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Keywords: determined using a quadratic regression model. The results show that the tool wear was
Cutting parameters influenced principally by the cutting time and in the second level by the cutting tool hardness.
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Nomenclature
Ve cutting speed (m/min) RSM response surface methodology
t cutting time (min) df degrees of freedom
VB flank wear (mm) HV Vickers Hardness
TH Cutting tool hardness (HV) bj coefficients of linear terms
HRC Rockwell Hardness bii quadratic terms
Ra arithmetic mean roughness (um) bij cross-product terms
R? determination coefficient

1. Introduction

CBN, mixed ceramic and coated carbide tools are widely used in the manufacturing industry for cutting
various hard materials such as high-speed tool steels, die steels, bearing steels, case-hardened steels,
white and grey cast irons. In many applications, cutting of these hardened ferrous materials are produced
mainly by a sequential series of processes, including costly and time consuming grinding and polishing
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operations. To meet these challenges, hard turning has emerged as an effective single step metal cutting
process to replace grinding operation and give substantial savings in both cost and productivity rates (Lin
et al., 2008). Hard turning process differs from conventional turning because of the workpiece hardness
i.e., work-piece hardness range of 40-62 HRC (Ozel et al., 2007). Hard turning offers a number of
potential advantages over traditional grinding process, including shorter setup time, greater process
flexibility, lower power consumption, fewer process steps and usually there is no need of coolant. Hard
turning, if applied to fabricate complex parts, could reduce manufacturing costs up to 30 times (Huang
et al., 2007).

Many studies have been conducted to investigate the performance of CBN, mixed ceramic and coated
carbide tool in the cutting of various hardened materials. Bensouilah et al., (2016) applied taguchi based
method to determine the effect of cutting parameters on cutting force and surface roughness components
in hard turning of AISI D3 cold work tool steel using coated and uncoated CC650 ceramic inserts. The
analysis of variance (ANOVA), the signal-to-noise ratio and response surface methodology (RSM)
techniques were adopted. It was observed that the surface quality obtained with the coated ceramic insert
was 1.6 times better than the one obtained with uncoated CC650 ceramic insert. However, the uncoated
ceramic insert was useful in reducing the machining force.

Asiltiirk and Akkas (2011) used taguchi experimental design to obtain optimum cutting parameters in
minimizing surface roughness while turning hardened AISI 4140 (51 HRC) with coated carbide tools.
Experiments were conducted using the L9 orthogonal array in a CNC turning machine They also
investigated the effects of cutting parameters on surface roughness by applying statistical methods of
signal to noise ratio (SNR) and ANOVA. It was reported that the feed rate has the most significant effect
on Ra and Rz. Davim and Figueira (2007) performed an experimental and statistical investigation of the
machinability of AISI D2 tool steel. Hard turning operation was performed on AISI D2 steel having
hardness 60 HRC, the tests were conducted by using cutting speed, feed rate and cutting time as main
parameters and analysis was done based on the responses. The influence of cutting parameters under
flank wear, surface roughness and cutting forces on machinability evaluation in turning with wiper and
traditional ceramic tools using ANOVA was presented. Cutting time and cutting velocity were found to
be the main parameters that affected the flank tool wear of ceramic cutting tools. However, feed rate was
the most influential parameter affecting surface roughness. It was also reported that wiper ceramic tools
performed better than traditional ceramic tools.

Suresh et al., (2012) investigated the influences of machining parameters on surface roughness, tool wear,
machining forces and cutting forces during machining of AISI 4340 steel with coated carbide tools using
taguchi technique. The analysis of the result revealed that higher values of feed rates are necessary to
minimize the specific cutting force. It was observed that the machining power and cutting tool wear
increases almost linearly with increase in cutting speed and feed rate. Furthermore, it was reported that
the combination of high cutting speed and low feed rate is important for minimizing the surface
roughness. Azizi et al., (2012) investigated the influences of cutting speed, feed rate, depth of cut and
workpiece hardness on surface roughness and cutting force during machining of AISI 52100 steel with
coated mixed ceramic tools. Taguchi L27 orthogonal array was used for planning the experiments.
Analysis of variance (ANOVA) was used to check the validity of linear regression model and to
determine the significant parameters affecting the surface roughness and cutting forces. It was reported
that the significant parameters in reducing surface roughness were feed rate, workpiece hardness and
cutting speed, whereas, depth of cut, workpiece hardness and feed rate were statistically significant on
the cutting force components.

