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Abstract

This paper aims to investigate the high-speed machinability and phase transformation behavior of nickel-titanium shape
memory alloys considering the process and post-process perspective. The tool wear results showed that PCD tool has great
potential over carbide considering the limitation of quick tool wear in the high cutting speed range. Maximum tool life was
achieved at the cutting speed of 130 m/min. The results obtained from differential scanning calorimetry indicated that the
latent heats and transformation temperatures of nickel-titanium shape memory alloy are highly cutting speed dependent.
Decrease of the cutting speed resulted in increased impair on these properties. It was found that the decrease of the cut-
ting speed causes a decrease in the transformation enthalpy. The results revealed that increased transformation hysteresis
is highly cutting speed related. Two hundred fifty m/min and 70 m/min cutting speed values resulted in 31.5 and 37.8 °C
post-machining transformation hysteresis respectively. Compared to the unmachined sample, a minimal change in functional
properties was achieved at the cutting speed of 250 m/min. Likewise, the lowest cutting speed (70 m/min) led to maximum
subsurface hardening and deeper machining-induced layer according to metallurgical investigations. Residual austenite
formation was evident on the subsurface of the machined specimens.
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1 Introduction

The attention in the NiTi shape memory alloys (SMAs)
in scientific studies and industrial applications is gaining
momentum. These materials are capable of undergoing a
reversible solid-state phase transformation process between
high-temperature austenite phase and low-temperature
martensite phase. Accordingly, functional behaviors (shape
memory and pseudo-elasticity), which are the main rea-
sons for the recognition of these materials as “unique,”
are obtained. In addition to the functional behaviors, NiTi
SMAs possess corrosion resistance. These alloys have good
mechanical properties such as high yield strength, high elas-
tic deformation, superior recoverable elasticity, ductility,
and good surface hardness. These make them very suitable
for a great number of aerospace and biomedical applica-
tions. These high-value industrial applications demand
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components with a high level of dimensional precision as
well as reliable functional properties. At this point, the man-
ufacturing process renders a great significance.

Machining has been widely employed in the manufactur-
ing of NiTi components owing to its capabilities in produc-
ing 3D complex shapes within very narrow dimensional and
geometric tolerances. As documented by Kaya and Kaya,
efforts for the improvement of machinability characteristics
of NiTi SMAs have received considerable attention in the
last two decades due to problems like severe tool wear, high
cutting loads, affected surface integrity, poor chip handling,
and burr formation [1]. It is known that these problems arise
from the inherent properties of the alloy and the interactions
between the cutting tool and the workpiece. Accordingly,
the investigations in this issue have found that machining
parameters and conditions have direct effects on these prob-
lems. By controlling these parameters, the mechanical and
the thermal loads are also controlled. Among these, cut-
ting speed is the most dominant one. According to Weinert
and Petzoldt, increased cutting forces and tool wear were
seen when the turning cutting speed was decreased below
Ve =60 m/min [2]. Biermann et al. reported that cutting
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speed of Ve =150 m/min resulted in the longest tool life with
the least cutting force compared to Ve =30 and 40 m/min
in micro-drilling of NiTi alloy [3]. Similarly, Huang found
that increase of the cutting speed over Ve =50 m/min led
to lower surface roughness, tool wear, and cutting forces in
the end milling of NiTi [4]. Kaya and Kaya showed that it is
possible to machine NiTi using a high cutting speed range
with regard to tool life criteria [5]. Kuppuswamy and Yui
investigated micro-milling characteristics of NiTi alloy with
an aim to reduce cutting forces and burr formation [6]. It was
shown that cutting forces and burr formation decrease dra-
matically when the cutting speed was increased above 15 m/
min. This occurrence was attributed to phase transition from
B2 to B19. Likewise, application of much-higher cutting
speed (i.e., ultra-high-speed machining) was also reported
to change machining characteristics due to ductile-to-brittle
transformation of ductile work material [7]. In a more recent
study, the effects of cutting parameters on surface charac-
teristics were investigated [8]. Accordingly, cutting speed
was found to be the most determinative factor on surface
characteristics and midrange cutting speed (Ve =200 m/min)
along with minimum federate (f=0.08 mm/rev) should be
employed for optimal surface quality and subsurface harden-
ing. Investigation of chip formation characteristics of NiTi
revealed that there is a significant reduction in chip micro-
hardness with an increase of cutting speed [9]. According
to Altas et al., the most determinative factors on surface
roughness and flank wear, when milling NiTi alloy, are nose
radius and federate accordingly [10].

