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This study focuses on the effects of various cutting speeds and cutting conditions including dry, CO,, HPC
and flood on the surface integrity characteristics of the machined NiTi alloy. Machining-induced affected
layer, microstructure, microhardness and XRD analysis are considered to assess the surface integrity
characteristics of NiTi alloy. The findings from this current study reveal that as the cutting speed increased,
the depth of the machining-induced layer decreased. While the microhardness value of the machined
samples increased in all of the cutting conditions compared to the as-received hardness, the greatest
increase was in the CO, condition, with 36%. The highest peak intensities of the B2 main austenite XRD
peaks occurred at the cutting speed of 70 m/min. The full width at half maximum values of the XRD peaks
increased in all of the cutting conditions, especially at the cutting speed of 20 m/min, and this situation
supports the microhardness increase. The smallest crystallite size occurred under the CO, condition at the
cutting speed of 20 m/min, while the highest dislocation density occurred under the HPC condition at the

same cutting speed.

Keywords CO,, cryogenic machining, crystallite size,
high-pressure cooling (HPC), NiTi shape memory
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1. Introduction

Shape memory alloys are widely used in different industries
such as aerospace (Ref 1), biomedical (Ref 2), construction
(Ref 3), robotic (Ref 4) and fasteners (Ref 5) due to their unique
features, such as their shape memory behavior, superelastic
property, high strength corrosion and fatigue resistance prop-
erties (Ref 6-8). Also, NiTi shape memory alloy shows a solid-
state phase transformation from high-temperature austenite
phase to low-temperature martensite phase or vice versa (Ref
9). Machining has potential to be more commonly used in
producing components made of NiTi alloys. However, shape
memory and superelasticity properties of this alloy make
machining process difficult (Ref 8, 10).

On the other hand, microstructure of shape memory
materials is sensitive to stress and temperature thus in addition
to machining process, surface and subsurface of NiTi alloys
after machining process requires further attention (Ref 11). In
particular, the alterations that occur in the surface integrity
characteristics after machining of shape memory alloy materials
are an important issue that should be examined in order to
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determine the final properties and performance of the manu-
factured components (Ref 12, 13).

While many researchers (Ref 10, 14-17) have already
reported that selected cutting parameters in machining NiTi
shape memory alloy with different machining methods, such as
turning, milling, water jet, and EDM, have a large effect on
controlling the surface integrity characteristics such as
microstructure, microhardness, phase transformation properties,
a few researchers have focused on selected cutting conditions
such as cryogenic, flood cooling, minimum quantity lubrication
(MQL) and chilled air in terms of the surface integrity
characteristics. Traditional machining methods are generally
preferred in these studies, since the most applicable machining
methods are conventional methods such as turning in examin-
ing the effect of the cutting conditions. Kaynak et al. presented
the effects of cryogenic machining with liquid nitrogen (LN,)
on the microhardness of the subsurface of the work material
and the depth of the machining-induced affected layer (Ref 18).
In another study by Kaynak et al. (Ref 19) in the machining
operation of room-temperature austenitic NiTi alloy under
cryogenic and MQL conditions, the effect of the cutting speed
and cutting conditions on phase transformation was examined
and XRD analysis showed that a B/9” martensite peak occurred
in the cryogenic condition. Kaynak et al. (Ref 20) investigated
the effects of cryogenic machining on the microstructure and
reported that the depth of the machining-induced layer was 3
times higher in cryogenic than dry conditions. Weinert et al.
(Ref 21) investigated the effects of a hole drilling operation on
the hardness and reported an increase of up to 140 um from the
hole edge at low cutting speeds. Kaynak et al. also examined
the effect of the machining of NiTi alloy under dry, preheated
and cryogenic conditions on the phase transformation temper-
atures, and also in the XRD analysis it was observed that the
B19 martensite peaks in the as-received material disappeared
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and transformed to B2 austenite, and in the DSC analysis the
phase transformation temperatures changed (Ref 22). Zailania
et al. (Ref 23) investigated the effects of chilled air on the
microstructure of machined samples. Applying chilled air
increased the dendritic structure density and microhardness. In
another study, Zailania et al. (Ref 24) showed that using
MQL + chilled air together in the micro-milling process creates
uniform grain structures.