Elbah et al., (2013) have presented a comparative investigation between the roughness criteria of wiper
and uncoated ceramic inserts in hard turning of AISI 4140 steel. To check the validity of quadratic
regression model and to determine the significant parameter affecting the surface roughness, RSM and
ANNOVA were used. They observed that the surface quality obtained with the wiper ceramic insert was
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2.5 times better than the uncoated ceramic insert. Moreover, it was also reported that the feed rate and
depth of cut were the most significant factors in reducing the surface roughness. Aouici et al. (2014) used
a 3% full factorial design, 27 experiments were carried out to determine the effects of feed , cutting speed,
and depth of cut on surface roughness, power, and specific cutting force in hard turning of AISI D3
hardened steel using ceramic cutting tool. It was observed that the feed rate is the most influencing factor
on surface roughness. Cutting force was affected mostly by feed rate followed by depth of cut. They
recommended machining with lower depth of cut and higher cutting speed and recommended limiting
the range of feed rate (0.12-0.13 mm/rev) to ensure better surface roughness and minimum cutting forces.

Ozel et al., (2005) used a four-factor, two-level factorial design (24) with 16 replications to determine
the effects of cutting tool edge geometry, feed rate workpiece hardness and cutting speed on resultant
forces and surface roughness in finish hard turning of AISI H13 steel using CBN tools. It was reported
that the effect of cutting edge geometry was very significant on the surface roughness. Honed edge
geometry and lower workpiece surface hardness resulted in better surface roughness. Also, it was
reported that workpiece hardness, cutting edge geometry and cutting speed significantly influenced the
force component. Aouici et al., (2012) studied the effects of cutting speed; feed rate, depth of cut and
work-piece hardness on surface roughness and force components in hard turning of AISI H11 steel using
CBN tools. Mathematical models and analysis of results were performed using RSM. The results
demonstrated that feed rate and workpiece hardness were the significant parameters affecting surface
roughness, whereas depth of cut and work-piece hardness were principal parameters influencing cutting
force components. Bouacha et al. (2010) applied response surface methodology (RSM) to investigate the
effect of cutting parameters on cutting force and surface roughness components in hard turning of AISI
52100 with CBN tool. The results showed that feed rate and cutting speed parameters mainly influenced
surface roughness, while depth of cut exhibited maximum influence on the cutting forces as compared to
feed rate and cutting speed. Sahin (2009) compared the tool life of coated CBN, uncoated and coated
ceramic inserts in hard turning of AISI 52100 bearing steel using the Taguchi method. The effects of
cutting speed, tool hardness and feed rate on tool life were determined by using orthogonal array, signal
to noise ratio (SNR) and ANOVA. It was reported that the effects of cutting speed followed by tool
hardness and feed rate on tool life were 41.63%, 32.68% and 25.22%, respectively.

Several researchers have made attempts to optimize and understand the effect of various machining
parameters using different techniques for the control of the turning process. Experiments on turning of
various grades of steels were conducted using different kinds of cutting tools to identify different factors
affecting surface roughness, tool wear, cutting force and power consumption (Chinchanikar &
Choudhury, 2013; Gaitonde et al., 2009 ; Saravanan et al.,2015; Tamang & Chandrasekaran, 2015). In
the pre-cited general framework, most of the machining studies have been focused on hard and hardened
steels using ceramic or CBN cutting tools. However, relatively few works related to machining steels or
hardened steels based on the tool wear or surface roughness prediction models have been reported by the
response surface methodology. The main objective of the present study is to analyze the effects of
machining operation parameters such as cutting speed, cutting time and cutting tool hardness on different
aspects like tool wear and surface roughness. The novelty of the present work lies in the comparison
between the performance of mixed ceramic, CBN and coated carbide inserts when machining AISI D2
cold work steel using combination of cutting speed, cutting time and tool hardness as input parameters.
Particularly the effect of cutting parameters on surface roughness and tool wear of the inserts is
highlighted by applying RSM methodology.