Kaynak et al. reported that cryogenic machining has
also been demonstrated to be effective in achieving sup-
pressed tool wear and cutting force [11]. Similarly, Zhao
et al. investigated machinability characteristics of NiTi
alloy under different cutting conditions (dry, flood cooling,
and cryogenic cooling) using a wide range of cutting speed
span (Ve =7.5-125 m/min) [12]. The scholars reported that
when the cutting speed is lower than Vc=33 m/min, flood
cooling is advantageous in cutting forces, tool wear, and
surface roughness. At the highest cutting speed of the study
(Vc =125 m/min), the best machinability responses were
obtained with cryogenic cooling.

According to Shokrani et al., optimization of process
parameters in order to achieve a high level of productiv-
ity is not enough for the machining process [13]. Likewise,
the multifunctional requirements of the NiTi components
direct the manufacturing process to yield a minimum impact
on the functional properties. As reported by Thakur and
Gangopadhyay, machining has direct influences on surface
integrity and functional properties [14]. This influence has
been investigated in NiTi alloys by some researchers. Sev-
eral authors have found that a decrease of cutting speed
results in increased subsurface microhardness and hardened
layer depth [4, 15, 16]. Huang documented that decrease
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of cutting speed below Vc=100 m/min led to a dramatic
increase in the subsurface hardness in milling of NiTi [4].
According to Weinert et al., increase of cutting speed leads
to minimal subsurface hardness of NiTi between drilling
speed range of Ve=35 to 60 m/min [16]. This phenomenon
may be explained by subsurface work hardening (similar
to other Ni and Ti alloys) and thermo-mechanical coupled
phase transformation behaviors. The second one is highly
material specific owing to phase transformation window
(mostly being around room temperature and has not been
very well explained yet). As pointed out by Kong et al., this
renders a great significance in the machining of NiTi shape
memory alloys [17]. According to Kaynak et al., cryogenic
cooling—aided machining or using low cutting speed values
results in residual austenite in the subsurface layer of the
machined specimens [18]. Further investigations of these
samples were reported to show that phase transformation
properties (transformation enthalpy and temperatures) were
severely affected. Similarly, Liu and Favier presented that
the application of cold work significantly affects phase
transformation temperatures [19]. These findings show
that proper machining parameters and conditions should be
employed in order to achieve desired functional properties.

The present literature offers an insight into machinabil-
ity characteristics and machining-induced phase transforma-
tion responses of NiTi. Accordingly, the problems arise from
both the in-process machinability characteristics (cutting
force, tool wear, chip handling, etc.) and the post-machining
behaviors (functional and surface integrity). To date, these
problems have only been investigated under low to moderate
cutting speed values using cemented carbide cutting tools. In
light of the recent findings, especially concerning functional
properties, the question of the suitability of high-speed
machining of NiTi SMA arises. The aim of this study is to
evaluate machinability and functional integrity and develop
a better explanation of phase transformation behaviors of
NiTi SMAs in high-speed machining. Cemented carbide and
polycrystalline diamond (PCD) cutting tools were employed
in a moderate to high cutting speed window. Tool wear, sur-
face quality, microhardness, transformation temperatures,
and transformation enthalpy were evaluated.