In the studies on the surface integrity of the NiTi shape
memory alloy, it is seen that most of the studies are done on the
main features such as microhardness, phase transformation and
microstructure. However, studies on the effects of the cutting
conditions on the machining-induced shape memory properties
and surface integrity characteristics are limited to a few
researchers. So, in this study, the surface integrity character-
istics of NiTi alloy were investigated in machining operations
using high-pressure cooling (HPC) and carbon dioxide (CO,)-
assisted cryogenic cooling conditions. The data obtained from
the machining tests were compared with dry and flood
conditions considering the previous studies in terms of
microstructure, microhardness and XRD analysis.

2. Experimental Setup

The workpiece used in this study was NiTi shape memory
alloy [Ni-50.8, Ti-balance (wt.%)] as round bars of 12.5 mm
diameter and 80 mm length. The workpiece was produced by
the vacuum arc remelting (VAR) method and subjected to hot
rolling and full annealing at 750 °C for 30 minutes. The NiTi
alloy was in its austenite phase at room temperature and its
microhardness was 295 £ 5 HV. The phase transformation
temperatures were determined by differential scanning
calorimetry (DSC) where the martensite start (M), martensite
finish (M), austenite start (4g), and austenite finish (A4y)
temperatures are — 32, — 71, — 43, and — 11°C, respectively
(Ref 25). A microstructure image of the as-received material is
presented in Fig. 1.

The machining experiments were carried out on a Puma
GT2100 CNC turning center, which has a maximum spindle
speed of 4500 rpm and 18 kW. The cutting tools used in these
experiments were Sandvik Coromant DNMG 110404-MF 1105
and the cutting holder was HDJNL 2525M 11HP. Cutting
speeds (V) were selected as 20, 45 and 70 m/min and the depth

Fig. 1 Microstructure image of as-received NiTi shape memory alloy
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of cut (a,) and feed rate (f) were kept constant at 0.6 and 0.08
mm/rev, respectively.

While dry cutting experiments were performed at room
temperature, the flood coolant with a synthetic oil mixture of
5% was applied with a 400 liter/hour flow rate, high-pressure
cooling (HPC) was applied with a pressure of 50 bar, and
carbon dioxide (CO,)-assisted cryogenic coolant was applied
with 45 bar to the cutting area from the rake face of the cutting
tools as a lubricant/coolant. Implementation of the different
coolant and lubricants from the rake face is shown in Fig. 2.
The cutting temperatures were measured using the Optris PI
400 infrared camera. The emissivity value was taken as 0.21
during the measurements (Ref 26). Cutting forces were
measured using the Kistler 2129AA dynamometer.

To examine the microhardness and microstructure, the
machined workpieces were cut with diamond cutting disks,
following which the cut specimens were cold-mounted in
acrylic and polished using 60, 30 and 15 pum grit magnetic
disks. The cold-mounted specimens were etched using a
solution of 3.2 vol.% HF + 14.6 vol.% HNO; + 82.2 vol.%
H,O to review the microstructure (Ref 18). The detail of
microstructure examination is presented in Fig. 3. The
microstructure of the etched specimens was examined by a
Keyence digital optical microscope. The microhardness of the
machined workpieces was measured with a Future-Tech
FM310e hardness tester. The hardness of each specimen was
determined by taking the average of four measurements. For
analyzing the phase transformation, x-ray diffraction (XRD)
measurements were performed by a Bruker AXS Brand D2
Phaser device with CuKa radiation (4 = 1,54060 A ) from the
current and voltage values of 10 mA and 30 kv, respectively.