2. Experimental procedure
2.1. Workpiece and tool materials

Turning experiments were performed in dry conditions on a heavy duty lathe (HMT make) with 5.2 kW
spindle power. The workpiece material was AISI D2, cold work steel, which is popularly used in
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stamping and punching operations. The composition of the as received material used in this study is listed
in Table 1. The workpiece was thorough-hardened steel followed by a tempering process to attain a
hardness value of 45.1 HRC (442 HV). Removable type cutting inserts with four squared working edges
were used in the study. The cutting tools used are commercially available and are manufactured by
Sandvik coromant. The chemical composition and physical properties of cutting inserts are summarized
in Table 1.

Table 1
Workpiece material and cutting tool descriptions
Material Name/Description Composition Hardness
Work-piece AISI D2 Chem. Comp :C (1.70),Si (0.30), 45.1 HRC (442
Mn (0.30), Cr (12.00 ), HV)
W(0.50),V(0.10),Mo (0.60), Fe (balance)
Cutting tools Mixed Alumina 70%A1,05+30% TiC 2200 HV
PCBN CBN +TiN binder +TiN coating 2950 HV
Coated Carbide Multilayer TiC/TiCN/Al,O; coated 1635 HV

by TiN over a carbide tool

The cutting inserts were clamped to a right-hand tool holder with ISO designation PCLNR 25 25 M 12
having —6° rake angle, —6° clearance angle, and 95°approach angle. Instantaneous roughness criteria
measurements (arithmetic mean roughness, Ra), for each cutting condition, are obtained by means of a
contact stylus profilometer - Hommel Etamic, Jenoptik, Germany, (Model W5) with traverse length of
3.20 mm and cut-off width of 0.8 mm with a stylus tip radius of 2 pm. The flank tool wear was evaluated
by Leica DM 6000 advanced microscope and having image characterized, using Leica image analysis
software.

2.2. Experimental design
2.2.1. Response surface methodology

The objective of response surface methodology (RSM) is to determine a relationship between
independent input process parameters with the studied responses (Gaitonde et al., 2010). This procedure
includes following six steps (Aouici et al., 2012). These are, (1) definition of independent input variables
and the desired output responses, (2) adoption of an experimental design plan, (3) performing regression
analysis with the quadratic model of RSM, (4) calculate analysis of variance (ANOVA) for the
independent input variables in order to find significant parameters that affect the responses, (5)
determination of the situation of the quadratic model of Response Surface Methodology and decide
whether the model of RSM needs screening variables or not and finally, (6) optimization, conduction of
confirmation experiments and verifying the predicted performance characteristics. In the current study,
the relationship between the input, called the cutting conditions, cutting speed (Vc¢), cutting time (t), tool
hardness (TH) and the output Y, defined as the desired machinability (tool wear, surface roughness,) is
given as

Y=0(Ve,t,TH), (1)
where O is the response function. The approximation of Y is proposed by using a quadratic mathematical

model, which is suitable for studying the interaction effects of process parameters on machinability
characteristics. In the present context, the RSM based second order mathematical model is given by:

Y:b0+2£€=1 biXi +Z{(] bLleX_] +Z§(=1 biin-Z, (2)
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where by is the free term of the regression equation, the coefficients, b1, ba,bs . . ., by are the linear terms
and b1, ba,...., bk are quadratic terms while bi2, b3, b1 are the interacting terms. Xi represents input
parameters (Vc, t, and TH). The output, tool wear (VB) and surface roughness (Ra) are also called
response factors.

Face central composite design (FCCD) test matrix with an alpha value of 1 was used for planning of tool
wear and surface roughness experiments. In the present work, 20 experiments were performed on the
work material to develop tool wear and surface roughness models. The experimental plan is developed
to assess the influence of cutting speed (Vc), cutting time (t) and tool hardness (TH) on the surface
roughness (Ra) and tool wear (VB) parameter. The levels of the three factors on machining parameters
are reported in Table 2 and the experimental design consists of 20 runs as outlined in Table 3.

