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This study discusses the milling of Nickel-Titanium (NiTi) alloy, one of the innovative and widely used shape
memory alloy (SMA). During the face milling operations, the average surface roughness (Ra) was inves-
tigated depending on the change in machining parameters, cutting conditions, and cryogenic heat treat-
ment. Experiments were carried out with uncoated and two different coated (PVD, CVD) cutting tools with
untreated, shallow (2 80 �C) and deep (2 196 �C) cryogenic heat treatment. In addition, experiments were
carried out using Ethylene Glycol (EG), and boron added Ethylene Glycol (EG+5%BX) cutting fluids as
well as dry cutting condition. In the cutting experiments, three different cutting speeds (20–35–50 m/min),
three different feeds (0.03–0.07–0.14 mm/tooth), and 0.7 mm fixed cutting depth was used as machining
parameters. In the milling mechanism of NiTi shape memory alloys, how the cutting parameters affect the
surface quality is discussed in detail. In this context, the cutting parameters were successfully optimized
using Taguchi and ANOVA methods. The study is innovative in terms of evaluating the effect of different
cutting fluids and cryogenic heat treatment. The results showed that CVD-coated cutting tool, 2 196 �C
cryogenic heat treatment, EG+5%BX cutting fluid, 50 m/min cutting speed, and 0.03 mm/tooth feed are the
optimal parameters for the minor surface roughness. In addition, it has been determined that progress is
the most influential parameter. On the other hand, ANOVA results showed that the most significant variable
on the Ra was feed rate with 42.99%, and then cutting tool type 20.27%, cutting fluid 20.25%, cutting speed
11.68%, and cryogenic heat treatment 1.95%, respectively.

Keywords ANOVA, cryogenic treatment, cutting fluids, NiTi
SMA milling, taguchi optimization

1. Introduction

Shape memory alloys (SMA) are materials that can gain
their predefined shape or size when subjected to appropriate
thermal and mechanical procedures. Studies on SMA materials
are increasing day by day and their usage areas are expanding.
This material group exhibits two different behaviors in itself:
Shape Memory Effect (SME) and superelastisity (Ref 1). SMAs
stand out with their mechanical properties such as corrosion
resistance, SME and high strength. Compared to other SMAs,
NiTi alloys have much better mechanical properties and SME
makes this alloy valuable (Ref 2). On the contrary to these
advantages, milling process of NiTi SMAs is quite problematic.
Strain hardening, high ductility and low thermal conductivity of
the alloy result in severe tool wear, poor surface finish, and

poor machining efficiency, and it is difficult to meet dimen-
sional accuracy requirements (Ref 3). In addition, the high
ductility of the NiTi shape memory alloy is a source of the
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Abbreviations

ANOVA Analysis of variance

ap Axial depth of cut (mm)

BUE Built-Up Edge

None Cryogenic process unapplied

CVD Chemical vapor deposition

CI Confidence interval

EG Ethylene glycol

EG+%5BX Boron added cutting fluid

fz Feed rate (mm/tooth)

MQL Minimum quantity lubrication

NiTi Nickel-Titanium

PVD Physical vapor deposition

SEM Scanning electron microscope

SMA Shape memory alloy

SME Shape Memory Effect

TiAlN Titanium Aluminum Nitride

TiCN Titanium Carbon Nitride

TiN Titanium Nitride

Ra Mean surface roughness (lm)

Vc Cutting speed (m/min
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hard-to-break chips that occur during machining. Therefore, the
chip formation process of NiTi SMAs should be investigated
(Ref 4, 5).

Many experiments and theoretical analysis have been
performed to solve these problems (Ref 3). The use of coolants
during the machining process is known to have positive effects
on machinability. These positive results are mainly due to the
effects of coolant on reducing the temperature, friction and
wear amount at the tool-chip interface. It has been reported that
cryogenic cooling has also positive effects on the machining of
nickel-based superalloys (Ref 6) and titanium alloys (Ref 7). To
increase cutting performance in machining of NiTi SMAs,
coated cutting tools, the minimal amount of lubrication (MQL)
and cryogenic cutting are used as green cutting technologies
(Ref 4, 8).