2 Materials and methods

The machining experiments were conducted as longitudi-
nal turning. The machined specimen was room temperature
martensitic NiTi alloy (Ni50Ti50, at.%). The workpiece
was 25-mm diameter round bar. With the purpose of deter-
mining phase transformation temperatures and transforma-
tion enthalpy of the specimens, heating and cooling rate of
10 °C/min was used with the commercial differential scan-
ning calorimetry (DSC, TA Instruments-DSC 25). Figure 1
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Fig. 1 DSC examination of the workpiece

shows the DSC graph with a full span of heating and cooling
cycle. Accordingly, the martensite start (M), martensite fin-
ish (My), austenite start (A,), and austenite finish (4;) tem-
peratures were detected as 38, 9, 50, and 68 °C, respectively.
It is evident that the room temperature phase of the material
is martensite. The experimental details are summarized in
Table 1.

The cutting tools were C shape (80° Rhombic) with nose
radii of 0.8 mm. The investigated cutting tool materials were
multilayer PVD-coated carbide (Kennametal, KCU 10)
and ultrafine grain size (0.5-1 pm) PCD (Kennametal, KD
1400). The grade of the carbide tool was selected regarding
the manufacturer’s statements through suitability for high-
speed machining. Similarly, the purpose of PCD use is this
material’s proven high-speed machining capability in tita-
nium alloys. Oosthuizen et al. showed that PCD tools sur-
passed carbide cutting tools in terms of cutting forces, sur-
face finish, and tool life at elevated cutting speeds [20]. The
ISO designation of the tool holder was TCLNL 2525. Addi-
tional geometric properties of the tools were tool cutting

edge angle of 95 deg., the side rake angle of —5 deg., the
back rake angle of —5 deg., and clearance angle of 5 deg.
The cutting edges of the cutting tools were round honed to
25-pm radii for carbide and chamfer honed to 5 pm for PCD
(nearly perfectly sharp).

The turning experiments were operated on a CNC lathe
with 22-KW spindle power. Figure 2 shows the machine tool
setup. Constant depth of cut of a,=0.2 mm and feedrate of
/=0.05 mm/rev were used during all the machining experi-
ments. The studies of Mehrpouya et al. [21] and Weinert
and Petzoldt [2] in turning of NiTi indicate that moderate-
to high-speed transition range can be designated between
Vc=90 and 120 m/min. According to Thakur et al. [22],
this range was accepted at lower bounds (around Ve =40 m/
min) for Ni-based alloys. Four different cutting speed val-
ues were investigated in this study: Ve =70, 130, 190, and
250 m/min. The dry cutting condition was used in all the
experiments. As PCD tooling is rather sensitive to vibrations
during machining, the holders were mounted on the tool post
as short as possible to inhibit tool chatter.

Tool wear measurements were conducted after a lon-
gitudinal turning distance of 25 m employing a digital

Fig.2 Machine tool setup

Table 1 Experimental details Items

Descriptions

Workpiece

Machine tool
Cutting tool

Cutting speed (Vc)
Feedrate (f)

Dept of cut (ap)
Cutting condition
Cutting strategy

Measurements

Nickel-titanium shape memory alloy (Ni50Ti50, at.%)
Round bar ¢ 25 mm

Horizontal CNC lathe (22 KW spindle power)

ISO C shape insert (80° rhombic) with nose radii of 0.8 mm
PVD coated carbide, PCD

70, 130, 190, 250 m/min
0.05 mm/rev

0.2 mm

Dry

Longitudinal turning

Tool wear, surface roughness, transformation enthalpy,
transformation temperature hysteresis, surface hardness
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optical microscope. The cutting experiments with inter-
vals of the above specified distance were advanced until
any of the following measures is caught up: (1) maximum
flank wear of VB, ,,>0.5 mm, (2) average flank wear
of VB, >0.3 mm, (3) notch wear of VBy>0.6 mm, or
(4) catastrophic failure at the cutting edge of the insert.
It should be noted that the size of the crater wear was
lower than that of flank wear in all experiments. Meas-
urements of the surface roughness were conducted with
a surface profilometer (TESA, Rugosurf 20) after cutting
with unworn tools.