Table 2
Assignment of the factor levels
S. No Parameters Units Low level High level
1 Cutting speed m/min -1 +1
2 Cutting time mins. -1 +1
3 Tool hardness (TH) HV -1 +1
Table 3
Experimental results for tool wear and surface roughness parameters
Run.no Machining parameters Response factors
Cutting speed Cutting time Tool Hardness Tool wear Surface roughness
V¢ (m/min) t (mins.) TH(HV) VB(um) Ra(um)
1 150 4 2950 151.22 0.85
2 190 4 2200 160.61 0.94
3 190 2 1635 127.39 0.71
4 150 4 2200 149.05 0.81
5 150 4 2200 136.45 0.67
6 110 2 1635 107.68 0.51
7 150 4 2200 138.30 0.73
8 150 4 2200 132.54 0.71
9 150 4 1635 224.82 1.02
10 150 4 2200 145.56 0.77
11 190 6 2950 220.74 0.99
12 110 2 2950 68.39 0.32
13 150 2 2200 103.43 0.50
14 150 4 2200 151.11 0.87
15 150 6 2200 173.14 1.20
16 110 6 2950 139.10 0.53
17 110 4 2200 122.56 0.38
18 190 6 1635 290.00 1.88
19 110 6 1635 207.57 1.17
20 190 2 2950 94.93 0.67

3. Results and discussion

Table 3 shows all the values of the response factors, tool wear and surface roughness components. The
surface roughness (Ra) was obtained in the range of (0.32—1.88) um and tool wear was obtained in the
range (68.39-290) um, respectively.

3.1. Statistical analysis

A variance analysis of the tool wear (VB) and the surface roughness (Ra) components was made with
the objective of analyzing the influence of cutting speed (Vc¢), cutting time(t), and cutting tool hardness
(TH) on the results. Tables 4 and Table 5 show these results of ANOVA, respectively, for tool wear (VB)
and surface roughness (Ra). ANOVA was performed using Design Expert 10 statistical software. The
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analysis was out for 5% significance level, i.e., for 95% confidence level. Table 4 presents the ANOVA
results for tool wear. The Model F-value of 30.47 implies the model is significant. Values of "Prob > F"
less than 0.0500 indicate model terms are significant. The "Lack of Fit F-value" of 5.27 implies there is
a 4.60% chance that a "Lack of Fit F-value" could occur due to noise. "Adeq Precision" measures the
signal to noise ratio. A ratio greater than 4 is desirable. The ratio of 22.624 indicates an adequate signal.
It is, therefore, concluded that this model is significant and can be used to navigate the design space. The
sum of squares, the mean square, the F value as well as the residual is shown in the ANOVA table.
Cutting speed (Vc), cutting time (t), cutting tool hardness (TH); interaction effect of cutting speed and
cutting time (Vc x t) and the square of cutting tool hardness (TH) 2 have significant effect on the tool
wear. But the effect of cutting time (57%) and tool hardness (23%) are the most significant factors
associated with tool wear. The analysis of influence on surface roughness is summed up in Table 5. The
value of “P-value” for model is less than 0.05 which indicates that the model is significant, which is
desirable as it indicates that model terms have a significant effect on the output response. For “adeq
precision” the signal to noise ratio is 22.028 (>4) which indicates an adequate signal and therefore the
model is significant and can be used to navigate the design space. It is, therefore, concluded that this
model. Cutting time (t) cutting speed (Vc) and tool hardness (TH), interaction of cutting speed and
cutting time (V¢ x t ), interaction of cutting time and tool hardness (t x TH), product of cutting time ()
and product of tool hardness (TH?) are found to be significant factors and contributed more for the
surface roughness response. The cutting time (45%) followed by the cutting speed (22.8%) and tool
hardness (18.4%) had the most effect on surface roughness.

Table 4
ANOVA results for tool wear (VB)
Source Sum of Squares df Mean Square F Value p-value Prob > F
Model 47999.47 9 5333.27 30.47 <0.0001 significant
Ve 6020.22 1 6020.22 34.39 0.0002
t 28417.23 1 28417.23 162.33 <0.0001
TH 11485.02 1 11485.02 65.61 <0.0001
Ve xt 1734.81 1 1734.81 9.91 0.0104
Ve x TH 7.35 1 7.35 0.042 0.8418
tx TH 461.82 1 461.82 2.64 0.1354
ve? 288.84 1 288.84 1.65 0.2279
t? 504.94 1 504.94 2.88 0.1203
TH? 4414.24 1 4414.24 25.22 0.0005
Residual 1750.62 10 175.06
Lack of Fit 1471.47 5 294.29 5.27 0.0460 not significant
Pure Error 279.15 5 55.83
Cor Total 49750.09 19

