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Abstract

Ceramic cutting tools are widely used particularly in high-speed machining of difficult-to-machine materials. However,
using cutting fluid with these ceramic tools significantly reduces tool life. Therefore, the inclusion of a cooling/lubrication
method into the process to improve the machining performance of ceramic tools will make machining efficiency much more
effective. The aim of this study is to analyze the effect of cutting parameters and cooling/lubricating conditions on tool wear
and surface roughness in the milling of nickel-based Waspaloy with ceramic tools. The cutting tools selected for the study
were Ti[C, N]-mixed alumina inserts (CC650), SiC whisker-reinforced alumina inserts (CC670) and alumina and SiAION
ceramic inserts (CC6060). The machining parameters comprised three different cooling/lubricating methods (dry, wet and
MQL), three different cutting speeds (500, 600 and 700 m/min) and three different feed rates (0.02, 0.04 and 0.06 mm/rev).
Analysis of variance was used to determine the effects of the machining parameters on tool wear and surface roughness. In
addition, a regression analysis was conducted to identify the relationship between the dependent and independent variables.
According to the experimental results, the minimum quantity lubrication method was identified as the best cooling method
for minimum tool wear and surface roughness. In terms of ceramic grades, the SiAION inserts provided better results in all
experimental trials. The dominant wear types observed in all cutting tools were flank wear and notch wear.
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1 Introduction Nickel-based superalloys form 50% of the weight of aviation

engines [2]. Among these alloys, Waspaloy exhibits features

Superalloys, also known as high-temperature alloys, have
a better strength/weight ratio and higher temperature and
corrosion resistance compared to conventional materials [1].
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that include high hardness, high-temperature strength, low
thermal conductivity and oxidation resistance [3]. Because
of these superior features, it is widely used in essential
parts of aircraft and chemical transport equipment and in
the structure of petroleum refineries [4]. On the other hand,
these features that give Waspaloy a working advantage also
define it as a difficult-to-machine material [5].

One cutting tool type suitable for material that is difficult
to machine is the ceramic cutter. Ceramic cutters have been
widely used in metal cutting for more than 100 years [6].
Features like high hardness, high heat resistance, high wear
resistance and low chemical affinity are some of the reasons
that ceramic cutters are widely used for high-temperature
alloys [7]. Moreover, their longer tool life compared to car-
bide tools is another of their important features [8]. The
rising demand of manufacturers for more accurate machin-
ing, higher speed and highly finished surfaces has increased
the interest in ceramic cutters [9]. However, ceramic cutters
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are also very fragile and thermal shocks shorten their life.
Therefore, it is not recommended that cutting fluid be used
with these cutters although including cutting fluid in the pro-
cess is an important necessity for users who want to increase
production efficiency.

Since machinability studies on Waspaloy are limited,
some studies conducted on superalloys like Waspaloy or
similarly featured superalloys machined using ceramic tools
are given below.

Lima et al. used three different ceramic tools (SiAION,
whisker and mixed ceramic) and three different cooling
methods (dry, argon and oxygen spray) to machine Inconel
75 1 and observed the wear behavior of the cutting tools.
According to the experiments, the cutting speed, tool geom-
etry and cooling method had important effects on tool life
and wear. Additionally, the argon and oxygen spray cooling
methods showed better results, especially on the SiAION-
based tools [10]. Tian et al. used three different ceramic
cutting tools (K'Y 1540, CC650 and CC670) to machine iron-
based superalloy GH2132 and examined the cutting power,
temperature, tool wear morphology and tool life. Results
showed that the optimum values were achieved for CC650
at less than 100 m/min cutting speed, while for KY 1540
and CC670, the optimum cutting speed was between 100
and 200 m/min [11]. Zeilman et al. used a ceramic tool
to machine Inconel 718 under both dry and wet processes
and observed the effect of the use of cutting fluid on the
wear of the cutting tool. As a result of the study, it was
observed that the dominant wear type was notch wear, while
the longest tool life was provided with SiAION-based tools
[7]. Amini et al. machined Inconel 718 using ceramic and
carbide tools and evaluated the surface roughness and the
change in the cutting force. They observed that the ceramic
tools were more efficient at high cutting speeds compared to
carbide tools [12]. Altin et al. machined Inconel 718 using
ceramic tools with three different geometries and observed
the changes in the tool wear/tool life. They found crater and
flank wear to be the dominant types for square geometry
tools, while flank and notch wear were dominant for the
round geometry. In addition, the round geometry ceramic
tools showed lower wear [13].

