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Graphical abstract Abstract

This study investigates the effects of dry and chilled air milling on the machinability
and phase transformation behaviour of martensitic and austenitic nickel-fitanium
(NiTi) alloys. NiTi alloys are widely used in biomedical and automotive industries for
their shape memory effect and super-elasticity; however, their high ductility and
temperature sensitivity pose machining challenges, leading to severe tool wear
and poor surface quality. Key machinability aspects including cutting force, tool
wear, burr formation, and surface roughness, were analysed alongside phase
transformation characteristics using Differential Scanning Calorimetry (DSC).
Results show that chilled air cutting significantly reduces cutting force for austenitic
NiTi but has a limited effect on martensitic NiTi. It also lowers cutting temperatures
fo 40°C, enhances ool wear resistance, and minimises burr formation. Chilled air
cutting also improved surface roughness by 50% and 20% for martensitic and
austenitic NiTi, respectively. While neither cutting condition fully preserved NiTi
transformation curves, chilled air cutting promoted the inhibition of multi-peak
appearances in martensitic NiTi, potentially improving phase stability.
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Abstrak

Kajian ini menyiasat kesan pemesinan secara kering dan secara berudara sejuk
ke atas kebolehmesinan dan kelakuan tfransformasi fasa aloi nikel-fitanium (NiTi)
martensit dan austenit. Aloi NiTi digunakan secara meluas dalam industri
bioperubatan dan automofif kerana kesan ingatan bentuk dan keanjalan
supernya. Walau bagaimanapun, kemuluran dan kepekaan suhu yang tinggi
menimbulkan cabaran pemesinan, yang membawa kepada haus alat yang
teruk dan kudliti permukaan yang rendah. Aspek kebolehmesinan utama
termasuk daya pemesinan, haus alatan, pembentukan gerigis, dan kekasaran
permukaan, telah dianalisis bersama ciri-ciri transformasi fasa menggunakan
Kalorimetri Pengimbasan Kebezaan (DSC). Keputusan menunjukkan bahawa
pemesinan berudara sejuk mengurangkan daya pemotongan dengan ketara
untuk NiTi austenit fetapi mempunyai kesan terhad pada NiTi martensit. la juga
merendahkan suhu pemotongan kepada 40°C, meningkatkan rintangan haus
alat, dan meminimumkan pembentukan gerigis. Pemesinan berudara sejuk juga
menghasilkan penambahbaikan terhadap kekasaran permukaan sebanyak 50%
dan 20% masing-masing untuk NiTi martensit dan austenit. Walaupun kedua-dua
keadaan pemesinan tidak mengekalkan lengkung transformasi NiTi sepenuhnya,
pemesinan berudara sejuk menyumbang pada perencatan penampilan puncak

berbilang dalam NiTi martensit, yang berpotensi meningkatkan kestabilan fasa.

Kata kunci: Pemesinan, udara sejuk, nikel titanium, haus alat, fransformasi fasa
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1.0 INTRODUCTION

Nickel-fitanium (NiTi) alloys are widely recognised for
their unique properties, particularly the shape memory
effect (SME) and super-elasticity (SE) [1]. SME is
characterised by NiTi alloys' ability to return to their
original shape after deformation, while SE refers to
their ability to withstand significant mechanical stress
without permanent deformation. NiTi alloys exist in two
distinct phases: martensitic and austenitic. The
martensitic phase, occurring at low temperatures, is
characterised by its soft and ductile nature, which
allows it to undergo large strains under stress. This
phase is advantageous for biomedical applications,
requiring high flexibility and mechanical adaptability
[2]. Conversely, the austenitic phase, which forms at
higher temperatures, exhibits increased strength and
rigidity, essential for applications requiring high
mechanical performance [3], [4]. This transition
between martensitic and austenitic phases of NiTi's
crystal structure is fundamental to the alloy's unique
properties of SME and SE.