Shear plane angle (¢p) and shear strain (y) were calcu-
lated for each cutting speed using well-known merchant
equation [23]. For these calculations, actual chip thick-
ness, uncut chip thickness, and cutting tool back rake
angle values are used. Although not used as direct com-
parison criteria, these calculations are assumed to give a
reasonable theoretical basis [24].

In the post-machining sample preparation procedure,
the sample cross-section was cut from the stock machined
with fresh cutting tools. The subsurface microhardness
profile was measured with a microhardness tester device
(Struers, Duramin 4). Ten measurements were performed
for each depth level and the average was accepted. Func-
tional integrity is evaluated in terms of transformation
enthalpy and transformation temperatures. Prepared sam-
ples were analyzed with DSC employing a 10 °C/min
heating and cooling rate.

3 Results and Discussion
3.1 Tool wear

Tool wear should be kept under control not only for
increased productivity but also for achieving unaffected
surface and functional characteristics. Machining of NiTi
is characterized by severe flank wear, notch wear, and less
dominantly rake wear modes. These are mainly originated
from abrasive, adhesive, and diffusion wear mechanisms.
Similar to other titanium alloys, material inheritances like
high specific heat, poor thermal conductivity, and tendency
to strain hardening [25] are major causes of rapid tool wear.

Tool life variations in terms of circumferential cutting
distance are presented in Fig. 3. It is manifested that the
PCD tool surpassed the carbide tool in the high cutting speed
range. Carbide tool met the longest tool life of 750 m at the
lowest cutting speed value (Vc=70 m/min). As expected,
this occurrence originated from well-known binder phase
thermal softening in the cemented carbide. The upmost cut-
ting life of the investigation with the tool life of 1725 m was
yielded at Vc =130 m/min with the PCD cutting tool. Fur-
ther increase of the cutting speed led to a dramatic decrease
in both of the cutting tool materials.

Tool wear images after 25-m circumferential cutting dis-
tance for Ve =130 m/min cutting speed are given in Fig. 4.
Here, most of the typical wear types observed in this study
are present. It can be seen that abrasive groove marks are

Fig.3 Tool life variations of
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Fig.4 Rake and flank images at
Ve =130 m/min following initial
cutting distance, a flank face

of the carbide, b rake face of
the carbide, ¢ flank face of the
PCD, d rake face of the PCD

VB =132 um

Fig.5 Flank images at
Ve =190 m/min, a PCD tool, b
carbide tool

evident on the flank and rake face of the carbide cutting
tool as seen in Fig. 4a and b. This was observed in all inves-
tigated cutting speed values. Adhesion-driven plucking is
evident on the flank face and lesser extend on the rake face.
Adhesion also led to BUE formation, which was gradually
decreased as the cutting speed was increased to the maxi-
mum. As shown in Fig. 5a and b, when the cutting speed was
increased to Ve =190 m/min, BUE was totally diminished
for PCD and decreased remarkably for the carbide tool. The
sharp decrease in tool life of the carbide at the cutting speed
of Ve=190 m/min was mainly caused by plastic deformation
at the cutting edge. Figure 6 shows this occurrence on flank
image. This originated from the thermal softening of the cut-
ting tool at increased cutting speed values. Accordingly, fur-
ther increase of cutting speed resulted in quicker tool wear
with similar wear mechanisms. It should be noted that flank
wear was always accompanied by coat flaking. In contrast

)

Fig.6 Flank image of carbide tool at Vc=190 m/min after 125-m
cutting distance

@ Springer
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to earlier findings by Kaynak et al. [11], little or no domi-
nant notch wear was observed throughout the investigated
cutting speed range. This occurrence was, most probably, a
result of the investigated cutting speed range. According to
Weinert et al., notch wear formation was eliminated when
cutting speed value over Ve =70 m/min was used in turning
of NiTi [16].