It is known that ceramic tools are extensively used to
increase process efficiency in the high-speed machining of
superalloys and especially hard materials. However, their fra-
gility against thermal shocks requires them to be used under
dry cooling conditions. This method, especially for hard
materials, results in a high cutting tool wear rate and thus a
lower tool life and negatively affects the surface quality [14].

For this reason, it is important to include a cooling method
in the system in order to increase process efficiency, but at
the same time to consider the impact on human health and
the environment. This has been mostly achieved for tungsten
carbide tools by using the MQL system and plant-based flu-
ids. The manufacturing industry has been searching for the
solution to this problem with regard to increasing produc-
tion efficiency, decreasing costs and protecting the health of
operators. However, not enough research has been carried
out by the cooling method suppliers on ceramic tools because
of their low thermal resistance although ceramics with vari-
ous new qualities have been developed, and by increasing
hardness and thermal resistance, their range of use may be
expanded. The effect of different cooling methods on the
machining performance of nickel-based Waspaloy was inves-
tigated in this study, which aimed to observe the effect of
decreasing cutting fluid on these factors. The Taguchi method
was used to optimize the parameters included in the system,
to lower costs, to decrease the time spent by trial-and-error
cycles and to reduce the number of experiments.

2 Experimental procedure
2.1 Material and milling experiments

Milling experiments were carried out on a DELTA SEIKI
CNC-1050 vertical machining center with 3-axis CNC con-
trol, 11-kW motor power and maximum 10,000 rpm. The
chemical composition of the nickel-based Waspaloy used as
the workpiece is given in Table 1. The Waspaloy samples
were cut to the size of 150 100X 21 mm. For the milling
experiment, three different cooling methods (dry, wet and
MQL), three different cutting speeds (500, 600 and 700 m/
min) and three different feed rates (0.02, 0.04 and 0.06 mm/
rev) were chosen. The depth of cut (0.5 mm) was kept con-
stant in all experiments due to the relatively lower effect on
tool life and surface roughness compared to cutting speed
and feed rate.

2.2 Cutting inserts and tool holder

The chip removal experiments were made with three different
SANDVIK ceramic tools having different structures: Ti[C,
N]-mixed alumina inserts (CC650), SiC whisker-reinforced
alumina inserts (CC670) and alumina and SiAION ceramic
inserts (CC6060). Their technical specifications are given
in Table 2. The CC6060 cutting tool was selected for the

Table 1 Chemical composition %Al %B %C
of Waspaloy alloy

%Cr %Co %Fe

%Mo %Ni %Ti %Zr

1.40 0.010 0.050

19.50

13.00 1.00 4.30 57.00 3.00 0.70
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superalloy machining because of its structure, which com-
bines the strength of silicon nitride with enhanced chemical
stability. The CC650 ceramic insert is an alumina-based, tita-
nium carbide hybrid ceramic insert used in the high-speed
machining of hardened material and the semi-fine machining
of heat-resistant superalloys that requires low hardness. The
CC670 quality ceramic insert is a cutting insert with whisker
support that is generally preferred for milling of nickel-based
superalloys because of its high hardness. Additionally, the
SANDVIK R300C-025A20-09M tool fixture (25 mm in diam-
eter and 100 mm in length) was used with the ceramic tools.

2.3 Cooling/lubrication conditions

Three types of cooling conditions were chosen for the
machinability experiments: dry, traditional (wet) and mini-
mum quantity lubrication (MQL). For traditional machin-
ing, also known as wet machining, 8% boron is added to the
oil-water emulsion inside the CNC milling machine’s own
cooling system used during the chip removal process. The
SKF Vario model was selected for the experiments using
the MQL system. After pre-trials and literature research, the
MQL parameters were established as: 8 bar pressure, plant-
based cutting fluid (density 0.895 g/cm?® 20 °C, kinematic
viscosity 5 mm?/s 40 °C, flash point 170 °C), 100 mL/h flow
rate, 25 mm spray distance and 45° spray angle.