The milling process of NiTi is important in
manufacturing precision components for high-
performance applications, particularly in  the
biomedical, aerospace, and automotive industries.
The unique properties of NiTi alloys of SME and SE make
them useful in applications like medical devices (e.g.,
stents, orthodontic wires), actuators, and safety
systems in automotive engineering [5]. [é]. [7].
However, these properties pose significant challenges
during machining, as NiTi alloys exhibit high ductility
and low thermal conductivity and are highly sensitive
to temperature fluctuations [8]. These machining
challenges often result in complications such as

excessive tool wear, poor surface finish and burr
formation, and dimensional inaccuracies [9], [10]. As
such, gaining understanding of the milling process of
NiTi is essential for mitigating those complications. With
mitigated outcomes, such as improved surface finish
and dimensional accuracy, functional reliability of
machined NiTi components could be achieved.

Machining of alloys typically involves flood
lubrication, where cutting oils are applied to reduce
friction, dissipate heat, and prolong tool life [11]. Flood
lubrication has long been considered an effective
method for conftroling cutting temperatures and
improving tool performance. However, the
widespread use of cutting fluids has raised
environmental, economic, and health concerns [12].
From an ecological perspective, the disposal of used
cutting oils presents significant challenges due to their
hazardous nature, contributing to industrial waste and
pollution [13]. The economic burden of purchasing
and maintaining these fluids and associated disposal
costs can be substantial. Furthermore, long-term
exposure to cutting fluids can result in health issues
such as respiratory and skin problems, which pose a
significant risk to machinists [14]. As such, while flood
lubrication confinues to be a common practice in
machining, the associated drawbacks have spurred
interest in exploring alternative methods.

In contrast, dry cutting, which involves machining
without cutting fluids, has emerged as a more
environmentally friendly and cost-effective
alternative  [15]. Dry cutting eliminates the
environmental impact of cutting fluid disposal,
offering a more sustainable approach to machining.
However, dry cutting presents challenges, particularly
in machining difficult-to-cut materials like NiTi alloys.



299 Muhammad Hisyamuddin Rosli et al. / Jurnal Teknologi (Sciences & Engineering) 88:2 (2026) 297306

The absence of cutting fluids leads to higher cutting
temperatures, increased fool wear, and more severe
surface degradation, including the formation of burrs
and poor surface finishes [10]. The lack of adequate
cooling in dry-cutting processes causes extreme levels
of heat generation, further exacerbating these issues
[16].

In recent years, chilled air cooling has emerged as
a promising alternative capable of mitigating extreme
levels of heat generation during machining, offering
better cooling options than dry cutting. Chilled air
cooling uses a vortex tube that produces low-
temperature air to cool the cufting zone, thereby
reducing the heat generated during machining [17].
This fechnique offers several advantages over
fraditional cutting oils. Environmentally, chilled air
cooling eliminates the need for harmful cutting fluids,
reducing waste and pollution [18]. Chilled air cooling
eliminates the health risks of cutting fluids, making it a
safer option for machinists. Moreover, it has effectively
reduced cutting temperatures, improved tool life,
reduced tool wear, and enhanced surface finish
quality [19] [20].

Despite extensive studies on the machining of NiTi,
there is limited research focusing specifically on
understanding the effects of chilled air-cooling on NiTi,
especially in terms of its machinability and phase
fransformation behaviour for both martensitic and
austenitic NiTi side by side, which remains narrowly
discussed and compared. To fill this gap, the present
study aims fo gain deeper insights info the milling
effects towards machinability and NiTi transformation
behaviour for both types of NiTi, namely martensitic
and austenitic  NiTi. The research focuses on
evaluating the machining impacts on the cutting
force, tool wear, surface roughness, and bur
formation, as well as understanding the phase
fransformation  behaviour  through  differential
scanning calorimetry investigation.

