characteristic microstructure length of the composite. This led to
an increase in strength, toughness and hardness of the composite. Daehn and
Breslin [9] attempted to create co-continuous composites for friction and braking
applications. The study showed that the presence of SiC improved thermal con-
ductivity of the composite. Since they were light weight with excellent frictional
properties, these composites were proposed to be next-generation rotor materials.
Clarke [14] elaborated on the various processing techniques to fabricate interpen-
etrating composite structures. Though numerous studies on processing, fabrication
techniques and properties of C4 are present in literature, limited studies are avail-
able on machinability of co-continuous composites. Roy et al. [15] studied the
factors influencing the behaviour of Al2O3/Al co-continuous composites during
wirecut electrical discharge machining (WEDM). It was found that the EDM
method created a heat-affected surface layer. This led to the formation of pores and
cracks in the composite. Goswami et al. [16] evaluated MRR, cutting forces and
surface finish during electrochemical grinding (ECG) of an Al2O3/Al interpene-
trating phase composite through Taguchi-design-based experimental studies. It was
reported that applied voltage, concentration and depth of cut were the three
important process parameters to obtain the best surface finish. Despite their low cost
and appealing properties, challenges in fabrication and machining of interpene-
trating composites have limited their usage in industrial applications [16]. In par-
ticular, very few studies are available on end milling of Al7075-SiC co-continuous
metal-ceramic composite. In the present research, such a composite was at first,
manufactured by gravity infiltration method. Secondly, the effect of three end
milling parameters namely, speed, feed and depth of cut on tool wear and surface
roughness of the composite was studied. The final objective was to solve this
multi-response optimization problem using Grey Relational Analysis (GRA).

2 Experiments

2.1 Selection of Metal and Ceramic Phase

A three-dimensionally porous SiC foam with 75% purity as shown in Fig. 1, was
selected as the ceramic phase. The foam is a commercially graded ceramic filter
used in foundries for entrapping harmful slags, sand and dross inclusions. The pore
size of the foam was 10 ppi, with a porosity of 80%.
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The base metal alloy used in the study was Al7075. Among aluminium wrought
alloys, the 7-series alloys exhibit the highest strength. Hence, they are typically
used in defence applications [17]. Spectroscopic analysis was performed to verify
the chemical composition of the commercial grade Al7075 alloy. As can be seen in
Table 1, the major constituent of this alloy is zinc, followed by magnesium. The
analysis substantiated that the commercially acquired sample confirmed to ASM
alloy specifications.

2.2 Manufacturing of the Composite

The composite was fabricated by gravity infiltration technique. Here, the molten
metal alloy was infiltrated into the ceramic foam in a resistance furnace having a
maximum temperature of 1100 °C and maximum power of 4500 W. The schematic
of the experimental setup is depicted in Fig. 2.

The SiC foam was cut into a sample of size 50 × 25 × 25 mm. It was pre-
heated in a graphite crucible to a temperature of 800 °C. Simultaneously, the Al
alloy was melted in another crucible. The temperature was set to 150 °C in excess
of its melting point in order to ensure better fluidity of the alloy. After 1.5 h, the
molten Al 7075 is poured into the crucible containing preheated SiC. To arrest the
possibility of the foam floating on to the surface due to buoyancy, a carbon rod was
used to hold it in place. The setup was maintained at 800 °C for a period of one
hour to allow the molten metal to infiltrate the pores of the SiC foam. The crucible
was then taken out and cooled for one hour at room temperature. The co-continuous
composite thus fabricated, was machined out with utmost care by a sequence of
operations namely, shaping, milling, and grinding.

Fig. 1 SiC foam

Table 1 Spectroscopic
analysis of Al7075

Metal Al Zn Mg Cu Cr Fe

% wt. 89.57 6.728 1.868 1.37 0.194 0.122
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3 End Milling of Al7075-SiC Composite

End milling was performed using a 5 mm solid carbide tool in uncoated condition
as shown in Fig. 3. Generally, PCD tools are used in finish machining operations.
However, the high cost of PCD tools increases the costs of machining composites.
Hence, it is necessary to carry out machinability studies using carbide tools [18].