2.4 Measurements

Tool wear experiments were made with 1125 mm? constant
volume of chip removed, and the wear was measured after
the operation. The cutting tool wear was measured using a
portable digital microscope (Dino-Lite, AM4113ZT) with
250 x zooming capacity. The wear data were monitored and
saved on the software Dino-Capture 2.0 after every pass.
Each measurement was repeated three times in order to
avoid a possible error. Further cutting tool wear behavior and
mechanisms were observed in details via scanning electron
microscopy (SEM) (FEIL: Quanta FEG 250).

After the experiments, the average surface roughness value
(R,) was determined with a portable measurement device

Table 2 Technical specifications for ceramic inserts

ISO code Quality Reinforcement Content (%)
RPGNO090300T01020  CC650 Alumina Al, 05 (70)
TiN (22.5)
TiC (7.5)
RPGN090300T01020  CC670 Whiskers Al, 05 (80)
SiCw (20)
RPGNO090300E CC6060  SiAION Si;N, (80)
Al, 05 (20)

(Taylor Hobson Surtronic 25) calibrated prior to measurement.
Every surface was machined with a brand-new tool that has
not been used before. The measurements were taken imme-
diately and rapidly in order to prevent surface oxidation from
affecting the measurement results. Surface roughness measure-
ments were taken at four points in the machining direction, and
the arithmetic average was taken as the result. Additionally, a
3D surface topography of the machined surface was obtained
using a camera and sensor (PhaseView). Measurement points
of 2.5 mmx 2.5 mm were chosen randomly on the machined
surface. A summary of the experimental procedure is given
in Fig. 1.

2.5 Milling conditions and experimental design

Types of cutting tool, cooling method, cutting speed and
feed rate are considered as milling parameters. The ranges
of milling parameters are selected as recommended from the
tool manufacturer. The milling factors and their levels are
shown in Table 3. The experimental design for four machin-
ing parameters (cutting tool, cooling method, cutting speed,
feed rate) with three levels (4°) is organized by the Taguchi
method (L,; orthogonal array, Table 4). Minitab 17 version
is used for regression models. Reducing the large numbers of
experiments by Taguchi method is important robust design
in experimental investigations. This method designs specific
standard orthogonal sequences in which the simultaneous
and independent evaluation of two or more parameters can be
carried out in a minimum number of tests for their ability to
affect the variability of a given product or process properties.
In the Taguchi method, signal-to-noise (S/N) ratios are used to
evaluate the quality characteristics. The result is obtained by
the ratio between the signal, which is the desired value, and
the noise factor, which is the undesired value. Three different
quality features are used in the S/N ratios analysis: “the biggest
is best,” “the smallest is best” and “the nominal is best” [15].
In this study, since the lowest wear value and the lowest surface
roughness were of interest, “the smallest is best” was selected,
and the formula is given below;

n
1 2
S/N=-10-1 - Y
/ og <n 2:, ; ) )
where 7 is the number of measurements in a trial/row and Y

is the measured value in a run/row [16].

3 Results and discussion

The evaluations of the surface roughness, tool wear and
tool wear characterization are given in this section, which
also includes the S/N ratio analysis, analysis of variance
(ANOVA) results and regression analysis.
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Fig. 1 A schematic diagram of the experimental setup

Table 3 Machining parameters and their levels

Parameters Symbol  Level 1 Level2  Level3
Cutting tool A CC650  CC670  CC6060
Cooling method B Dry Wet MQL
Cutting speed (m/min) C 500 600 700
Feed rate (mm/rev) D 0.02 0.04 0.06

3.1 Analysis of the signal-to-noise (S/N) ratio

The experimental design, experimental results and S/N
ratios of these results are given in Table 4. The main effect
graphs showing the optimum levels of tool wear and sur-
face roughness are presented in Figs. 2 and 3, respectively.

An evaluation of Fig. 2 shows that the CC6060 ceramic
insert (A;), MQL system (B3), 700 m/min cutting speed
(C3) and 0.06 mm/rev feed rate (D;) were the optimum
cutting parameters that produced the lowest wear values.