In application of these solutions, the surface integrity is used
in evaluation of the machinability of materials due to the fact
that the performance of the products depends substantially on
surface integrity of the material. General surface integrity
properties used are average surface roughness (Ra), metallo-
graphic structure, residual stress, and work hardening. Velmu-
rugan et al. reviewed the surface integrity properties of NiTi
SMAs under the conventional, unconventional, and microma-
chining conditions (Ref 9). Kaynak et al. compared the Ra of
the NiTi SMAs machined under two different conditions in the
turning process with and without cryogenic coolant. As a result
of the studies, the increase in the feed rate caused an increase in
the Ra values. The Ra values obtained in the cryogenic
machining condition were lower than those obtained in the dry
machining condition in all feed parameters (Ref 10). Kulkarni
et al., in their study of optimization of machining parameters in
the processing of NiTi superelastic materials with wire erosion
bench, investigated the effects of electrode advance, pulse
duration, pulse interval time and the amount of voltage in the
spark gap on the metal removal rate and Ra values. The
researchers aimed to obtain the maximum metal removal rate
and the minimum Ra value in line with the relevant parameters
(Ref 1).

Weinert et al. investigated the best cutting conditions for
machining NiTi SMAs and the effects of various cutting tool
materials on the machinability of this material. Uncoated
carbide, various PVD-coated carbides, CBN, PCD and ceramic
tools were used as cutting tools. As a result of experimental
studies, it has been shown that coated carbide cutting tools
exhibit better machinability performance than uncoated carbide
cutting tools (Ref 12). In a similar study, Guo et al. (Ref 13)
investigated the surface integrity characteristics of Ni50.8Ti49.2
alloy after milling using AlTiN/TiN-coated carbide cutting
tools (replaceable inserts using a single active insert). Huang
investigated the effects of cutting parameters on tool wear and
surface properties using high-speed milling. The authors
reported that the increase in cutting speed resulted in an
increase in the surface quality, and a decrease in the degree of
work hardening. They attributed this to the decreasing of
cutting forces due to reducing of chip thickness and chip cross-
sectional area (Ref 14). Zhao et al. investigated the surface
integrity of NiTi alloy during turning process with the change
of cutting speed under cryogenic and dry conditions. They
studied on microhardness, work contact layer, and phase
transformation of the material. The authors reported that the
machinability of the NiTi alloy depends highly on cutting speed
(Ref 15). Kaynak et al. combined orthogonal experimentation,
shear-induced phase transformation, and simulation and inves-

tigated the effect of phase transformation on surface integrity of
the NiTi alloy (Ref 16). Zailani and Mativenga performed
micro-milling experiments to compare the effects cooled air
and MQL on the machinability of NiTi SMA. They reported
that the cooled air can make the workpiece structure uniform,
decrease the cutting force and the burr height. They also stated
that chilled air and MQL have a big influence on decrease burr
size, tool wear, and to increase surface roughness (Ref 17).
Kaynak et al. studied on the machining induced deformation
layer and investigated this layer’s effect on the material’s
potential deformation behavior by experimental design meth-
ods. Researchers reported that cryogenic heat treatment causes
a stronger effect than dry cutting (Ref 18). Aslantaş and Kaynak
(Ref 19) investigated the effects of machining parameters on
cutting forces, average surface roughness, and burr width in
micro-milling and slot milling studies of Ni55.82Ti44.18 SMA.
They stated that increasing cutting speed causes a phase
transformation from austenite to martensite by increasing the
stresses on the sample, and the hardening chips increase the
cutting forces. Wang et al. (Ref 20) performed milling
experiments to examine the effect of machining parameters
on the strain hardening of Ni50.8 Ti49.2 SMA. As a result of the
experimental studies, they determined that the most important
parameter affecting the strain hardening is the cutting speed.
They stated that the austenite content of the machined surface is
higher at high cutting speeds, and therefore, the strain
hardening is higher. They found that an increase in the feed
rate causes an increase in the shear force and plastic deforma-
tion area, and therefore an increase in strain hardening.
Kuppuswamy and Yui (Ref 21) studied on the machining
parameters in milling process of NiTi alloy to decrease cutting
forces and burr formation. As a result of the experimental
design, the researchers determined that the most important
machining parameters to reduce the cutting forces and burr size
in the micro-milling process of NiTi alloy are the cutting speed,
feed rate, and depth of cut, respectively. Weinert and Petzoldt
(Ref 22) investigated tool wear and machining quality in micro-
milling processes of NiTi SMA using the MQL method. As a
result of the experiments, they emphasized that the MQL
method is necessary to achieve acceptable processing results.
They found that the tool life increased, and the surface quality
of the sample improved with the MQL method; high cutting
width and feed rate provided better chip formation, increased
tool life, and sample surface quality. Zhao et al. carried out
experiments to examine the effect of cooling conditions on
turning NiTi shape memory alloys at different cutting speeds.
Tool wear, cutting force and surface morphology were deter-
mined as properties evaluated to investigate the effects of
different cooling methods and stress-induced martensitic phase
during the turning process. The study showed that the
appearance of the stress-induced martensitic phase during the
turning process impairs the machinability of NiTi shape
memory alloys (Ref 23). Kabil et al. studied the optimization
of the cutting parameters of NiTiHf high temperature shape
memory alloys using a multi-objective optimization method.
Empirical models were used to predict outputs in the turning
process of NiTiHf and compared with experimental data. It has
been determined that cutting parameters such as cutting speed,
feed rate, and depth of cut have a great effect on performance.
These parameters have been optimized using the Genetic
Algorithm to achieve maximum tool life, minimum energy
consumption, and maximum surface quality (Ref 24). Opti-
mizing the Ra in milling is a method frequently used by
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researchers. Many authors evaluated the Ra of different metal
materials by optimizing with Taguchi method (Ref 25–30).