Slots were machined in the composite using a Makino VMC-S33 machine
shown in Fig. 4. For aluminium alloys, the maximum rated speed and feed rate of
the tool was 8960 rpm and 995 mm/min respectively. Speed, feed and depth of cut
were the process parameters considered to investigate tool wear and surface
roughness of the composite. The levels of the factors were fixed by conducting

Pre-heating ceramic Melting of Al alloy

SiC FoamCrucible Molten alloy

Composite formed

Carbon rod

Pouring of molten alloy

Infiltration process

Fig. 2 Manufacturing process of co-continuous composite

Fig. 3 Solid carbide end mill
cutter
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trial experiments and also, based on the rated speeds and feeds suggested by the
tool manufacturer for aluminium alloys. Table 2 depicts the various levels of the
parameters.

4 Taguchi Design

A Taguchi L9 orthogonal array [16] was chosen to analyse the results of machining.
Two replications were carried out for each of the nine process designs and the
averages were tabulated. The Taguchi array and response values for the experi-
mental runs are shown in Table 3. The average surface roughness (Ra) in microns
was measured using a KosakaLab Surfcorder and tool wear (wear-land wear) in mm
was evaluated using DinoCapture software. The volume of material machined,
material removal rate (MRR in mm3/min) was also observed and tabulated in
Table 3.

Fig. 4 End milling of
composite

Table 2 Parameters and their
levels

Parameter Unit Level 1 Level 2 Level 3

Cutting speed rpm 3000 5000 7000
Feed rate mm/min 450 600 750
Depth of cut mm 0.2 0.4 0.6

Investigation of Surface Roughness and Tool Wear in End Milling … 319



4.1 Signal to Noise (S/N) Ratio

Table 4 lists the signal to noise (S/N) ratios obtained by the analysis of Taguchi
design shown in Table 3. In order to diminish the effect of noise factors, higher
values of S/N ratios are preferred in experiments. In machining, lower surface
roughness and tool wear are desired. Hence, smaller-is-better characteristic is
chosen for calculating the S/N ratio. The parameters with the largest value of delta
are considered to be most significant.

From Table 4, it can be inferred that, for lesser tool wear and surface roughness
during end milling of the composite, cutting speed is the most significant parameter;
followed by feed rate and depth of cut. The main effects plots depicted in Fig. 5 and
Fig. 6 supplement the outcome that cutting speed is the significant parameter.

4.2 General Linear Model (GLM) ANOVA

Using the adjusted sum of squares technique, GLM ANOVA was computed to
determine the percentage contribution of each of the end milling parameters.
ANOVA for surface roughness and tool wear is shown in Tables 5 and 6.

Table 3 L9 Orthogonal array for end milling of Al7075-SiC co-continuous composite

Exp. no. Process parameter Average response values
Speed
(rpm)

Feed
(mm/min)

Depth of cut
(mm)

Surface
roughness (µm)

Tool wear
(mm)

MRR
(mm3/min)

1 1 1 1 2.95 0.027 45
2 1 2 2 2.87 0.026 1200
3 1 3 3 2.75 0.024 2250
4 2 1 2 1.92 0.023 900
5 2 2 3 2.65 0.022 1800
6 2 3 1 1.18 0.022 750
7 3 1 3 1.90 0.021 1350
8 3 2 1 1.85 0.020 600
9 3 3 2 1.08 0.018 1500

Table 4 Response table for S/N Ratios of composite

Level Surface roughness Tool wear
Speed Feed Depth of cut Speed Feed Depth of cut

1 −9.114 −6.879 −5.393 31.82 32.56 32.83
2 −5.190 −7.655 −5.164 33.02 32.94 33.12
3 −3.862 −3.631 −7.609 34.14 33.48 33.03
Delta 5.251 4.024 2.445 2.32 0.92 0.29

Rank 1 2 3 1 2 3
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Fig. 5 Main effects plot for surface roughness of composite
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Fig. 6 Main effects plot for tool wear in composite

Table 5 Analysis of variance for surface roughness in composite

Source DOF Sum of
squares

Adjusted sum of
squares

Adjusted
mean square

F-value P-value

Speed 2 2.53182 2.53182 1.26591 25.79 0.037
Feed 2 1.00302 1.00302 0.50151 10.22 0.089
Depth
of cut