Figure 3 shows that the CC6060 ceramic insert (A5), MQL
system (B3), 700 m/min cutting speed (C;) and 0.02 mm/
rev feed rate (D,) were the optimum cutting parameters that
achieved the lowest surface roughness values.

3.2 Evaluation of experimental results for tool wear
The surface graphics in Fig. 4 illustrate the wear variances

with respect to input parameters. Figure 4a shows that the
lowest wear value was obtained with the CC6060 ceramic

@ Springer

insert, with wear values that were 26.36% lower than those of
the CC650 insert and 48.18% lower than those of the CC670
insert. The CC6060 ceramic insert had better mechanical
strength and therefore performed better when compared to
the traditional or hybrid alumina tools [17, 18]. Figure 4a
shows that the lowest wear was again achieved by using the
MQL system, while the highest wear resulted from the wet
machining. The wet machining caused 64.37% higher tool
wear than the dry machining, while the MQL caused 9.20%
lower wear than the dry machining. This can be explained
by the low thermal shock resistance of the ceramic tools.
However, the MQL system had the priority of lubrication
rather than cooling and therefore created a film layer at the
tool/chip interface which resulted in better lubrication and
had an important effect on reducing tool wear compared to
the traditional cooling [19, 20].

The graph in Fig. 4b shows that the tool wear decreased
with the increase in cutting speed. The wear values at the
cutting speed of 500 m/min decreased by 20.8% and 31.2%
at cutting speeds of 600 m/min and 700 m/min, respectively.
The milling operation, because of its intermittent character,
is a cooler operation than the turning operation. The temper-
ature in the deformation zone is required to be high enough
to ease the deformation of the material, but not so high as to
negatively affect the features of the ceramic tool, thus ensur-
ing that the cutting zone is softened and the cutting operation
is eased. Increasing the cutting temperature is only possible
by increasing the cutting speed. That is the reason that tool
wear is reduced with increased cutting speed.
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Table 4 The results of experiments and S/N ratio values

Exp. no. Control factors Vp (mm) S/N ratio (dB) Surface S/N ratio (dB)
roughness
A B C D (um)
Cutting tool (CT) Cooling Cutting Feed rate (f)
method (CM) speed (V)
1 CC650 Dry 500 0.02 2.59 —8.28 0.82 1.72
2 CC650 Dry 600 0.04 1.64 —4.29 0.94 0.54
3 CC650 Dry 700 0.06 0.73 2.70 1.12 —-0.98
4 CC650 Wet 500 0.04 3.17 —10.02 1.40 -2.92
5 CC650 Wet 600 0.06 3.10 —-9.83 2.10 —6.44
6 CC650 Wet 700 0.02 1.43 -3.11 1.06 -0.51
7 CC650 MQL 500 0.06 1.21 — 1.66 0.58 4.73
8 CC650 MQL 600 0.02 1.55 —3.82 0.28 11.06
9 CC650 MQL 700 0.04 1.94 —-5.76 0.46 6.74
10 CC670 Dry 500 0.04 0.72 2.81 1.40 -2.92
11 CC670 Dry 600 0.06 0.61 4.24 1.68 —451
12 CC670 Dry 700 0.02 0.89 0.99 0.90 0.92
13 CC670 Wet 500 0.06 1.37 —-2.74 2.18 -6.77
14 CC670 Wet 600 0.02 0.43 741 2.01 —6.06
15 CC670 Wet 700 0.04 1.51 - 3.60 0.94 0.54
16 CC670 MQL 500 0.02 0.84 1.48 0.30 10.46
17 CC670 MQL 600 0.04 0.67 3.45 0.42 7.54
18 CC670 MQL 700 0.06 0.48 6.38 0.44 7.13
19 CC6060 Dry 500 0.06 0.29 10.66 0.94 0.54
20 CC6060 Dry 600 0.02 0.20 14.15 0.52 5.68
21 CC6060 Dry 700 0.04 0.20 14.15 0.84 1.51
22 CC6060 Wet 500 0.02 0.82 1.73 0.84 1.51
23 CC6060 Wet 600 0.04 0.59 4.63 1.62 -4.19
24 CC6060 Wet 700 0.06 0.42 7.62 1.12 —0.98
25 CC6060 MQL 500 0.04 0.22 13.15 0.38 8.40
26 CC6060 MQL 600 0.06 0.12 18.27 0.50 6.02
27 CC6060 MQL 700 0.02 0.12 18.42 0.22 13.15