In the study, the effect of NiTi SMAs on Ra was investigated
with the change of machining parameters under dry and MQL
conditions with cutting fluids and tungsten carbide (WC)
cutting tools with or without cryogenic heat treatment in face
milling operations. Optimum cutting conditions and parameters
were determined using the Taguchi method, an adequate
experimental design method. Thus, recommendations have
been made to ensure the surface integrity of this material, which
is difficult to process.

2. Experimental Setup

Face milling was carried out to observe the influence of
different machining parameters, cutting conditions, and cryo-
genic heat treatment parameters on the average surface
roughness (Ra) of the NiTi SMA. Taguchi optimization was
used to reduce the number of experiments. The milling tests
were performed by three-axis ‘‘Falco VMC 855-B’’ industrial
type CNC vertical machining center with 7.5 kW spindle
power. Ra of the machined surface was measured by Mitutoyo
Surftest SJ-310 tipped surface roughness measuring device
because the Ra is the most commonly used parameter in
roughness measurements in literature. After the surface rough-
ness measurements of the milled samples were made, the data
obtained were optimized and interpreted. The sampling length
was chosen as k = 0.8 mm and the evaluation length as L = 5.6
mm during the measurement. The schematic representation of
the experimental setup is given in Fig. 1. Werte Mikro STN 25
operating at the pressure of 4-6 bar with a lubrication range of
0.0021-0.028 ml was used as the MQL system. The prepared

cutting fluid was sprayed into the cutting medium with a nozzle
on the system.

2.1 Material and Cutting Tools

NiTi SMA, used in orthopedics to join broken bones, was
used as workpiece material in the experimental study. The NiTi
SMA used was subjected to hot rolling after it was produced by
the VAR (Vacuum Arc Remelting) method, and the material
was in the austenite phase at room temperature. It contained
55.8% Ni element in its structure. NiTi SMA plate was
prepared in 259 1009 100 mm dimensions. Detailed dimen-
sions and plate photographs of the test sample are shown in
Fig. 2. The chemical composition and mechanical properties of
NiTi SMA are given in Tables 1 and 2, respectively (Ref 31).

Phase transformation temperatures of the alloy, i.e., marten-
site start (Ms), the martensite finish (Mf), austenite start (As), and
austenite finish (Af) temperature, were measured by DSC
(Diffraction Scanning Calorimetry) method. According to the
phase transformation temperatures given in Table 3, the NiTi
alloy was seen to be in austenite phase at room temperature
before machining.

Three different cutting tools belonging to Sandvik Coromant
were utilized in the cutting experiments of NiTi SMAs in
accordance with the test conditions specified in ISO 1832.
These are uncoated, TiAlN coated (by PVD method), and TiN/
Al2O3/TiCN coated (by CVD method with a TiN top layer)
tungsten carbide cutting tools. To keep the cutting conditions
constant during the experiments, each experiment was carried
out using new cutting tools. In the experiments, a tool holder
with a two-edge, 120 mm height (l2), 25 mm cutting diameter
(Dc), 17.06� tilt angle (ks) and the code R390-025A25-11L
produced by Sandvik Coromant, suitable for replaceable
inserts, was used. The geometry of the tool holder was

Fig. 1. Experimental setup (a) MQL system, (b), (c) and (d) Milling of NiTi SMA plate
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determined with reference to ISO 5608. Only one cutting tool
was mounted onto the tool holder to provide a stable cutting
conditions (Fig. 3).