2.0 METHODOLOGY

2.1 Experimental Setup and Machining Conditions

The workpieces for the experiments comprised of two
varieties of NiTi bar: martensitic NiTi and austenitic NiTi,
which exhibit as martensitic and austenitic phases at
room temperature, respectively. Both types of
workpieces have the same dimensions, measuring 80
mm x 20 mm x 3 mm (length x width x height). The as-
received NiTi workpiece's chemical composition was
confirmed through micro-X-ray fluorescence (uUXRF).
Table 1 shows the chemical compositions and the
surface hardness for martensitic and austenitic NiTi
workpieces.

The workpiece was mounted on the machining
fable using a customised fixture and bolted on a
three-component Kistler Dynamometer Type 9256C.
This dynamometer is connected to a laboratory
charge amplifier and data acquisition system, KISTLER

LabAmp Type 5167A, and linked to a host computer
for force data collection. The force signal was
sampled at 5000 Hz.

Table 1 Chemical compositions and hardness of workpiece

Types Martensitic NiTi Austenitic NiTi
Chemical Ni: 55.93 Ni: 53.83
compositions Ti: 42.46 Ti: 46.17
(at.%) Fe: 1.61

Hardness (HV:) 238 286
Types Martensitic NiTi Austenitic NiTi

The milling operation used a KRIS Vision two-flute 3-
mm uncoated solid carbide end-mill ool with zero
rake angle (Figure 1). Before the cutting process, the
condition of the cutting tool was examined using
Hitachi  TM3000 Tabletop  Scanning  Electron
Microscope (SEM). The miling experiments were
performed using an Akira Seiki-Performa SR3
Computerised Numerical Contfrol (CNC) Miling
Machine. The setup for the milling process is shown in
Figure 2.

Cutting edge

TM3000_7429

Figure 1 SEM image of the cutting fool

V)
Dual-nozzle
# coldairgun

Cutting tool

Workpiece

Figure 2 Experimental setup for the milling process
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Based on optimum parameters established through
pilot cutting tests, the spindle speed, feed rate and
cutting depth were set at constant values of 5093 rom,
509 mm/min and 0.18mm, respectively. The milling
operatfions were run under two different cufting
conditions: dry and chilled air cutting.

The chilled air condition was achieved using a
VORTEC Adjustable Cold Air Gun System Type 610BSP
supplied by VorTech UK. With a 6 mm-diameter dual
nozzle type equipped to the cold air gun, a cold air
stfream of —14.5°C at a wind speed of around 14.0 m/s
was produced.

Temperature measurement during cutting was
made using a thermal imaging infrared camera, FLIR
T440. The measurement temperature range for the
thermal imaging infrared camera was set fo —20°C to
120°C. The emissivity of the camera was set to 1, and
the measuring distance was set to 1 metre. The
surfaces of the workpieces were painted matte black
to ensure the correct corresponding emissivity value
of approximately 1, whereby the workpiece surfaces
were focused for temperature measurement. The
captured infrared images were analysed using FLIR
Tools analyser software.

2.2 Methods and Data Collection

For the post-machining study of the tool wear, the
images of the tool were captured using Hitachi
TM3000 Tabletop SEM to identify the wear on the tools,
while the quantification of the wear was done through
ImageJ software. The tool wear was analysed in terms
of flank wear based on the ISO 3685 standard. The burr
formation on the NiTi workpieces was pictured using a
Xoptron Stereo Microscope of model XST60, while the
measurement of the burr (top burr) was done using
IMT i-Solution Lite Imaging.

The Mitutoyo Surftest SJ-210 portable surface
roughness checker was used to measure the
workpieces' surface roughness values, Ra, which were
measured five fimes for each machined surface, in
accordance with the standard of ISO 4287. For
differential scanning calorimetry (DSC) analysis, a TA
Instruments Q20 Differential Scanning Calorimeter was
used. Heatfing and cooling cycles were run with
temperature ranges of —20°C to 120°C and -100°C to
100°C for the machined specimens of martensitic NiTi
and austenitic NiTi, respectively. The heating-cooling
rate used was 10°C/min. The tangent line interception
method based on ASTM F2004-17 was used to
determine the phase fransformation femperatures of
the NiTi materials.