3. Experimental Results

3.1 Cutting Temperature

The high cutting temperature generated between the cutting
tool and workpiece during machining is an undesirable
condition in terms of machining performance. In fact, the
machining performance directly affects the surface integrity
characteristics of the machined material. Although increased
temperature results in various difficulties and problems includ-
ing tool wear, causing of surface deterioration in machining
various engineering materials, phase state is also included in

Journal of Materials Engineering and Performance



Fig. 2 Applying coolants and lubricants (a) dry (b) flood (c) HPC (d) CO,
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shape memory alloys resulting from temperature changes. In to examine the active phase state of the NiTi alloy during the

this study, the purpose of measuring the cutting temperature is turning operations.
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The measured average cutting temperatures during the
machining experiments of NiTi alloy under the dry and CO,
conditions are presented in Fig. 4 as a function of the cutting
speed; it was not possible to make measurements under the
HPC and flood conditions with the thermal camera. In general,
the temperature in the dry condition is higher than the CO,
condition, and as the cutting speed increased, the temperature
increased in both cutting conditions. The important point here
is that even the lowest average cutting temperature is above the
austenite temperatures of the material.

Depending on the phase transformation temperature of the
NiTi alloy, and cooling condition such as LN,-assisted
cryogenic cooling, phase transformation during cutting process
was observed in the literature (Ref 27). But in this current
study, it is obvious that even under CO,-assisted cryogenic
cooling condition, the recorded temperature is far from the
martensite start temperature. As can be seen in Fig. 4, the
average cutting temperatures measured in the CO,-assisted
cryogenic cooling condition were insufficient to transform the
active phase of the material. In order for the NiTi alloy to
remain in the martensite phase, coolants with more cooling
capacity, such as LN,, are more effective in machining
operations (Ref 19). This is mainly because of the boiling
point temperature of LN, and CO, that are — 196°C and — 78°C,
respectively, although both gases can be cryogenically applied
(Ref 28).

3.2 Cutting Force

It is important to analyze the cutting force as well as the
cutting temperature in order to be able to analyze the changes in
the surface integrity characteristics. Thus, the results of thermal
and mechanical effect occurring in the surface and subsurface
regions of the machined NiTi alloy can be better understood.
Therefore, the cutting forces measured in the machining
experiments performed under different cutting conditions are
shown in Fig. 5 as a function of the cutting speed. Overall trend
shows that increased cutting speeds results in reduced forces in
all cutting conditions. This shows good agreement with the
temperature trend presented in the previous section. However,
the variation in forces considering 20 and 45 m/min cutting

speed is much smaller as compared with 70 m/min cutting
speed where the temperature difference is much larger as
indicated in Fig. 4. Although notable force variation is observed
in dry and flood cooling, in case of CO, and HPC no large
difference occurs when cutting speed varied. While efficient
cooling capability of CO, and HPC can be the reason of this
result. But overall, these results provide evidence that HPC and
CO; play effective role on the forces in machining process of
NiTi shape memory alloys.

3.3 Microstructure

As NiTi alloys are sensitive to changes in temperature and
stress, machining process has potential to affect its surface and
subsurface. In fact, considering the Zener—Hollomon equation
[29), and the main factors affecting grain refinement occurs in
the metallic material are specified as the strain rate and
temperature. Eq (1) is

Zzé*exp(%)

where ¢ is the strain rate, R=8.314 J/kmol is the universal gas
constant, 7'is the absolute temperature (°K) and Q (J/mol) is the
activation energy. In this regard, the microstructure of the
machined NiTi alloy material has been investigated in terms of
temperature and strain on the effect of different lubri-
cants/coolants and variable cutting speeds.

In the machining process, the workpiece is exposed to a
number of thermal, mechanical and chemical effects. These
effects may cause strain hardening and recrystallization of the
material. Therefore, these effects are the main cause of changes
in the microstructure of the material, plastic deformation and
phase transformations (Ref 30).