2.2 Cutting Fluids and Cryogenic Process

Borax Decahydrate (Na2B4O7Æ10H2O) and Ethylene Glycol
(EG (C2H6O2)) fluids were prepared as cutting fluid to be used

Fig. 2. NiTi plate and basic dimensions

Table 1. Chemical composition of NiTi SMA (%Weight) (Ref 31)

Ni C Co Cu Cr H Fe Nb N+O Ti

55.8 0.038 0.005 0.006 0.004 0.001 0.0012 0.005 0.041 44.09

Table 2. Mechanical properties of NiTi SMA (Ref 31)

Yield stress, MPa Tensile stress, MPa Elongation % Hardness (HRC)

280 630 13.9 26.5

Table 3. Phase transformation temperatures of the NiTi SMA (Ref 32)

Melting method Treatment Mf, ºC Ms, ºC As, ºC Af, ºC

Vacuum arc method Hot rolling � 49.9 � 11.0 � 33.0 8.8

Fig. 3. Geometrical properties of the tool holder and cutting tools utilized in the cutting process
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in milling operations of NiTi SMAs. These cutting fluids were
applied onto the workpiece at an angle of 45� and from a
distance of approximately 30 mm using the MQL (Minimum
Quantity Lubrication) system. Borax Decahydrate is a natural
alkaline mineral, and it consists of water, oxygen, sodium, and
boron. As its alkaline (basic) structure, it acts as a reducing
agent in the emulsion, allowing the pH level of the cutting fluid
to be increased and the wear resistance to increase (Ref 33, 34).
Borax Decahydrate (5% by weight BX) was added to Ethylene
Glycol (EG), and boron added (EG+5%BX) cutting fluid was
prepared. In order to obtain a homogeneous mixture, the
formulated cutting fluids were mixed with a mechanical stirrer
at 300 rpm at room temperature for 10 min and then placed in a
magnetic stirrer (Ref 33, 35). The technical properties of the
prepared cutting fluids are shown in Table 4.

Cryogenic heat treatment of cutting tools was carried out in
a specially prepared computer-controlled cryogenic processing
unit. Two different cryogenic heat treatments were applied to
some carbide cutting tools at � 80 ºC and � 196 ºC, while the
others were kept as untreated. In order to prevent microcracks
that may occur in the cutting tools during cryogenic heat
treatment, gradually cooling and heating process was applied to
the cutting tools (Ref 36, 37). In order to relieve the stresses
that may occur, the cutting tools were tempered by waiting at
200 �C for 2 h after the cryogenic heat treatment.

2.3 Experimental Parameters and Optimization

Uncoated, PVD-coated, and CVD-coated cutting tools were
utilized in the cutting experiments of NiTi SMAs. Two different
cryogenic heat treatment processes as shallow (� 80 ºC) and
deep (� 196 ºC) were applied to some of cutting tools, while
the others were kept untreated. Machining experiments were
carried out in dry, EG, and EG+5%BX environments. Axial

depth of the cut (ap = 0.7 mm) and radial cutting depths
(ae = 15 mm) were kept constant and three different cutting
speeds (Vc) and feed rate (fz) were determined as a result of
preliminary experiments and suggestions of the cutting tool
manufacturer as machining parameters. The processing param-
eters used are given in Table 5.

The Taguchi method was used to determine the optimum
machining parameters and to analyze the effects of process
parameters on the average surface roughness (Ra). The L27

orthogonal array was chosen as the experimental design. The
experimental design created using the specified processing
parameters is given in Table 6.