TVE (wear total mean value)=1.03 mm
Ty,_s/n (Wear S/N ratio total mean value)=2.93 dB
TRu (surface roughness total mean value)=0.963 pm

Ty _s/n (surface roughness S/N ratio total mean value)=1.92 dB

Figure 5 shows the optical images of the cutting tools
used under the different cutting conditions taken by the
digital microscope. The figure shows that the CC6060
quality ceramic insert has superiority to other ceramic
qualities in terms of tool wear in all cutting conditions.
The CC650 quality ceramic inserts are broken especially
in the low cutting speed. With the increased cutting speed,
deep flank wear is observed instead of breaking.

Consequently, CC650 quality ceramic inserts showed
the lowest performance among the cutting tools tested.
Compared to the dry cutting condition, wet cutting condi-
tion increased tool wear, while the use of MQL method
significantly reduced tool wear.

3.3 Characterization of wear

Not all of the results of the factor interactions could be
observed because the experimental design was not fully
factorial. In order to compensate for this disadvantage, addi-
tional experiments were added to the experimental design.
In these added experiments, with cutting speed held con-
stant at 700 m/min and feed rate kept constant at 0.06 mm/
rev, the effects of the cutting tool and cooling method were
observed.

In order to determine the maximum difference in cutting
tool effect in these experiments, dry machining was chosen
and the reinforcement type was the only variable under

@ Springer



83 Page6of15 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:83

CT CM

V (m/min) f (mm/rev)

12,5

10,01

7,51

5,01

2,51

Mean of SN ratios

0,07

-2,51

5,01

T T T T
CC650 CC670 CC6060  Dry Wet MQL

Fig.2 Main effect graph of S/N ratios for tool wear
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Fig.3 Main effect graph of S/N ratios for surface roughness

constant parameters. The material quantity was fixed as
1125 mm?. Figure 6 shows the effect of cutting tool type on
wear under dry machining conditions. The best result was
achieved with the CC6060 ceramic tool, while the worst
result was achieved with the CC650 tool. The SEM images
of the tools used in this experiment are shown in Fig. 7.

@ Springer
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Figure 7a shows the irregular flank wear and macrolevel
fractures on the rake face. Figure 7b shows flank and notch
wear along the cutting edge of the cutting tool. In the SEM
photographs showing the wear of the CC6060 ceramic
inserts, a significant flank wear along the cutting edge can
be observed. Thus, after the analysis of the data in this study,



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:83

Page7of 15 83

MQL

CT z
CC6060 Dry

(a)

g

0.04 <
f (mm/rev) s 600

0.06 700

(b)

500

V (m/min)

Fig.4 Change of wear depending on input parameters. a Cutting tool and cooling method, b cutting speed and feed rate

the dominant wear types were identified as flank and notch
wear. These wear types are a result of oxidation and diffu-
sion wear mechanisms.

The CC650 ceramic cutting tools were chosen in order
to determine the most significant difference and therefore
to better observe the effect of the cooling methods. Experi-
ments were performed at a constant cutting speed (700 m/
min), feed rate (0.06 mm/rev) and chip volume (1125 mm?),
with the only variable being the cooling method. The effects
of the cooling method on wear in the experiments using the
CC650 ceramic cutting tool are given in Fig. 8, and SEM
images of the corresponding wear are given in Fig. 9.

Figure 9a shows that the effective tool wear was irregular
flank and notch wear, and Fig. 9b shows a fracture along
the entire length of the cutting tool, making it unusable. In
Fig. 9c, no fractures can be seen on the cutting edge, and
the notch formation is less than with either the dry or wet
machining. In addition, the wear is more regular when com-
pared to the other cooling methods.