The thickness of the machining-induced layers is not the
same in the machined samples and depends on the cutting
conditions and cutting parameters. So, the microstructure of the
machined NiTi alloy should be examined in detail. The
microstructure images of machined NiTi alloy under the
different cutting conditions are shown in Fig. 6 as a function
of the cutting speed. As can be seen in the figure, the
machining-induced affected layers (#) on the microstructure

(Eq 1)
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Fig. 4 Average cutting temperature as a function of cutting speed
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Fig. 5 Measured cutting forces under different cutting conditions as a function of cutting speed

images obtained and the thickness of these layers are not the
same. Generally, the density of deformations and twin struc-
tures close to the surface region in the pictures can be observed.
While the twinning density and orientation are high on the
surface regions, the twinning density is lower in the transition
layers. When the studies in the literature are considered, it is
found that the high density of the twinning structure on the
surface and subsurface region causes the grain refinement.
Therefore, the plastic deformation is intense in cases where
twinned structures are very dense and oriented (Ref 18).

In fact, the twinning-induced deformation and twinning
deformation structures that occurred in the NiTi alloy appear to
be dislocations that cause plastic deformation because twinning
is a plastic deformation mechanism that occurs at low
temperatures or high deformation rates. Also, it is well known
that the increasing cutting speed increases the cutting temper-
ature. In the light of these explanations, the high cutting
temperatures occurring at high cutting speeds during the
machining of NiTi alloy resulting an annihilation effect that
reduces the plastic deformation. Therefore, the machining-
induced affected layer is less at the cutting speed of 70 m/min,
especially in the dry condition without coolant and high cutting
speeds.

Optical microscopy images show that most of the mentioned
twinning structures are dense on the surface and in the
subsurface region of the machined samples. In the microstruc-
ture images, twinning is intense in some grains, but not with the
same density as other grains near them. It is also seen that the
twins in the two grains side by side do not have the same angle.
In the light of these explanations, the machining-induced
affected layers (h) are shown on the microstructures and the
measured values are presented in Fig. 7.

The depths of the affected layers presented in Fig. 7 were
determined by the average of multiple measurements with the
digital optical microscope. At the cutting speed of 20 m/min,
the lowest affected layer is dry while the highest is flood and
there is a difference of 53%. The average affected layers at the
20 m/min cutting speed were measured as 85 pm in dry, 130
pm in flood, 115 pm in HPC and 100 pm in CO, conditions. In
fact, as can be seen in the figure, the same ranking trend exists
between the cutting conditions at the cutting speed of 70 m/
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min. Also, in all cutting conditions except CO,, the affected
layer depth tends to decrease with the increasing cutting speed.
It is expected that the thickness of the machining-induced layer
is high in cryogenic conditions, especially at low cutting
speeds. However, the affected layer was less at the cutting
speed of 20 m/min. At low cutting speed due to the chip
accumulation around the cutting region, the penetration of CO,
to cutting zone might become difficult and thus this might
affect the degree of cold deformation and eventually subsurface
response.

3.4 Microhardness

In engineering materials with clear grain boundaries in their
microstructure, grain refinement may be observed in the surface
areas of the machined material as a result of the machining
operation (Ref 31). The hardness increases is expected resulting
from the grain refinement. However, after machining process,
twinning takes place in the microstructure of NiTi shape
memory alloy. The twinning occurrences observed in the
surface areas of the machined materials are actually considered
as a factor that increases the grain boundaries for NiTi shape
memory alloy. Therefore, the increase of the hardness of the
machined material can be interpreted by the densities of these
twinning formations (Ref 20).

The measured microhardness values of the machined
materials under different coolant/lubricant conditions at the
20 m/min cutting speed from the machined surface to the depth
of 200 um are presented in Fig. 8. An increase in the hardness
values of the machined material occurred in all the machining
operations. The highest average hardness value was 401 HV in
the CO, condition, and a 36% increase compared to the as-
received hardness. In the HPC condition, there was a 29%
increase with 382 HV and 18% with 350 HV under the flood
condition. In the dry cutting condition, where the hardness
value increases the least, there is a 13% increase with 332 HV.
The reason for the least increase in the dry cutting condition is
that the high cutting temperature due to the lack of coolant or
lubricant, as mentioned, leads to annihilation of the plastic
deformation.