The effect of each machining parameter on the Ra was
analyzed using the S/N ratio. In the Taguchi method, there are
performance criteria as nominal best, smallest best, and largest
best. The lowest value was taken for the best Ra value in the
study, and the ‘‘smallest best’’ performance criterion was
selected to calculate the lowest Ra value and the most

Table 4. Some physical properties of cutting fluids
prepared for milling experiments (Ref 32)

Chemical Property Value

Boron added (EG+5%BX) Density 1.73 g/cm3

Melting point 741 �C
Molecular weight 381.37 g/mol
Heat capacity 4.0 J/g �C,
pH 9.0-9.5

Ethylene glycol (EG) Molecular weight 62.07 g/mol
Density 1.13 g/cm3

Viscosity 20.9 cp (20 �C)
pH 6.0-8.0

Table 5. Process parameters and their levels

Code Process parameters

Level 1

1 2 3

A Cutting tool Uncoated PVD CVD
B Cryogenic heat treatment None � 80 ºC � 196 ºC
C Cutting fluid Dry EG EG+%5BX
D Cutting speed, Vc (mm/min) 20 35 50
E Feed rate, fz (mm/tooth) 0.03 0.07 0.14

Table 6. The experimental design L27

Test No. A B C D E

1 1 1 1 1 1
2 1 1 1 1 2
3 1 1 1 1 3
4 1 2 2 2 1
5 1 2 2 2 2
6 1 2 2 2 3
7 1 3 3 3 1
8 1 3 3 3 2
9 1 3 3 3 3
10 2 1 2 3 1
11 2 1 2 3 2
12 2 1 2 3 3
13 2 2 3 1 1
14 2 2 3 1 2
15 2 2 3 1 3
16 2 3 1 2 1
17 2 3 1 2 2
18 2 3 1 2 3
19 3 1 3 2 1
20 3 1 3 2 2
21 3 1 3 2 3
22 3 2 1 3 1
23 3 2 1 3 2
24 3 2 1 3 3
25 3 3 2 1 1
26 3 3 2 1 2
27 3 3 2 1 3
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appropriate S/N ratio for better product quality and the lowest
cost. The ‘‘smallest best’’ performance characteristic is given in
Eq 1.

S

N
¼ �10: log

1

n

Xn

i¼1

Y 2
i

 !
ðEq 1Þ

In Eq 1, Y is the average surface roughness, and n notates
the number of experiments. The influence of the effect levels of
the variables on the Ra was determined by applying ANOVA to
the experimental results. Analysis of variance was performed
with Minitab 18 software, taking into account the 95%
confidence interval.

3. Results and Discussion

The sample Ra data obtained from the milling process of
NiTi SMAs by the Taguchi L27 orthogonal test pattern and the
S/N ratios calculated using Eq 1 are given in Table 7.

Figure 4 shows the relationship of the Ra with the machining
parameters using average of S/N ratios and average of
measured values.

According to the graphical display of S/N ratios Fig. 4(a),
optimum test parameters for minimum Ra were defined as CVD
cutting tool, � 196 �C cryogenic heat treatment, EG+5%BX
cutting fluid, 50 m/min cutting speed, and 0.03 mm/tooth feed

rate. In Fig. 5, the influence of machining parameters on the Ra

is shown in 3D graphics.
When the influence of the coating materials on the Ra was

examined, it was concluded that the coatings deposited to the
cutting tools improved the Ra. The Ra value (0.490 lm)
obtained using the CVD-coated cutting tool was approximately
17% lower than the uncoated cutting tool (0.593 lm). It has
been seen that the Ra value of CVD-coated tools is also lower
than that of PVD-coated tools. This improvement was
attributed to the friction coefficient and thickness of the coating
on the CVD-coated tools. These tools have a top TiN coating
layer with a low friction coefficient which decreases chip
sticking on the tool and makes chip formation easy. In addition,
higher thickness of multilayer coating on these tools result in a
larger cutting edge radius, which decreases the Ra in accor-
dance with surface roughness theory. Accordingly, an improve-
ment in the Ra of the sample was detected with CVD-coated
cutting tools as seen in Ref. (Ref 38–41).

Applying cryogenic heat treatment to the cutting tools, a
decrease was observed in the Ra values. The mean surface
roughness value (0.508 lm) obtained using the deep cryogenic
heat-treated cutting tool was approximately 7% lower than the
value obtained in the non-cryogenic heat-treated cutting tool
(0.544 lm). It is thought that the Ra decreases thanks to the
preservation of the cutting edge geometry by delaying the tool
wear as a result of the increase in the hardness and wear
resistance of the cutting tools, especially with deep cryogenic
heat treatment (Ref 36, 42). As for the influence of cutting

Table 7. Ra and Calculated S/N values relative to the L27 vertical index

Experiment
No.