PCD is the hardest cutting tool material known. Its high
thermal conductivity and toughness compared to other
super-hard cutting tools make it very suitable for cutting
of some challenging to cut materials like titanium alloys.
Although known as an abrasion resistant material due to
its high hardness, abrasion marks were observed on the
flank face of the PCD cutting tools throughout all inves-
tigated cutting speed values. This can be seen in Fig. 4c.
The evidence suggests that these grooves resulted from
fragments of the chipping at the cutting edge as seen in
Fig. 4d. Li et al. reported that this type of wear was reported
to be dominant in the high-speed machining of Ti6Al4V
alloy [26]. Although the cutting tests were employed in a
continuous cut manner, the adiabatic shearing effect of the
material results in cyclic high thermal and mechanical loads
during cutting. As a result, chipping takes place. The rea-
son of the increase of the tool life at Ve =130 m/min was
most probably originated from the thermal softening of the
workpiece because of the increased strain rate and hence
cutting temperature. However, further increase of the cut-
ting speed resulted in shorter tool life. This most probably
resulted from the preeminence of tribo-chemical wear over
mechanically activated wear, because cratering initiation on
the rake face, after cutting speed of Vc=190 m/min, along
with flank wear led to edge weakening. These craters were
clearly observed on the rake face. High cutting temperatures

along with chip thinning, due to high cutting speed, most
probably led to diffusion of carbon and titanium to form TiC.
Figure 7 shows the effects of cutting speed on a shear plane
angle and shear strain. Here, decrease of shear strain with
increased cutting speeds indicates the chip thinning effect at
the elevated cutting speeds. Li et al. reported similar findings
of tribo-chemical wear in the machining of titanium alloys
with PCD tools [26]. Parallel with those findings, although
no EDS test was conducted, rake wear images (see Fig. 8)
support this suggestion.

At the cutting speed of Ve =250 m/min, more evident
abrasion grooves were observed on the flank and rake face of
the PCD tool. It is interpreted to happen that after a critical
temperature atmospheric oxygen picked the titanium to form
TiO, particles, which are quite hard and abrasive. Evidence
suggests that this phenomenon also resulted in notching at
the depth of the cut level. This oxidation driven notch wear
initiated with a small notch and discoloration on the rake
fake as seen in Fig. 9a. At the further cutting distances (see
Fig. 9b, c), this notch grew and eventually led to catastrophic
edge breakage as shown in Fig. 9d. According to Zoya and
Krishnamurthy, this happens at a temperature of 800 °C. It
appears that the sliding of these hard particles led to even
more abrading effect [27].

The tool wear findings revealed that high-speed machin-
ing using PCD tools yielded favorable results. According
to the previous work on the machining of NiTi alloy in the
low cutting speed range using carbide cutting tools [11, 28],
cutting speed values above 50 m/min result in quite high
tool wear. In the present study, the wear behavior of the car-
bide tools is similar to these findings. Remarkably, the wear
behavior of PCD tools differs from those. The superior wear
results of the PCD tool of the present study do not support

Fig. 7 Effects of cutting speed
on theoretical shear plane angle 45 - 2.9
and shear strain for PCD cutting ——Shear angle  —#—Shear Strain
tool 43 L 27
o 41
3
= 139 - 2.5
< >
5 - 23§
s z
= - 21 §
5 18
| 33 =
=
é 31 - 1.9
2 29
- 1.7
27 b
25 — 1.5
60 130 190 250
Cutting speed (m/min)
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(c)

Fig. 8 Rake images of PCD cutting tool at Vc =190 m/min after certain cutting distances, a 225 m, b 450 m, ¢ 825 m

Fig.9 Rake face of the PCD
cutting tool at Ve =250 m/min
after certain cutting distances,
a25m,b 100 m, ¢ 375 m, d
475 m

previous research [16]. This contradiction was, most prob-
ably, resulted from cutting parameters or tool material grade,
since there was, for PCD tool, quite short information on
these factors in that study.