The MQL system increased the operational efficiency and
the performance of the cutting tools by creating a lubricat-
ing film layer on the tool/workpiece and chip/tool interfaces
and on the primary cutting zone. In other words, the MQL
system achieved much better results for wear on the ceramic
tool because its lubricative performance was better than its
cooling performance. This had a significant positive effect
on the ceramic cutting tool’s machining performance when
compared to the traditional cooling. The near-dry cooling
method, especially when performed at high pressure, has
the advantage of creating segmented chips effectively and
increasing the life of the tool by cooling and lubricating
[21]. As aresult, the MQL system achieved lower wear and a
significant improvement in tool life. The reason for the high

wear with the wet cooling method can be explained by the
fact that it is not recommended for ceramic tools [22] due to
the thermally inconsistent conditions provided by the inten-
sive force sending the cutting fluid to the cutting zone. These
fluctuating thermal conditions result in very early breakage
and loss of cutting capability in the ceramic tools, as their
resistance to thermal shock is very low.

3.4 Evaluation of experimental results for surface
roughness

Three-dimensional surface graphics showing the interaction
of surface roughness with other main factors under different
cutting parameters are presented in Fig. 10.

In Fig. 10a, the relation between surface roughness and
cutting tool type shows that the lowest surface roughness
was achieved with the CC6060 inserts. The surface rough-
ness for CC650 and CC6060 was, respectively, 14.72% and
31.99% better when compared to CC670. The lowest surface
roughness among all cooling methods was achieved by the
MQL system. When compared to the wet machining, the dry
machining and MQL system demonstrated better results by
30.8% and 73.06%, respectively.

When compared to the 600 m/min cutting speed, the
500 m/min and 700 m/min cutting speeds gave better sur-
face roughness results by 12.24% and 29.49%, respectively.
The surface roughness values recorded at 500 m/min and
600 m/min cutting speeds were very close to each other,
whereas the value decreased at 700 m/min cutting speed
(Fig. 10b). The surface roughness improves with increas-
ing cutting speed. This situation can be explained by the
ease of deformation in the cutting zone due to the increased
temperature at the deformation zones at high speeds. Thus,
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Fig.5 Optical images of ceramic tools used under the different cutting conditions (x 50)

the workpiece material can be easily deformed around the The feed rate was found to be the most effective factor
cutting edge and nose radius and the workpiece material ~ on surface roughness, and its increase negatively affected
can be formed without any tearing [23, 24]. surface quality [25]. This increase was measured as 20.78%
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Fig.6 Impact on reinforcement
under dry processing (X 50)

CC6060

CC670

CC650

0.232

0.575

0.697

Fig. 7 SEM images of tool abrasions. a CC650, b CC670, ¢ CC6060

at a feed rate of 0.04 mm/rev and 53.25% at 0.06 mm/rev, as
compared to the 0.02 mm/rev feed rate.

3.5 Characterization of the machined surface

The effect of cutting tool reinforcement type and cooling
method on surface roughness is presented in this section.
With this aim, the cutting speed was kept constant at 700 m/
min and the feed rate kept constant at 0.06 mm/rev.

To observe the effect of tool reinforcement type on the
surface roughness, the reinforcement type was selected as
the only variable and the experiments were made under dry
machining conditions. Two-dimensional photographs of the

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Flank Wear, VB (mm)

surfaces after the experiments compared with the 3D topog-
raphies are given in Fig. 11.

Figure 11 shows that the surface roughness varied
depending on the reinforcement type. Surface quality was
improved with CC650 and CC6060 by 12.5% and 39.29%,
respectively, when compared to CC670. This can be
explained by the resistance of the cutting tool against wear,
since low-strength tools begin wearing early and start to
damage the surface, thus increasing the surface roughness
values [26].

The CC650 ceramic tool was chosen for the experiments
to determine the effect of the cooling method on surface
roughness, with the cooling method as the only variable.
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Fig.8 Wear conditions of
CC650 ceramic inserts with
different cooling—lubrication

MQL
methods (X 50)

Dry

Wet

0

Fig.9 SEM images of CC650 tool surface. a Dry, b wet, ¢ MQL

Surface photographs and comparative 3D topographies dur-
ing the experiments with CC650 ceramic tools under dry
machining, wet machining and the MQL system are pre-
sented in Fig. 12.