Machining parameters and their levels

Ra,
lm

Calculated S/N ratio
(ni = 1-18), dB

A B C D E

Cutting
tool

Cryogenic heat
treatment

Cutting
fluid

Cutting speed Vc,
m/min

Feed rate fz
(mm/tooth)

1 Uncoated None Dry 20 0.03 0.572 4.852
2 Uncoated None Dry 20 0.07 0.715 2,914
3 Uncoated None Dry 20 0.14 0.802 1.917
4 Uncoated � 80 ºC EG 35 0.03 0.520 5,680
5 Uncoated � 80 ºC EG 35 0.07 0.616 4.208
6 Uncoated � 80 ºC EG 35 0.14 0.728 2,757
7 Uncoated � 196 ºC EG+5%BX 50 0.03 0.380 8,404
8 Uncoated � 196 ºC EG+5%BX 50 0.07 0.472 6.521
9 Uncoated � 196 ºC EG+5%BX 50 0.14 0.540 5.352
10 PVD None EG 50 0.03 0.394 8,090
11 PVD None EG 50 0.07 0.452 6,897
12 PVD None EG 50 0.14 0.576 4,792
13 PVD � 80 ºC EG+5%BX 20 0.03 0.416 7.618
14 PVD � 80 ºC EG+5%BX 20 0.07 0.478 6.411
15 PVD � 80 ºC EG+5%BX 20 0.14 0.516 5,747
16 PVD � 196 ºC Dry 35 0.03 0.488 6.232
17 PVD � 196 ºC Dry 35 0.07 0.556 5,099
18 PVD � 196 ºC Dry 35 0.14 0.602 4.408
19 CVD None EG+5%BX 35 0.03 0.382 8,359
20 CVD None EG+5%BX 35 0.07 0.456 6,821
21 CVD None EG+5%BX 35 0.14 0.552 5,161
22 CVD � 80 ºC Dry 50 0.03 0.415 7,639
23 CVD � 80 ºC Dry 50 0.07 0.485 6,285
24 CVD � 80 ºC Dry 50 0.14 0.585 4.657
25 CVD � 196 ºC EG 20 0.03 0.424 7,453
26 CVD � 196 ºC EG 20 0.07 0.516 5,747
27 CVD � 196 ºC EG 20 0.14 0.602 4.408
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Fig. 4. Effect of machining parameters on the Ra of NiTi SMA in milling depending on (a) average of S/N ratios, (b) average of measured
values
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fluids on the Ra, a decrease was found in the Ra in the case of
using EG and EG+5%BX cutting fluids. The Ra value (0.465
lm) obtained using EG+5%BX cutting fluid was approxi-
mately 20% lower than the value in dry cutting conditions
(0.580 lm). In particular, high thermal conductivity and
lubricating properties of EG+5%BX provided removal of the
temperature in the cutting zone, reduction of the friction
between the cutting tool and the sample, thereby reducing the
temperature in the cutting zone. Depending on the decrease in
friction and cutting temperature, tool hardness is preserved,
preventing tool wear and the change of tool geometry. Thus, a

reduction of Ra has been observed as observed by Ref 33, 35.
As for the effect of the cutting speed on the Ra, it was
concluded that the Ra decreased with the increase in the cutting
speed. It is thought that at low cutting speeds (20 m/min), the
build-up edge (BUE) depositing on the cutting edge acts as a
part of the cutting tool, which in turn increases the Ra by
changing cutting tool geometry and thus the depth of cut
Fig. 6(a) (Ref 43). The improvement of the Ra with the increase
in cutting speeds can be explained by the fact that less strain
hardening is obtained as the cutting temperature increases at
high cutting speed and the chip formation around the cutting

Fig. 5. Influence of cutting parameters on the Ra
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edge is facilitated as explained by Ref 31. The Ra value (0.477
lm) obtained at high cutting speed (50 m/min) was approx-
imately 15% lower compared to low cutting speed (20 m/min)
value (0.560 lm). The improvement in the Ra due to the
increase in cutting speed is an expected feature and the results
are in good agreement with the literature (Ref 31, 44).

The wear on the cutting tool was visualized using a SEM
microscope. Figure 6(a) shows the BUE formed, while
Fig. 6(b) shows the high feed BUE and tooltip breakage.