2 0.42216 0.42216 0.21108 4.30 0.189

Error 2 0.09816 0.09816 0.04908

Table 6 Analysis of variance for tool wear in composite

Source DOF Sum of
squares

Adjusted sum of
squares

Adjusted mean
square

F-value P-value

Speed 2 0.0000542 0.0000542 0.0000271 61.00 0.016
Feed 2 0.0000082 0.0000082 0.0000041 9.25 0.098
Depth of cut 2 0.0000009 0.0000009 0.0000004 1.00 0.500
Error 2 0.0000009 0.0000009 0.0000004
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In case of surface roughness, the R-square value obtained was 97.58%. Cutting
speed was of high significance with highest F-value of 25.79 as can be seen in
Table 5. Similarly, for tool wear, the R-square value obtained was 98.62% with
cutting speed being of highest significance as can be seen in Table 6. Moreover,
P-values being less than 0.05 affirmed the S/N ratio results for surface roughness
and tool wear indicating cutting speed to be the dominant cutting parameter.

4.3 Percentage Contribution of Factors in Milling
of Composite

The percentage contribution of factors towards the variation in responses namely,
surface roughness and tool wear were estimated using statistical analysis of means.
The expression for finding percentage contribution is given by Eq. (1).

Percentage Contribution =
Sumof squares

Total of sum of squares
× 100 ð1Þ

The total sum of squares and individual sum of squares for surface roughness
and tool wear were obtained from Table 5 and Table 6 respectively.

It is evident from Table 7, that cutting speed has a major impact on both surface
roughness and tool wear. This confirmed the results from S/N ratio analysis in
Table 4.

5 Grey Relational Analysis (GRA)

A part of grey system theory, GRA is performed in cases where information on the
model is incomplete. GRA provides an efficient solution to a multiple input,
multiple-output problem [19]. The relationship between cutting parameters and
machining performance can be found using this technique. The sequence of steps in
GRA is as follows.

Step 1: Data Pre-processing: Normalization of the Responses
The responses obtained from the experimental runs need to be normalized to ensure
that the scatter range of the sequence is small. The expressions for two of the most
common scenarios are shown in Eqs. (2) and (3).

Table 7 Percentage
contribution of factors

Parameter Surface roughness (%) Tool wear (%)

Speed 62.44 84.43
Feed 24.73 12.77
Depth of cut 10.41 1.4
Error 2.42 1.4
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For larger is better;

Xij =
Yij −minðYijÞ

maxðYijÞ−minðYijÞ ð2Þ

For smaller is better;

Xij =
maxðYijÞ−Yij

maxðYijÞ−minðYijÞ ð3Þ

where Xij is the normalized response value and Yij is the response value obtained
from experimental runs. During any machining process, larger values are desired
for MRR and therefore Eq. (2) is utilized. However, for surface roughness and tool
wear, smaller values are preferred. Hence, normalization is performed using
Eq. (3). Table 8 shows the normalized results for the composite.

Step 2: Grey Relational Coefficient (ξ)
This value indicates the degree of relation between every sequence in the experi-
mental runs. It is calculated as shown in Eq. (4)

ξij =
Δmin + ζΔmax

Δi + ζΔmax
ð4Þ

where ‘ξ’ is the grey relational coefficient, ‘ζ’ is the distinguishing coefficient. ‘Δ’ is
treated as a quality loss from the target value; calculated as difference between ‘1’
and normalized value. Table 8 displays the ‘ξ’ for the composite computed using
Eq. (4).

Step 3: Overall Grey Relational Grade
On averaging the grey relational coefficients, the overall grey relational grade ‘γi’ is
obtained according to Eq. (5).