Std. Dev. = 13.23 Mean =152.23 C.V. 8.69 % R-Squared=0.9648 Adj R-Squared = 0.933 Adeq precision=22.624

Table 5
ANOVA results for surface roughness (Ra)
Source Sum of Squares df Mean Square F Value p-value Prob > F
Model 2.19 9 0.24 28.33 <0.0001 significant
Ve 0.52 1 0.52 60.80 <0.0001
t 1.04 1 1.04 120.80 <0.0001
TH 0.42 1 0.42 48.93 <0.0001
Ve xt 0.045 1 0.045 5.26 0.0448
Ve x TH 1.667E-003 1 1.667E-003 0.19 0.6689
tx TH 0.21 1 0.21 24.62 0.0006
Ve? 0.047 1 0.047 543 0.0421
t? 0.011 1 0.011 1.32 0.2766
TH? 0.081 1 0.081 9.40 0.0119
Residual 0.086 10 8.590E-003
Lack of Fit 0.060 5 0.012 2.34 0.1864 not significant
Pure Error 0.026 5 5.147E-003
Cor Total 2.28 19

Std. Dev.= 0.093 Mean=0.82 C.V. %=11.37 R-Squared=0.9623 Adj R-Squared=0.9283 Adeq precision=22.028
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3.2. Regression equations

The relationship between the factors and the performance measures were modelled by quadratic
regression. The regression equations obtained were as follows. The tool wear (VB) model is given below
in Eq. (3). Its coefficient of determination (R?) is 96.48%

Final equation in terms of actual factors:

Tool Wear (VB) =411.391 + 1.72352 x V¢ + 39.0394 xt -0.460125 xTH + 0.184073 x V¢ x
t +3.63656e-005 x V¢ x TH -0.00576643 x t xTH - 0.00640531 x Vc? - 3.38763 x > + 3)
9.48049¢-005 x TH?

The surface roughness model Ra is given in Eq. (4). Its coefficient of determination (R?) is 96.23%
Final equation in terms of actual factors:

Surface roughness = - 0.245263 + 0.0276161 x Vc + 0.164338 x t - 0.0015745 x TH +
0.000939063 x V¢ x t - 5.47811e-007 x Ve xTH -0.00012341 x t x TH -8.13636¢-005 x t 4)
+0.0160795 x t* + 4.05398e-007 x TH?

The predicted values of response factors illustrating tool wear (VB) and surface roughness (Ra), are
obtained from regression Egs. (3-4) and the experimental values corresponding to different combinations
of machining parameters are reported in Table 4. The predicted values are compared with the
corresponding experimental values. This is depicted in Fig. 1 and Fig. 2.

Predicted vs. Actual Predicted vs. Actual

300 —

250 —

200 —

Predicted
Predicted
T

150 —

100 —

T T T T T
T T T T T T
50 100 150 200 250 300 0 08 ! 5 z

Actual Actual

Fig. 1. Comparison between measured and Fig. 2. Comparison between measured and
predicted values for tool wear predicted values for surface roughness

3.3 Effect of machining parameters on surface response parameters
3.3.1 Tool Wear
The analysis of ANOVA Table 4 indicates that the cutting time (t) followed by cutting tool hardness

(TH) and cutting speed (Vc) had the highest influence on tool wear. Interaction of cutting speed and
cutting time (V¢ x t) and the product of tool hardness (TH?) maintained negligible effect or are less
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significant on tool wear. Interaction plots, in Figs (3-5), illustrate the evolution of the tool wear (flank
wear) according to the cutting speed (Vc), cutting time (t) and tool hardness (TH) parameters. Fig. 3
shows the estimated response surface for the tool wear in relation to the cutting time and cutting speed.
According to the figure, the increasing effects of cutting speed and cutting time increases tool wear. It
was also observed from the figure that cutting time exhibits the maximum influence on tool wear, as was
also reported by (Berkani et al., 2015). This is due the fact that with the increase in cutting speed (110-
190 m/min), the rubbing action between the cutting tool and the workpiece material is faster and more
heat is produced even though less contact time exists. This increased temperature at contact zone with
increased speed is significantly high, which even causes the cutting material to exceed its limit of thermal
stability. This generation of heat, at the flank face of the tool, softens the cutting edge and more wear
occurs (Suresh et al., 2012). The maximum value of tool flank wear was found with high levels of cutting
time and cutting speed.