The changes in the microhardness values of the machined
material in the machining operations carried out at the 70 m/

Volume 30(8) August 2021—5803



V=20 m/min

200um

200um

Flood

200um

200um S

V=70 m/min

Magnified

200um 50um
I ]

Refinment ! = p: ¥
i i ~ . ™ 5(;um
‘(On?nted\twms) : O

200pum ~

= Dense twining

" 200um &

/ wo- S0um
/ (it

e \
- P ’ O\ N\ RS \
3 ¥ W, n NN R
i 5 o \Different ylrectng
200um ¢ & 3 7 /"t@ma N 50um
—_—— > , #g SN
Y B i S NSNS,

Fig. 6 Microstructure images of machined samples under different cutting conditions

min cutting speed and under different cutting conditions are
presented in Fig. 9. As the cutting speed increased from 20 to
70 m/min, there was an increase in the average microhardness
values in all cutting conditions, but these hardness values were
partially lower. This is due to the thermal softening effect
created by the increasing cutting temperature in the cutting area
due to the increase of friction between the tool and workpiece
with the increase of cutting speed. The highest hardness value
was measured as 365 HV under CO, conditions and there is a
24% difference compared to the as-received material hardness.
The hardness increases occurring in the flood and HPC
conditions are almost the same, with a 19 and 17% difference
in comparison to the as-received material hardness, with values
of 351 and 346 HV, respectively. The least hardness increase
was measured under the dry cutting condition with a 334 HV

5804—Volume 30(8) August 2021

hardness value, and the increase in the hardness value of the
material was 13%.

3.5 XRD Phase Analysis

The temperature generated during machining of NiTi shape
memory alloys causes the martensite phase of the material to be
transformed to austenite and vice versa. Also, one of the
reasons that cause the phase transformation of the NiTi alloy is
the mechanical stresses that affect the material. Due to the
shape memory property of NiTi alloy, phase analysis should be
well understood. In this regard, the main peak in the range of
42-43° was examined.

Figure 10 presents the XRD profiles obtained after the
machining operation performed at the cutting speed of 20 m/

Journal of Materials Engineering and Performance
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min and under different cutting conditions. It is seen that there
are B19 martensite peaks at different diffraction angles in
addition to the B2 main austenite peak in the XRD pattern of
the as-received material. It is obvious that after the machining
operations, the B/9’ peaks disappeared or rarely survived. In
order to determine the proportions of B2 and B9’ peaks of the
material, the peak intensities as shown in Eqs (2 and 3) can be
used:

Ip
Vpy = — 22 Eq 2
B2 I+ Ino (Eq2)
Vaig =1 —Ip, (Eq 3)

where Vp, is the volume fraction of austenite, Vp;o is the
volume fraction of martensite, /p, is the peak intensity of the
austenite and /;¢ is the peak intensity of the martensite [32). It
is also clear that there are shifts in the angles of the peaks of the
B2 of all of the cutting conditions and changes in the peak
intensities and widths.

The XRD peak profiles obtained in machining operations
carried out at 45 and 70 m/min under different cutting
conditions are presented in Fig. 11 and 12, respectively. As
can be seen in both graphs, compared to the as-received
material, shifts in the peak angles of the machined materials and
peak broadenings were obvious. Another important point is that
the main peak is fully austenite.

Actually, in order to form peaks of the B/9 martensite
phase, the machining operation must be carried out at very low
temperatures considering the transformation temperature. In the
machining experiments, it was not possible to go below the
martensite start temperature. The measured intensities and
shifted angles of the peaks of the XRD profiles are examined in
detail in Fig. 13 as a function of the cutting speed. There is a
tendency for the peak intensities to increase with the increase in
cutting speed. The peak intensities of the machined material at
all cutting speeds were measured to be higher than the as-
received peak intensity. Here, the CO, peak at the 20 m/min

5806—Volume 30(8) August 2021

cutting speed has exceptional behavior, which can be explained
by machining-induced residual stress. Another striking point is
that while the dry condition produces the highest peak
intensities in general, the CO, peak intensity is the highest at
the 70 m/min cutting speed. As mentioned earlier, NiTi shape
memory alloy is a hard-to-cut material and chip entanglement
can occur during machining at high cutting speeds (Ref 14). In
such a case, it becomes difficult for the coolant CO, to
effectively penetrate the cutting area.