Figure 3 shows the as-received DSC curves for
martensitic NiTi and austenitic NiTi, respectively. For the
as-received martensitic  NiTi, the transformation
temperatures of martensite start (Ms), martensite finish
(M), austenite start (As), and austenite finish (As)
temperatures were 70°C, 44°C, 75°C and 100°C,
respectively. Meanwhile, for the as-received
austenitic NiTi, the NiTi fransformation temperatures
were —26°C, -59°C, -22°C and 0°C for Ms, M+, As, and

At, respectively. These transformatfion temperatures
are tabulated in Table 2.

15 1

As-Received
Austenitic NiTi
As-Received
Martensitic NiTi

1

1

Room
temperature 1
1
1
1

Heat Flow (W/g)
(=]

15 [ S S T S S R “
-100 -50 0 - 50 100 150
Temperature (°C)

Figure 3 DSC curve of phase fransformation femperatures
of the as-received martensitic and austenitic NiTi

Table 2 Transformation temperatures of as-received NiTi

Transformation ~ M;s (°C) Mi(°C) As(°C) Ai(°C)
temperatures

Martensitic 70 44 75 100
NiTi
Austenitic NiTi —26 -59 -22 0

3.0 RESULTS AND DISCUSSION
3.1 Cutting Force

The resultant cutting force calculated for this study is
shown in Figure 4. Based on the result, for the
martensitic NiTi workpiece, the chilled air cutting
produced a more significant resultant force with a
reading of 23.7 N, the largest of all, compared to its
dry cutting counterpart, which resulted in 14.5 N. This is
surprising behaviour that is unexpected from the
chilled air cutting.

30.0 Dry
Chilled Air

= ]
=200 |
€ :
§ 2 §
% 10.0 1 % \\\Q:

4 N

AR N
OO F§§ N\S f(.—(/.(.«((

Martensitic NiTi Austenitic NiTi
Cutting Conditions

Figure 4 Cutting force for different cutting conditions
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The higher force was produced due to the lower
cutting temperature produced under chilled air [21].
The quenching effect was also infroduced through
the low-temperature chilled air, which hardened the
workpiece and generated a higher cutting force. This
showed that cutting force could increase due to the
martensitic  NiTi  workpiece  hardening, which
surpassed the effect of friction reduction produced by
chilled air.

Meanwhile, the chilled air cutting produced a
lower resultant force for the austenitic NiTi workpiece,
with a value of 17.3 N compared to that of dry cutting,
which was 19.5 N. This was due to the action of
pressurised air [22]. This pressurised air during chilled air
cutting provided support for the lifting of sheared chip,
which minimised the seizure area and friction
coefficient. Eventually, this reflected in the reduction
of resultant force during chilled air cutting of austenitic
NiTi. This confradicts the phenomenon observed in
martensitic NiTi. This contradicts the phenomenon
observed in martensitic NiTi, where the adverse
impacts of complex work hardening and
thermomechanical behaviour of martensitic NiTi
material were found to be superior to the impacts of
friction reduction [23].

3.2 Cutting Temperature

This study calculated the average cutting
temperature of the surface near the cutting fool
(Figure 5). Figure 6 shows the comparisons of cufting
temperatures under different cutting conditions. The
dry cutting recorded a higher cutting temperature of
73°C and 87°C for martensitic and austenitic NiTi,
respectively. The higher cutting temperature shown in
dry cutfting of austenitic NiTi was due to the higher
hardness and strength of austenitic NiTi compared to
martensitic  NiTi. This led to higher deformation
resistance for austenitic NiTi, causing higher
temperature than martensitic NiTi.

Cutting
zone

Figure 5 Infrared thermal image of chilled air milling

The chiled air condition lowered the cutting
temperature to 52°C and 40°C for martensitic NiTi and
austenitic NiTi, respectively. These are 28% and 54%
reductions compared to their counterparts of dry
cutting for martensitic (73°C) and austenitic NiTi
(87°C). respectively. A higher reduction percentage
was achieved in austenitic NiTi compared to
martensitic NiTi. This is probably because martensitic
NiTi has a higher ductility level than austenitic NiTi. The
higher ductility can lead to a higher level of shearing
force, consequently leading to some heat generated
during machining, which prevents a further reduction
of the cutting temperature during the chilled air
cutting of martensitic NiTi.