From the interaction plots Fig. 4 and Fig. 5, it can be observed that, the tool wear has a tendency to reduce
with increase in tool hardness up to a certain point with all cutting speeds used. Conversely, the figures
also indicate that the increase of tool hardness from 2200 HV to 2950 HV leads to the increase of tool
wear with increasing time and cutting speed. From the above discussion and the study of Figs. (4-5), it
is obvious that the characteristic wear of tool is caused by the fact that, the speed and time are the
influential factor on wear and it is more likely that wear is the consequence of the speed and time of cut.
From the above discussions, it is clear that a combination of middle values of tool hardness, low cutting
speed, and minimum cutting time is favorable in reducing tool wear.

Tool wear (um)

Tool wear (um)
Tool wear (um)

190

190

1A: Cutting speed (m/min)

196375

B: Cutting time (Mins.) 2 1 A: Cutting speed (m/min) C: Tool Hardness (H.V) 16357110
27110

1963.75
C: Tool Hardness (H.V) 1635 2

Fig. 3. Effect of cutting speed Fig. 4. Effect of cutting speed  Fig. 5. Effect of cutting time
and cutting time on tool wear and tool hardness on tool wear  and tool hardness on tool wear

3.3.2 Surface Roughness

The estimated response surface for the surface roughness in relation to the cutting parameters cutting
speed, cutting time and tool hardness is presented in Figs 5-8. From Fig 5, it can be observed that the
cutting time (t) and cutting speed (Vc) had a significant influence on machined surface roughness (Ra).
It is observed that the surface roughness increases with the increase in the machining time (t) due to the
wear development, as reported by Bensouliah et al. (2016). Further, increasing the cutting speed causes
a drastic increase in surface roughness because the cutting tool nose wear increases, causing more surface
roughness. Maximum surface roughness was obtained at the combination of highest cutting speed (Vc)
and maximum cutting time (t). Figs (6-7) explain the main effects of cutting speed (Vc¢), cutting time (t)
and tool hardness (TH) on the surface roughness of the work-piece. The tool hardness effect on surface
roughness has a medium statistical importance. Moreover, it can be deduced from the figures that the
interaction of higher values of cutting speed (Vc¢) and cutting time (t) with higher values of tool hardness
(TH) has tendency to reduce the surface roughness values. This might be due to retention of cutting edge
at higher temperature, caused due to maximum cutting speed (Vc) and maximum contact time (t). The
best surface roughness was achieved at the middle level of tool hardness (TH) with low cutting speed
(Ve) and minimum time (t).
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Surface roughness (microns)

Surface roughness (microns)
Surface roughness (microns)

190

/
9 7 A: Cutting speed (m/min)
B: Cutting time (Mins *A: Cutting speed (m/min) 1963.75 /‘

2r a0 C: Tool Hardness (H.V) 510 C: Tool Hardness (H.V) 1635 2
Fig. 6. Effect of cutting speed and Fig.7. Effect of cutting speed and tool  Fig. 8. Effect of cutting time and tool
cutting time on surface roughness hardness on surface roughness hardness on surface roughness

3.4 Optimization of cutting conditions

Desirability function is not a direct optimization method (Berkani et al., 2015). It has been used to
optimize multiple response factors (VB and Ra). Desirability function is a decision support tool used to
identify process parameters that results in near-optimal settings for process responses. During the
optimization process, the aim is to find the optimum values of machining parameters in order to produce
the lowest tool wear and minimize surface roughness (VB and Ra). Table 6 summarizes the goals and
parameter ranges for the optimization process. The RSM optimization results for VB and R, are defined
in Table 7 in order of their decreasing desirability levels. The optimized tool wear (VB) and surface
roughness (R,) results are (54.868-74.043) um and (0.234-0.531) um, respectively.

Fig. 9 shows two dimensional contour plots that explain the optimization results in terms of composite
desirability. The figure clearly explains that the increasing cutting speed and cutting time decreases the
composite desirability level.