Also, there are obvious shifts at all peaks compared to the
as-receive peak, which confirms the plastic deformations. The
diffraction angle of the main peak of B2 of the as-received
material was 42.478° and all of the machined samples’ peak
angles are smaller than the as-received material peak angle.

The widths of the peaks were measured to make the XRD
analysis more detailed. The full width at half maximum
(FWHM) values are given in Fig. 14 to examine the changes in
the width of the peaks. As can be seen, the widths of the peaks
in all cutting conditions increased compared to the as-received
peak. In fact, the peak broadening indicates grain refinement
and or dislocation density and hardening in the machined
material. As can be seen from the microhardness measure-
ments, the peak broadenings are meaningful. Also, it was stated
that twinning in NiTi alloy has an effect on increasing the grain
boundary. Considering the Hall-Petch equation shown in Eq
(4) (Ref 33), which indicates the relationship between the grain
size that can be interpreted as increased grain boundaries and
yield strength of the material. This also gives reasonable
relation obtained.

0y =00+ —= (Eq 4)

VD

where o, is the yield stress, o, is a frictional stress, k is a
constant, D is the grain size.

Considering the crystallite structure of NiTi shape memory

alloys that is orthorhombic in the austenite phase and

monoclinic in the martensite phase [34]. As x-rays are photon
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beams with a wavelength of nanometer dimensions, they can
easily penetrate the interior of the material and give information
about the crystal structure properties of the material when
leaving the material. Thanks to this feature of x-rays, the
change in crystallite size caused by machining can be
calculated using the Scherrer formula given in Eq (5) as
follows:

D — K2
“ " Beosl

(Eq 5)

where D, is the crystallite size in nm, K=0.9 is the constant, A is
the wavelength in nm, f§ is the full width at half maximum
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(FWHM) in radian, 0 is the Bragg diffraction angle in radian
(Ref 35). Also, the dislocation density (J) of the machined
material, which is the length of dislocation lines per unit
volume (line/m?), can be calculated with the formula (Ref 36)
given in Eq (6) as follows:
1

The changes in the crystallite size and dislocation density of
the NiTi alloy after machining are presented in Fig. 15. It is
obvious that the crystallite size of all the machined materials
has been reduced. This explains the increases in microhardness
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and the effect of twinnings on the machined surface and
subsurface. In addition, the figure clearly shows that there is a
correct proportion between the decrease in crystallite size and
the increase in dislocation density.

4. Conclusions

The effect of machining with various cutting speeds and
cutting conditions including dry, CO,, HPC and flood on the
surface integrity characteristics of NiTi alloy is demonstrated.
The depth of the affected layer decreased in all cutting
conditions as the cutting speed increased because of the
annihilation effect resulting from the high cutting temperature.
On the machined surface and in the subsurface regions,
especially at the cutting speed of 20 m/min with lubrica-
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tion/cooling conditions, the twinning density was higher than
the dry condition and the cutting speed of 70 m/min. Increases
in the hardness of the machined materials are the result of
increased twin density. The highest microhardness values were
measured at the cutting speed of 20 m/min under the CO,
condition as 401 HV. This value is 36% higher than the as-
received hardness. Considering the phase transformation tem-
peratures of the NiTi alloy, the effect of the coolant/lubricants
used in the machining processes for lowering the cutting
temperature could not provide sufficient cooling for the phase
transformation. XRD analysis shows that the main peak was B2
austenite in all cutting conditions. However, the broadening in
the XRD peaks is the result of the increases in the hardness of
the machined NiTi shape memory alloy. The crystallite sizes of
the machined samples were lower than the as-received sample.
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Fig. 15 Crystallite size and dislocation density of the as-received and machined samples

Evidence of such statement is the increased microhardness of
machined specimens as compared with as-received one.
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