120 + Dry

j [Z7] chilled Air
100 +

80 |

Temperature (°C)
[=2)
o
|
.

40 +

i
-
o

Martensitic NiTi Austenitic NiTi

Cutting Conditions

Figure 6 Cutting temperature variations under different
cutting conditions

3.3 Tool Wear

Tool wear reflects the tool’s effectiveness in removing
material, where excessive wear leads to increased
costs from frequent tool changes [24]. In this study,
chilled air cutting demonstrated reduced tool wear
compared to dry cutting, by limiting heat generation
and preventing adhesion and build-up edge (BUE)
formation. Several distinct wear modes were
observed, including flank wear, material adhesion,
BUE and chipping, as pictured in Figure 7.

Flank wear
Material ad

Flank wear

i
Tmm  TM3000_§212 A D48 80 Tmm

Chipping

—T Flank wear
- BUE

A D51 0

TM3000 3188 Tmm

Figure 7 Different modes of tool wear
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Among these modes of tool wear, flank wear, Vb was
the most dominant occurrence of tool wear, as shown
in Figure 8. The flank wear was found in dry and chilled
air cufting for both austenitic and martensitic NiTi
workpieces. In end-milling, the forces are primarily
exerted through the end of the flank face, causing
flank wear to intensify and progressively reduce the
effective diameter of the cutting tool. Consequently,
this flank wear condition will affect the dimensional
precision and quality of the workpiece [25]. Thus,
noting the importance of mitigating flank wear, flank
wear has been the primary subject analysis in terms of
tool wear in end-milling experiments [26], [27].

FIankWear
250 T Ch'\pping T30
200 } T2
— =
£ T+20 &
=150 + % i
m voes ! 4
g g 15 é
= 100 } : 2
5 5 § §§ J10 S
a1 - - :
XX e 0

o

Martensitic Martensitic  Austenitic NiTi Austenitic NiTi
NiTi NiTi (Dry) (Chilled Air)
(Dry) (Chilled Air)

Cutting Conditions

Figure 8 Comparison between flank wear and chipping

From Figure 9, the chilled air cutting shows
observable reductions in tool wear in both NiTi
workpieces, martensitic and austenitic NiTi. Based on
Figure 10, the flank wear in chilled air cutting of
martensitic NiTi was reduced by 36% fo 60 um from 93
MM in dry cutting. Meanwhile, in austenitic NiTi, the dry
condition recorded flank wear of 208 um, which is
improved by 75% to 53 um in chilled air condition. This
is due to the chilled air cutting being able to lower the
temperature in the cutting zone of the tool and
workpiece interface [28]. Consequently, the overall
tool wear under chilled air cutting was reduced due
to the reduction of the heat-induced wear.

Meanwhile, dry cutting was found to cause severe
wear in austenitic NiTi compared to martensitic NiTi.
This is due to the austenitic NiTi workpiece having
higher wear resistance compared tfo martensitic NiTi
[29]. This higher wear resistance resulted from a harder
austenitic phase that can resist more deformation
compared to martensitic NiTi. This eventually
increased the stress level applied to the ool during the
dry cutting of austenitic NiTi, leading to increased tool
wear. In addition, stress-induced martensite could also
be formed in austenitic NiTi during milling operation,
which can increase tool wear [30]. The dry cutting of
austenitic NiTi also showed material adhesion effect
on the tool. This is caused by high tfemperature, which
promotes thermal softening interaction between the
workpiece chip and the tool’s flank face [31].