Table 6
Goals and parameter ranges for optimization of cutting conditions
Name Goal Lower Upper Lower Upper Importance
Limit Limit Weight Weight
Cutting speed is in range 110 190 1 1 3
Cutting time is in range 2 6 1 1 3
Tool Hardness(TH) is in range 1200 2950 1 1 3
Tool wear minimize 68.39 290 1 1 5
Surface roughness minimize 0.32 1.88 1 1 5
Table 7
Response optimizations for tool wear and surface roughness parameters
Number Cutting Cutting time ~ Tool Hardness(TH) Tool wear Surface Desirability
speed roughness
1 110.439 2.072 2395.336 54.868 0.234 1.000
2 117.144 2.087 2183.856 67.453 0.308 1.000
3 112.079 2222 2445.409 60.336 0.260 1.000
4 111.715 2.121 2320.841 58.993 0.248 1.000
5 112.531 2.069 2515.391 56.088 0.267 1.000
6 152.169 2.000 2350.732 74.043 0.515 0.924
7 190.000 2.000 2420.366 72.627 0.529 0.922
8 190.000 2.000 2403.479 72.752 0.529 0.922
9 189.999 2.010 2441.076 73.029 0.531 0.920
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Fig. 9. Composite desirability for tool wear and surface roughness

4. Conclusions

This paper presented an investigation of cutting parameters effect on tool wear and surface roughness in
machining of AISI D2 steel. Mathematical models were developed to define a relationship between input
parameters (cutting speed, cutting time and tool hardness) and output variables using Response surface
methodology (RSM). Analysis of variance (ANOVA) was used to check the adequacy of the model and
its respective variables. Combined effects of machining parameters on tool wear and surface roughness
were evaluated through 3D surface graphs. Finally, the multiple response optimizations of tool wear (VB)
and surface roughness (Ra) were carried out using the desirability function approach (DFA). Following
conclusions can be drawn from this study:

1. The analysis of machining parameters, using RSM approach, allows the investigation of the influence
of each factor on the response outputs, such as tool wear and surface roughness.

2. ANOVA table for tool wear has shown that the main effects of cutting time, tool hardness, cutting
speed, the product of tool hardness and the interaction effect of cutting speed and cutting time, all had
significant effect on tool wear. Moreover, the cutting time had the most effect on tool wear (57%)
followed by cutting tool hardness (23%).
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3. ANOVA table for surface roughness has shown that the main effects of cutting time, cutting speed,
tool hardness, the product of cutting speed, the product of tool hardness, the interaction effect of cutting
speed and cutting time (Ve X t) and the interaction of cutting time and tool hardness (t x TH) had
significant effects on surface roughness. Moreover, the cutting time (45%), the cutting speed (22.8%)
had the most effect on surface roughness.

4. Based on multi-response optimization process, the optimum cutting variables for minimum tool wear
with maximum surface finish were cutting speed of 110.439 m/min, cutting time of 2.072 mins and tool
hardness of 2395.336 respectively.

Acknowledgement

The authors acknowledge the help and support of the centre research facility Centre (CRFC), NIT
Srinagar for the characterization of samples.

References

Aouici, H., Bouchelaghem, H., Yallese, M. A., Elbah, M., & Fnides, B. (2014). Machinability
investigation in hard turning of AISI D3 cold work steel with ceramic tool using response surface
methodology. The International Journal of Advanced Manufacturing Technology, 73(9-12), 1775-
1788.

Aouici, H., Yallese, M. A., Chaoui, K., Mabrouki, T., & Rigal, J. F. (2012). Analysis of surface roughness
and cutting force components in hard turning with CBN tool: Prediction model and cutting conditions
optimization. Measurement, 45(3), 344-353.

Asiltiirk, 1., & Akkus, H. (2011). Determining the effect of cutting parameters on surface roughness in
hard turning using the Taguchi method. Measurement, 44(9), 1697-1704.

Azizi, M. W., Belhadi, S., Yallese, M. A., Mabrouki, T., & Rigal, J. F. (2012). Surface roughness and
cutting forces modeling for optimization of machining condition in finish hard turning of AISI 52100
steel. Journal of mechanical science and technology, 26(12), 4105-4114.