As the feed rate increases, the cutting temperature increased
due to the rise of chip width and the amount of removed chips.
It is known that the generated heat is concentrated at the tool-
chip and tool-workpiece interface due to the low thermal
conductivity of NiTi SMA. It is an expected result that the Ra

values will increase since the permanent stresses on the
machined surface will increase with the feed rate similar to
Ref 44, 45. The high Ra at a high feed rate (0.14 mm/tooth) is
due to cutting tool wear Fig. 6(b). The cutting forces increase
with the feed rate due to the increase in chip thickness.
Accordingly, the wear formation on the tool accelerates and
causes an increase in the Ra as seen in Ref. 31, 46. Finally, the
increase in feed rate results in an increase in the Ra in
accordance with the surface roughness theory.

So as to show the influence of optimum cutting parameters
on the Ra, the experiments at three different machining
parameters were carried out. The surface roughness profiles
obtained at these machining conditions are shown in Fig. 7. The
profiles show that the lowest Ra (0.324 lm) was obtained at
optimum cutting parameters (CVD cutting tool, � 196 �C
cryogenic heat treatment, EG+5%BX cutting fluid, 50 m/min
cutting speed, and 0.03 mm/tooth feed rate. The height of the
roughness peaks decreased and the peaks became frequent.

In order to determine the effects of each machining
parameter on the Ra in milling of NiTi SMA, ANOVA analysis
was performed. It was seen that ANOVA analysis was carried
out at a 95% confidence level. The parameters and levels that
affect the Ra values are given in Table 8.

According to ANOVA results, it was determined that the
variable that have the most significant effect on the Ra is the
feed rate with 42.99% contribution. It was followed by the
cutting tool type by 20.27%, the cutting fluid by 20.25%, the
cutting speed by 11.68%, and the cryogenic heat treatment by

1.95%. The main effect plot shown in Fig. 4 and the S/N
response values indicated in Table 8 confirmed the analysis of
variance. The error in the ANOVA table remained at the level
of 2.87%. Since the error effect rates in the ANOVA table are
expected to be below 20% for a safe result (Ref 47), it can be
stated that the ANOVA results met the standards in this study.
According to the regression analysis results, the correlation
coefficients established for the Ra are R2 = 97.13%,
R2

adj = 95.34%, and R2
pred = 91.83%. These results show that

the model obtained for the mean surface roughness agrees with
the experimental data and has a high predictive ability.

The normal probability plot of the residuals and histogram
of residuals were used to verify normality assumption. As seen
from Fig. 8(a,c), the residuals fall approximately along a
straight line, and this means that the errors are in the normal
distribution and the terms mentioned in the model are the only
significant (Ref 48, 49). There is no systematic pattern and
unusual structure Fig. 8(b, d). This means that the model
obtained is adequate and there is no doubt for any violation of
independence or constant variance assumption (Ref 50, 51).

3.1 Confirmation Experiments and Calculation
of Confidence Interval for Average Surface Roughness

After the optimum experiment parameters were determined,
the reliability of the optimized parameters is experimentally
validated in order to obtain reliable experimental results at a
95% confidence interval and 5% significance level. Three
validation experiments were performed in milling operations,
and the arithmetic average of the results is given in Table 9.
Optimal (CVD-coated cutting tool, � 196 �C cryogenic heat
treatment, EG+5%BX coolant, 50 m/min cutting speed and
0.03 mm/tooth feed rate) and predicted (CVD-coated cutting
tool, � 196 �C cryogenic heat treatment, EG+5%BX coolant,
50 m/min cutting speed and 0.03 mm/tooth feed rate)
machining parameter combinations for minimum Ra were
compared in Table 9. According to these comparisons, the
estimated Ra value was 0.357 lm, while the Ra value
experimentally obtained was 0.324 lm.

In order to determine the reliability of the optimization
process with the Taguchi method, the confidence interval of the
estimated values should be determined. For this purpose, Eq 2

Fig. 6. (a) BUE formed on the cutting tool due to milling NiTi SMA in different machining parameters (0.03 mm/tooth feed rate) (b) SEM
image of tool wear at high feed rate (0.14 mm/tooth)
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Fig. 7. Surface roughness profiles of NiTi SMA after milling at different cutting parameters

Table 8. ANOVA results for the Ra value obtained with different machining parameters in the milling process of NiTi
SMA

Variance source Degree of freedom (df) Sum of squares (SS) Mean square (MS) F P Contribution, %

A 2 0.059874 0.029937 56.51 0.001 20.27
B 2 0.00575 0.002875 5.43 0.016 1.95
C 2 0.059813 0.029906 56.45 0.001 20.25
D 2 0.034505 0.017253 32.57 0.001 11.68
E 2 0.127008 0.063504 119.87 0.001 42.99
Error 16 0.008477 0.00053 2.87
Total 26 0.295427 100.00
S = 0.0230171 R2 = 97.13% R2

(adj) = 95.34%
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was used to obtain the confidence interval (CI) for the estimated
average surface roughness (Ra_opt). CI symbols and abbrevia-
tions of Eq 2 and 3 are given in Table 10.