Table 8 GRA for composite

Exp. no. Normalized values (Xij) Grey relational coefficients ðξÞ Grey relational
grade ðγiÞ

Surface
roughness

Tool
wear

MRR Surface
roughness

Tool
wear

MRR Grey
grade

Rank

1 0 0 0 0.333333 0.333333 0.333333 0.333333 9

2 0.042781 0.111111 0.52381 0.343119 0.36 0.512195 0.405105 8

3 0.106952 0.333333 1 0.358925 0.428571 1 0.595832 3

4 0.550802 0.444444 0.387755 0.526761 0.473684 0.449541 0.483329 7

5 0.160428 0.555556 0.795918 0.373253 0.529412 0.710145 0.537603 6

6 0.946524 0.555556 0.319728 0.903382 0.529412 0.423631 0.618808 2

7 0.561497 0.666667 0.591837 0.532764 0.6 0.550562 0.561108 4

8 0.588235 0.777778 0.251701 0.548387 0.692308 0.400545 0.54708 5

9 1 1 0.659864 1 1 0.595142 0.865047 1
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γi =
1
n
∑
n

k= 1
ξij ð5Þ

The grey relational grade (GRG) and corresponding rankings for composite is
depicted in Table 8. A higher value of GRG represents better quality of the product.

The factor effects and optimal level of each factor can be determined on the basis
of GRG. For each level of the machining parameters of the composite, the mean
value is computed and displayed in Table 9. The highest value of GRG corresponds
to the optimal levels of the machining parameters. Table 9 shows that the optimum
levels are A3, B3 and C2 with feed being the most significant factor as evident from
the rank.

In order to quantify the percentage contribution of the end milling parameters, an
ANOVA was performed on the GRG values of the composite as shown in
Table 10. The main effects plot for the same is displayed in Fig. 7. The percentage
contribution shows that feed rate, followed by cutting speed are the major
parameters, which significantly affect the responses. The R-squared value was close
to 97%.

5.1 Confirmation Tests

The final step is to predict the grey relational grade and verify whether the per-
formance characteristic has improved using the optimal level of cutting parameters.
The estimated grey relational grade can be computed by the formula in Eq. (6).

Table 9 Response table for GRG of composite

Process parameter Grey relational grade Max-Min Rank
Level 1 Level 2 Level 3

Speed (A) 0.44476 0.54658 0.65775a 0.21299 2
Feed (B) 0.45926 0.4966 0.69323a 0.23397 1
DoC (C) 0.49974 0.58449a 0.56485 0.08475 3
Total mean value of the GRG = 0.54969
aOptimum levels

Table 10 ANOVA for GRG of composite

Source DOF Sum of
squares

Adjusted sum
of squares

Adjusted
mean square

F-value Percentage
contribution

Speed 2 0.068090 0.068090 0.034045 16.77 38.09
Feed 2 0.094802 0.094802 0.047401 23.36 53.04
DoC 2 0.011808 0.011808 0.005904 2.91 6.60

Error 2 0.004059 0.004059 0.002030 2.27
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γ ̂= γm + ∑
q

i = 1
yī − γm ð6Þ

The predicted responses for surface roughness and tool wear were estimated by
the formula in Eq. (7).

Predicted Response =Avg A3ð Þ+Avg B3ð Þ+Avg C2ð Þ− 2 * ðYijÞ ð7Þ

Table 11 shows the correlation between predicted values and experimental
observations for the optimum settings during end milling of the composite. It can be
seen that, the experimental values correspond to the values predicted by GRA.
Also, the surface roughness and tool wear after GRA analysis is found to be less
when compared with the initial settings. This is characterized by an improvement in
the grey relational grade.
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Fig. 7 Main effects plot for GRG

Table 11 Improvement in machining performance of co-continuous composite

Initial machining parameters Optimal machining
parameters
Prediction Experiment

Setting level A1B1C1 A3B3C2 A3B3C2
Surface roughness 2.95 0.98 1.08
Tool wear 0.027 0.018 0.018
GRG 0.33333 0.83608 0.86505
Improvement in GRG = 0.53172
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6 Conclusions

In this paper, the effect of varying three machining parameters namely speed, feed
and depth of cut during end milling of a C4 consisting of Al7075-SiC was pre-
sented. Using GRA, from Table 9, it was found that the optimal setting for better
surface finish and lesser tool wear was A3, B3 and C2. Furthermore, feed rate with
53.04% and cutting speed with 38.09% were found to be the significant factors
contributing to the machining performance. Results from GRA analysis, presented
in Table 11, have also shown that in case of the composite, the values of surface
roughness have greatly improved by 63% and tool wear by 33% when compared
with the initial machining settings. This paper has thus, applied Taguchi design and
GRA to improve the multi-response characteristics during end milling of a
co-continuous composite.
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