3.2 Surface roughness

Surface finish is a major element of surface integrity as it
reflects fatigue life and functional integrity characteristics.
The effect of the cutting speed variation on the surface
roughness (Ra, pm) is presented in Fig. 10. Evidently, the
trend of the surface roughness and cutting speed curve
is very similar to that of tool wear for both of the tool
materials. This similarity matches well with the findings
of Huang [4], in the investigation of high-speed milling
characteristics of NiTi. It would appear that surface finish
was greatly influenced from tool wear or the reasons of
tool wear and surface roughness are the same. These might

150 pm ) 150 pm

be cutting forces, machine tool vibrations, chip adherence,
burr formation, strain hardening, or active phase effects.
Although a smoother surface finish may be anticipated at
the elevated cutting speed values owing to thermal soften-
ing, and hence less mechanical loads and strain harden-
ing, generally the opposite effect is observed. Most prob-
ably, fragments due to chipping or tribo-chemical wear
rubbed the tool-workpiece interface around the tool flank.
This simultaneously led to an increasing trend in surface
roughness and tool wear. As for the decrease in the surface
roughness between Ve =70 and 190 m/min for the PCD
tool, it would appear that the minimum chipping combined
with uninitiated chemical wear yielded the best surface
quality. It should also be noted that the surface deteriora-
tion with the cutting speed increase is more obvious in
the carbide tool. This finding is consistent with previous
work on machining of NiTi Alloy using carbide tools and
low speeds [29].
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Fig. 10 Surface roughness vari-
ation with cutting speed
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3.3 Phase transformation behaviors

Reversible solid-state phase transformation capability is
the major superiority of the SMAs over the conventional
structural alloys. The phase transformation behaviors are
mainly influenced by alloy composition, microstructure,
and mechanical and thermal load history of the material.
Since the properties and the microstructure of the machin-
ing induced subsurface layer mainly depend on the thermo-
mechanical influences of the machining operation, the ascer-
tainment of optimum machining parameters is crucial.

Miller and Lagoudas documented that plastic deforma-
tion—induced dislocations increase the residual stress and
this restraints the phase transformation [30]. As this stress-
induced martensitic structure becomes residual, unless a
heat treatment is applied, the transformation enthalpy (latent
heat, AH), which is an apparent indicator of the amount of
material undergoes phase transformation, decreases. Appli-
cation of higher force and hence mechanical stress leads to
more plastic deformation. This would enhance the stabilized
martensite. According to Karaman et al., this occurrence
originates especially from high dislocation densities stored
in martensite plates and at the prior internal twin bounda-
ries [31]. The scholars found that the reverse transforma-
tion temperatures (A, and Ay) increased significantly in the
samples deformed at room temperatures. The evidence from
the study by Liu and Favier [19] suggests that deformation
induced microstructure defects and stabilized martensite can
be minimized with increased deformation temperature. Fur-
thermore, it was found that thermal cycles had a diminishing
effect on the stabilized martensite. These were attributed to
the annihilation effect of overheating on the vacancies and
the formation of different martensite variants (due to subse-
quent transformation cycles). These are free from impedi-
ment of the deformation-induced dislocations.

@ Springer

Figures 11 and 12 present the martensitic (M) and austen-
itic (A) transformation enthalpies of the machined specimens
with PCD and WC cutting tools respectively. It should be
noted that the DSC specimens were cut from the machined
part after turning with unworn cutting tools. It is evident
that a decrease of cutting speed leads to decreased transfor-
mation enthalpy. Machining with carbide and PCD cutting
tools at Vc =70 m/min ended up with measured austenitic
transformation enthalpy of 11.6 and 13.8 j/gr, respectively,
whereas AH of the as-received sample was 22.9 j/gr. At the
highest cutting speed (Ve =250 m/min), AH of the samples
cut with PCD and carbide was 20.72 and 19.95 j/gr respec-
tively. This resulted from higher cutting forces and hence
shear stress at the lower cutting speed values (thermal sof-
tening phenomena). Consequently, stress-induced martensite
formation and increased dislocation densities are formed.
Owing to the essence of metal cutting, an increase of the
cutting speed results in decreased cutting forces and stresses
and increased cutting temperatures. Referring back to Fig. 7,
this phenomenon can be observed from the shear plane
angle and cutting speed curve. Here, the increased shear
plane angle at the elevated cutting speed values indicates a
smaller shear plane and accordingly lower cutting force and
energy [32]. This led to less restricted phase transformation
behaviors. As in a good correlation with previous studies
discussed above, these results originated from (1) less stress-
induced stabilized martensite and dislocation densities and
(2) stress annihilation and crystal structure vacancy recovery
effects. Analogously, in the machining of NiTi at the low
cutting speed band, similar cutting speed and transforma-
tion enthalpy behaviors were documented [15, 18]. Accord-
ingly, when the cutting speed was decreased to Ve=6.25 m/
min, the AH was reported to nearly totally diminish (3.4 j/
gr). It should also be noted that measured transformation
enthalpy after machining with each cutting speed for both
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Fig. 11 Transformation