Bensouilah, H., Aouici, H., Meddour, 1., Yallese, M. A., Mabrouki, T., & Girardin, F. (2016).
Performance of coated and uncoated mixed ceramic tools in hard turning process. Measurement, 82,
1-18.

Berkani, S., Bouzid, L., Bensouilah, H., Yallese, M. A., Girardin, F., & Mabrouki, T. (2015). Modeling
and optimization of tool wear and surface roughness in turning of austenitic stainless steel using
response surface methodology. S09d Procédés d'usinage.

Bouacha, K., Yallese, M. A., Mabrouki, T., & Rigal, J. F. (2010). Statistical analysis of surface roughness
and cutting forces using response surface methodology in hard turning of AISI 52100 bearing steel
with CBN tool. International Journal of Refractory Metals and Hard Materials, 28(3), 349-361.

Chinchanikar, S., & Choudhury, S. K. (2013). Effect of work material hardness and cutting parameters
on performance of coated carbide tool when turning hardened steel: An optimization
approach. Measurement, 46(4), 1572-1584.

Davim, J. P., & Figueira, L. (2007). Comparative evaluation of conventional and wiper ceramic tools on
cutting forces, surface roughness, and tool wear in hard turning AISI D2 steel. Proceedings of the
Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture, 221(4), 625-633.

Elbah, M., Yallese, M. A., Aouici, H., Mabrouki, T., & Rigal, J. F. (2013). Comparative assessment of
wiper and conventional ceramic tools on surface roughness in hard turning AISI 4140
steel. Measurement, 46(9), 3041-3056.

Gaitonde, V. N., Karnik, S. R., Figueira, L., & Davim, J. P. (2009). Machinability investigations in hard
turning of AISI D2 cold work tool steel with conventional and wiper ceramic inserts. International
Journal of Refractory Metals and Hard Materials, 27(4), 754-763.



74

Gaitonde, V. N., Karnik, S. R., Faustino, M., & Davim, J. P. (2010). Machinability analysis in turning
tungsten—copper composite for application in EDM electrodes. International Journal of Refractory
metals and hard materials, 28(2), 221-2217.

Huang, Y., Chou, Y. K., & Liang, S. Y. (2007). CBN tool wear in hard turning: a survey on research
progresses. The International Journal of Advanced Manufacturing Technology, 35(5-6), 443-453.
Lin, H. M., Liao, Y. S., & Wei, C. C. (2008). Wear behavior in turning high hardness alloy steel by CBN

tool. Wear, 264(7), 679-684.

Ozel, T., Hsu, T. K., & Zeren, E. (2005). Effects of cutting edge geometry, workpiece hardness, feed rate
and cutting speed on surface roughness and forces in finish turning of hardened AISI H13 steel. The
International Journal of Advanced Manufacturing Technology, 25(3-4), 262-269.

Ozel, T., Karpat, Y., Figueira, L., & Davim, J. P. (2007). Modelling of surface finish and tool flank wear
in turning of AISI D2 steel with ceramic wiper inserts. Journal of materials processing
technology, 189(1), 192-198.

Sahin, Y. (2009). Comparison of tool life between ceramic and cubic boron nitride (CBN) cutting tools
when machining hardened steels. Journal of materials processing technology, 209(7), 3478-3489.
Saravanan, 1., Perumal, A. E., Vettivel, S. C., Selvakumar, N., & Baradeswaran, A. (2015). Optimizing
wear behavior of TiN coated SS 316L against Ti alloy using Response Surface

Methodology. Materials & Design, 67, 469-482.

Suresh, R., Basavarajappa, S., & Samuel, G. L. (2012). Some studies on hard turning of AISI 4340 steel
using multilayer coated carbide tool. Measurement, 45(7), 1872-1884.

Tamang, S. K., & Chandrasekaran, M. (2015). Modeling and optimization of parameters for minimizing
surface roughness and tool wear in turning Al/SiCp MMC, using conventional and soft computing
techniques. Advances in Production Engineering & Management, 10(2), 59.

distributed under the terms and conditions of the Creative Commons Attribution (CC-

@ © 2017 by the authors; licensee Growing Science, Canada. This is an open access article
@ BY) license (http://creativecommons.org/licenses/by/4.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