Figure 12 shows that the greatest surface roughness was
obtained under wet machining (Fig. 12b), which resulted
in 17.34% more surface roughness than dry machining,
while the MQL system improved the surface roughness
by 50% over the wet machining. This can be explained by
the effect of the cooling methods on the cutting tools. The
MQL system created a lubricant film layer between the tool/
chip interface which reduced the friction and thus boosted
the wear resistance of the cutting tool. The increased chip

@ Springer
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removal time of the cutting tool resulted in a more regular
surface without showing wear. In contrast, the wet machin-
ing created high thermal changes as a result of the cutting
fluid sent to the cutting zone under intensive force. This
resulted in very low tool life or breakage of the cutting tool
due to its low resistance to thermal changes. The machined
surface was also affected, and the surface roughness results
were significantly higher.

The surface roughness experimental results are in paral-
lel with the tool wear experimental results. In other words,
the cooling method and the ceramic tools ranked from
best to worst performance in the tool wear experiments
were ranked the same from the surface quality aspect. The
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Fig. 11 Surfaces obtained by dry processing. a CC650, b CC670, ¢ CC6060

CC6060 demonstrated the best performance in the tool wear 3.6 ANOVA method

experiments, and the best cooling method was identified as

the MQL system. This situation is parallel to the surface  In the ANOVA, the significance level was chosen as 95%,
roughness experiments, where the best performance was  and the parameter was considered to be effective on the
achieved with the CC6060 cutting tool and MQL system. output when the P value was less than 0.05. The ANOVA
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(b)

Fig. 12 Photograph of the surfaces obtained with CC650 ceramic tool. a Dry, b wet, ¢ MQL

results of the tool wear and surface roughness experiments
are given in Table 5, which shows that the contribution per-
centages of the factors A, B, C and D on tool wear were
60.9%, 20.9%, 2.2% and 0.1%, respectively, and their con-
tribution percentages on the surface roughness were 8.1%,
71.0%, 6.7% and 10.5%, respectively. In light of these data,
the most important factor affecting tool wear was the cutting
tool coating type (A), while the most important parameter
affecting the surface roughness was the cooling method (D),
with an error rate for tool wear of 15.8% and for surface
roughness of 3.8%. The measured values and statistical
results were parallel in both the tool wear and surface rough-
ness experiments.

3.7 Regression models and analysis

Equations for tool wear and surface roughness were set with
the cutting tool type, cooling method, cutting speed and feed
rate as parameters. Only the linear equations generated with
the main effects of the control factors are given in Eq. (2) for
tool life and in Eq. (3) for surface roughness.

@ Springer

Vg =5.945 - 0.8CT — 0.04CM - 0.00196V — 1.43f  (2)

R, =1.949 — 0.099CT — 0.310CM — 0.0009V + 10.31f

3)
The coefficient of determination (R?) of the obtained linear
equations was calculated as 0.632 for tool wear and as 0.335
for surface roughness. The differences between the predicted
tool life and surface roughness obtained with the first-degree
equations at 95% confidence level and the tool life and sur-
face roughness values obtained from the experimental stud-
ies were both high. Consequently, equations involving facto-
rial interactions were developed. Thus, Eq. (4) represents the
tool life and Eq. (5) the surface roughness.

Vp =9.38 —2.93CT + 1.14CM — 0.0176V + 25f
+ 0.292CT? - 0.590CM? + 0.0000060V?>
— 571f% 4+ 0.0090CTxCM + 0.001720CTxV + 1.270CTxf

+ 0.00178CMxV + 3.42CMxf — 0.0248Vxf
@)
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Table 5 Results of ANOVA

Source Degree of Sum of squares Mean squares F ratio P ratio Contribu-
freedom tion rate
(%)

Tool wear

A 2 26.0945 13.0472 34.78 0.000 60.9

B 2 8.9745 4.4873 11.96 0.000 20.9

C 2 0.9651 0.4826 1.29 0.301 2.2

D 2 0.0445 0.0222 0.06 0.943 0.1

Error 18 6.7530 0.3752 - - 15.8

Total 26 42.8316 - - - 100
Surface roughness

A 2 0.6027 0.30134 3.99 0.0037 8.1

B 2 5.2565 2.62823 34.82 0.000 71.0

C 2 0.4949 0.24743 3.28 0.061 6.7

D 2 0.7768 0.38841 5.15 0.014 10.5

Error 18 0.2786 0.01548 - - 3.8

Total 26 7.4095 - - - 100

R, = —10.57 + 0.77CT + 2.62CM + 0.028V + 50.3f
— 0.27CT? = 0.77CM? — 0.000023V? + 1122
+ 0.0596CTxCM + 0.0003330CTxV — 3.1100CTxf

+ 0.000289CMxV — 3.67CMxf — 0.0591Vxf
&)

The coefficient of determination (R?) for these equations was
0.829 for tool wear and 0.873 for surface roughness. The
estimated tool life and surface roughness values obtained via
linear, quadratic and Taguchi methods at the 95% confidence
level and the tool life and surface roughness results obtained
from the experimental study are given and compared in
Fig. 13. The closest predictive equation to real values was
the equation for the main effects and interactions.