enthalpy results after machining
with PCD cutting tools
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Fig. 12 Transformation

enthalpy results after machining
with WC cutting tools
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cutting tools are quite close. The slight difference in AH is
the greatness of the PCD compared to WC, and around 1 j/
gr. This was attributed to the PCD tool’s cutting edge being
sharper. Since sharper edge yields less cutting force, and
less mechanical load, hence fewer stabilized martensite is
expected.

In this study, the term thermal hysteresis stands for the
interval between A; and M, temperatures. Large transfor-
mation hysteresis was associated with austenite/martensite
interface incompatibility and poor functional integrity prop-
erties. Phase transformation thermal hysteresis is caused by

the dissipation of energy frictionally and thermally. Accord-
ing to Ramaiah et al., low thermal hysteresis indicates low
irreversible energy levels of phase transformation [33].
McCormick and Liu conducted a thermodynamic analysis
of phase transformation on NiTi with and without applied
mechanical loads [34]. They explained the origination of
irreversible energy from energy loss due to friction and plas-
tic deformation during the phase transformation regarding
Gibb’s energy equation. The motion of twin interfaces and
phase/twin boundaries are mainly responsible for energy
loss. According to Dirand et al., M, point is where the

@ Springer



498 The International Journal of Advanced Manufacturing Technology (2022) 119:489-502

Fig. 13 Transformation hyster-
esis results after machining with 40 ——PCD ——WC - - -Asreceived
WC and PCD cutting tools —
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maximum lattice internal friction exists and this is attributed
to the nature of the microstructure of the martensite [35].
Lin et al. were among the first to demonstrate that cold work
shifts reverse martensitic temperatures to higher values [36].
This phenomenon was confirmed by Karaman et al. [31].
The scholars concluded that the cold work does not alter
the martensitic transformation temperatures; however, it
shifts forward the austenitic transformation temperatures in
NiTi. This situation, as explained above, arises from internal
stress, friction, and dislocations and this leads to increased

transformation hysteresis (A,— M,). The amount of forward
shift in austenitic transformation temperatures, and hence
the increase in the hysteresis, mainly depends on deforma-
tion mode, intensity, and temperature.

Figure 13 presents the influences of cutting speed varia-
tion on the transformation temperature hysteresis of the NiTi.
The results revealed that the machining process altered the
transformation hysteresis, throughout the investigated cut-
ting speed range. It is evident that this increase is highly cut-
ting speed related. The increase of cutting speed resulted in

Fig. 14 Subsurface microhard-
ness variation after machining 425 ~
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Fig. 15 Subsurface microhard-
ness variation after machining
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PCD
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less pronounced increase in the phase transformation hyster-
esis. There is not a very significant difference between PCD
and WC. Compared to the as-received sample, the increase
in the hysteresis is about 7 °C at Ve =70 m/min, whereas it
is only around 1.5 °C at Vc =250 m/min. In a similar manner
to transformation enthalpy results, relatively high cutting
stress and, in turn, deformation and dislocation densities at
the lower cutting speed values were responsible for this. In
the previous work on machining of NiTi in lower cutting
speeds, alterations in austenite start and finish temperatures
were reported [18], because increased elastics strains and
internal friction energy delay the phase transformation onset.
Increase of cutting speed results in decreased cutting stress
and elevated cutting temperatures. These findings match
quite well with the previous investigations focusing on the