Fig. 8. (a) Normal probability plot for standardized residuals (b) versus fits for standardize residuals (c) histogram of standardized residuals (d)
versus order for standardize residuals

Table 9. Comparison of the measured and estimated values according to Taguchi design for the Ra value obtained from
the milling process of NiTi SMA at different machining parameters

Taguchi optimization Initial machining parameters

Optimum machining parameters

Estimated Experimental

Cutting conditions PVD, � 80 �C EG+5%BX, 35, 0.07 CVD, � 196 �C, EG+5%BX, 50, 0.03 CVD, � 196 �C, EG+5%BX, 50, 0.03
Average surface rough-

ness Ra (lm)
0.386 0.357 0.324

S/N ratio (dB) 8,971 9,734 10,933

Table 10. Confidence interval (CI) formulas and symbols
(Ref 31)

NS. Symbol Explanation

1 Fa;1;V2 F ratio 95% (according to F chart)
2 a severity level
3 V2 degrees of freedom error
4 Ve Error variance
5 r Number of repetitions for validation
6 neff The effective number of repetitions
7 Texp Total number of experiments
8 Tdof Total principal factor degrees of

freedom

Fig. 9. Comparison of predicted and experimental values for output
parameters
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CI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fa:1;V2 � Ve �
1

neff
þ 1

r

� �s

ðEq 2Þ

neff ¼
Texp

1þ Tdof
ðEq 3Þ

The optimum average surface roughness (Ra_opt = 0.357
lm) estimated by the optimization process is given in Table 9.
In the calculation in Eq (2), a = 0.05, Fa:1,V2 = 4.747 (95% F
ratio (F table)), and Ra = 0.00053 (Table 8), r = 3, Texp = 27,
Tdof = 10 and neff = 2.45. Using Eq 2 and 3, the Ra was
calculated as CIRa = ± 0.043.

CI range for estimated average optimum surface roughness
at 95% confidence interval and 5% significance level:

½Ra opt�CIRa�<Raexp < ½Ra opt þ CIRa�
! ½0:357�0:043�< 0:324< ½0:357þ 0:043�
¼ 0:314< 0:324< 0:400:

Due to the fact that the average surface roughness value
(Raexp = 0.324 lm) obtained as a consequence of the validation
experiments is in confidence interval, it was seen that the
optimization is successful by Taguchi method at a significance
level of 0.05.

Figure 9 shows the comparison of predicted and experi-
mental values for the Ra. It is seen that all experiment results
fall in the confidence interval (CI) and prediction interval (PI).
This means that the model can be used in estimation of the Ra.

4. Conclusions

In the study, the influence of cutting conditions and
machining parameters on the Ra of NiTi SMA plates was
investigated during face milling operations. The results clearly
revealed that feed rate, cutting fluid and deep cryogenic heat
treatment are highly effective on Ra. The other experimental
and optimization results are listed as follows:

• According to Taguchi optimization, the most significant
parameter on the Ra is the feed rate; it is followed by cut-
ting tool, cutting fluid, cutting speed and cryogenic heat
treatment, respectively.

• The Ra increases with the feed rate, while it decreases
with the cutting speed, at especially high values of the
cutting speed by about 15%.

• The Ra value obtained by CVD-coated tools is lower than
that of PVD-coated tools; it is approximately 16% lower
compared to the uncoated tool.

• Deep cryogenic heat-treated tools provides an approxi-
mately 7% lower mean surface roughness.

• Usage of the EG and EG+5%BX cutting fluids leads to a
20% decrease in the Ra compared to the dry machining
condition.

• The optimum test parameters for the Ra are the S40T
grade cutting tool, � 196 �C cryogenic heat treatment,
EG+5%BX cutting fluid, 50 m/min cutting speed, and
0.03 mm/tooth feed.

• BUE and breakage on the cutting tool occurring especially
at high feed rate are responsible for the increase in aver-
age surface roughness.
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