3.8 Confirmation tests

In this section, three confirmations run experiments were
performed to verify the accuracy of the developed model.
While selecting the conditions for the validation test,
the parameter group giving the optimum result is taken
as reference. In addition, two randomly selected param-
eter groups were determined and their experiments were
performed. Then, the results of the experiments and the
results of the prediction models were compared. The com-
parisons of experimental results/predicted values from
the regression model are shown in Table 6. The predicted
results are very close to the experimental results. For reli-
able statistical analyses, error values must be smaller than
20%. The results of this study have also been in compli-
ance with this rule.

4 Conclusions

In this study, Waspaloy superalloy is milled using differ-
ent cooling methods and cutting tools. Taguchi method is
used to obtain the optimum machining parameters after
the machining. Experimental results are analyzed using
ANOVA. The results of the experiment are listed below;

e S/N ratios are used to identify the optimum levels of
control factors to minimize the surface roughness and
tool wear. Optimum cutting conditions for surface
roughness and tool wear are identified as A;B;C3D;
(i.e., cutting tool = CC6060, cooling method =MQL,
cutting speed =700 m/min and feed rate =0.06 mm/
rev) and A;B;C;D; (i.e., cutting tool =CC6060, cooling
method = MQL, cutting speed =700 m/min and feed
rate =0.02 mm/rev).

e (CC6060 ceramic inserts achieved better results when
compared to ceramic inserts CC650 and CC670.
CC6060 inserts have achieved 147.84% and 200.43%
better results on tool wear when compared to CC650
and CC670 inserts, respectively. CC6060 inserts have
achieved 44.12% and 64.71% better results on sur-
face roughness when compared to CC650 and CC670
inserts. As a result, CC6060 ceramic cutter is recom-
mended for the machining of Waspaloy superalloy.

e Using cutting fluid on ceramic inserts on chip removal
experiments is not recommended by the manufacturers
and researches. However, MQL system use has achieved
very good results and thus MQL use with ceramic cutters
is recommended.

e Statistical analysis results show that the most effective
parameter on tool wear is identified as reinforcement
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Fig. 13 Comparison of the regression models with experimental results
Table 6 Bredicted values and Level Factors and their value Feed rate Quadratic equation
confirmation test results by (mm/rev)
regression equations Cutting tool Cooling method Cutting Exp. Pred. Error (%)
speed (m/
min)
Tool wear
A;B;C;D; (optimum) CC6060 MQL 700 0.06 0.11 0.123 11.81
A,B,C,D, (random) CC650 Dry 500 0.02 259 233  10.04
A,B,C,D, (random) CC670 Dry 600 0.04 0.63 056 11.11
Surface roughness
A;B;C;D,; (optimum) CC6060 MQL 700 0.02 0.22 0205 6.81
A,B,C,D, (random) CC650 Dry 500 0.02 0.82 0.824 049
A3;B,C;3D, (random)  CC6060 Dry 700 0.02 0.79 0.71 10.13

type, while the most effective parameter on surface
roughness is identified as cooling method. The contribu-
tion of these parameters has been identified as 60.9% and
71.0%, respectively.

Quadratic regression models that have been developed
show that there is a very good correlation between meas-
ured values and calculated values for surface roughness.
The correlation coefficients have been identified as 0.829
and 0.873, respectively.

The lowest wear for all tools is achieved by MQL system,
while the highest wear is achieved by wet cooling. MQL
system has achieved 17.34% and 433.67% better results
on tool wear when compared to dry machining and wet
machining, respectively.

The experiments show that the dominant wear types for
the experimented tools are identified as flank wear and
notch wear.

@ Springer
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