Fig. 16 Cross-section images
after machining with PCD cut-
ting tool with cutting speeds of
a Ve=70 m/min, b Ve=250 m/
min

influences of cold work and annealing temperature on NiTi.
Hamilton et al. reported that increase of external stress leads
to substantially increased thermal hysteresis (up to 60 °C)
in low nickel NiTi alloy [37]. As documented by Mitwally
and Farag [38], an increase of percentage of cold rolling not
only increases the volume fraction of stabilized martensite
but also decreases the superelasticity.

3.4 Subsurface hardness

Changes in subsurface hardness compared to base material
indicate some machining-induced alterations in the micro-
structure and mainly caused by mechanically induced strain
hardening. Figures 14 and 15 show subsurface microhard-
ness variation as a function of depth from the machined
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surface at the investigated cutting speed values after machin-
ing with fresh cutting tools. It should be noted that the hard-
ening effects of the investigated cutting tool materials are
similar. As expected, the hardness decreases with increased
depth value and reaches the parent material at around a
depth of 140 pm. It is obvious that the hardness value is
significantly affected from cutting speed. The lowest cut-
ting speed resulted in the greatest hardness in the subsurface
zone, whereas the highest cutting speed resulted in the low-
est with a value close to the base material. Accordingly, an
increase of cutting speed led to less subsurface hardening as
reported in the literature as mentioned before. This behavior,
parallel to the phase transformation behavior findings, was
attributed to decreased cutting stress and twin/dislocation
annihilation effect of the elevated cutting temperatures at
the higher cutting speed values.

These arguments can be supported by cross-sectional
microstructure of the machined specimens presented in
Fig. 16. Here, the subsurface machining-induced zone
shows the disappearance of martensite twins which
belong to the base material structure in both of the fig-
ures. This zone is deeper in the low-speed-cut specimen
and diagnosed as residual austenite, as it is also known
that austenitic NiTi has a higher hardness value. During
the machining, the austenitic phase transformation took
place. Although the samples cool down below the marten-
sitic phase transformation temperatures after machining,
the internal stress prevents this zone from returning to
the martensitic state. Similar to stabilized martensite, this
structure is accompanied by residual strain. In the mico-
end milling of NiTi, similar behavior was reported by Pic-
quart et al. [39]. Liu and Favier documented that a signifi-
cant amount of residual austenite exists in the deformed
martensitic NiTi according to X-ray measurements [19].
The scholars linked this finding to changes in transfor-
mation enthalpies and irreversible energies. As seen in
Fig. 16, it is obvious that high cutting speed resulted in a
narrower residual austenite layer.

4 Conclusions

In this experimental study, NiTi SMA was machined in
the high cutting speed order using carbide and PCD cut-
ting tools. Accordingly, the following conclusions can be
drawn:

e Tool wear results indicate that tool wear mechanisms are

cutting speed dependent. The higher range of the cutting
speed values initiated tribo-chemical wear.

@ Springer

e Exceptional tool life is achieved with PCD tool at the
cutting speed of Vc =130 m/min. The surface quality
behavior was very similar to tool life variation.

e The indicators of functional integrity showed that they
are less impaired when higher cutting speed values are
employed.

e Compared to unmachined material, minimal changes in
transformation enthalpies, transformation hysteresis, and
subsurface hardness were achieved with the highest cut-
ting speed of the study.

e Machining with carbide and PCD cutting tools at
Ve =70 m/min ended up with measured austenitic trans-
formation enthalpy of 11.6 and 13.8 j/gr, respectively,
whereas AH of the as-received sample was 22.9 j/gr.
Although similar findings were reported before in lower
cutting speed range, severe tool wear was the limiting
factor for use of high cutting values.
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