Dry Chilled Air
Martensitic NiTi

—_—
TIM3000_B192 A D32 wal T mm TIM3000_8225

Austenitic NiTi

TM3000_8213 & DEE w80 Trom TIA3000_8207

Figure 9 Tool wear under different cutting conditions

-

Austenitic NiTi

Cutting Conditions

Figure 10 Flank wear under different cutting conditions

3.4 Burr Formation

Burr measurement is a considerable interest subject as
it is interrelated to the performance and functionality
of workpieces [32]. Low or minimised burr formation is
a good indicator of a well-performed machining
process. Analysing burr formation under different
machining conditions can provide insight into
understanding the relation between the cutting
conditions and the workpiece materials. In this study,
the top burr was measured in terms of its width using
ImageJ software. Different shapes of tup burr were
found, which include flocky shape, wavy shape and
leaf shape, as shown in Figure 11.

From Figure 12, the dry cutting of martensitic NiTi
recorded the largest average burr width of 530 um,
followed by austenitic NiTi dry cutting with 394 um. The
chilled air cutting yielded minimised burr width for
both austenitic NiTi and martensitic NiTi with readings
of 254 um and 151 um, respectively. Under dry cutting
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of the martensitic NiTi, the poorest burr condifion
resulted due fo the ductility effect of the martensitic
NiTi, which was further enhanced by the thermal
softening caused by the high temperature of dry
cutting.

Meanwhile, both martensitic and austenitic NiTi
show reading improvement under chilled air cufting
compared to dry cutting. The impact of low-
temperature air in chilled air cutting infroduced
brittfleness info the NiTi material. The brittle condition of
material consequently leads to easier break off during
machining compared to ductile condition, which
often leads to undesired burr protrusion due to its
difficulty to fracture [33]. This shows the significance of
choosing appropriate cutting conditions since proper
coolant use could lower the temperature, which in
furn affects the behaviour of materials during the
formation of the burr.

i
il
)

Flocky shape Wavy shape Leaf shape

Figure 11 Different shapes of burr formation

Chilled Air

AAAAAAAAAAAAAAA Dry
%ﬁ}qu/% o Flocky
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RECERERIP SO vE

TN

Austenitic  [Sssalaci s 9

400 600
Burr Width (um)

& Flocky
~|shape

Cutting
Conditions

: o Leaf
# shape

Figure 12 Burr width of machined NiTi

3.5 Surface Roughness

Surface roughness is a relevant subject to study in
machining due toits relation to a product's fatigue life.
Poor surface roughness is often associated with a high
level of fatigue crack initiation life, which can be an
infroducing factor that leads to undesirable fatigue
life, that needs to be avoided [34]. The surface
roughness of the NiTi workpieces was determined
using parameter Rq, the average calculated value of
the surface's peaks and valleys.

Based on Figure 13, for martensitic NiTi, chilled air
cutting recorded an average Ra of 0.348 um, an
improvement of 50% from a dry cutting condition,
which recorded a Ra of 0.692 um. Meanwhile, for
austenitic NiTi, chilled air cutting resulted in an
average Ra of 0.420 ym, a 20% improvement from a
value of 0.527 ym in dry cutting.

This finding demonstrated better surface roughness
under chilled air cutting compared to dry cutting due
to the action of pressurised air [35]. Pressurised air in
chilled air cutting can provide chip evacuation with
minimal contact, potentially minimising the likelihood
of micro-traces, leading to more uniform surface
roughness. Besides, dry cutting might cause more
heat that promotes rapid tool wear, eventually
negatively affecting surface roughness [36].

1.00 T

u\‘ 'i\l'(\

060 +

Surface Roughness, Ra (um)

0.00

Dry Chilled Air Dry Chilled Air
(Martensitic NiTi) (Martensitic NiTi) (Austenitic NiTi)  (Austenitic NiTi)

Cutting Conditions

Figure 13 Surface roughness, Ra, under different cutting
conditions

In comparing the surface roughness value under
chilled air cutting between the two types of NiTi
materials, the chilled air cutting of martensitic NiTi
produced a slightly better result with Ra of 0.348 um
compared to chilled air cutting of austenitic NiTi,
which recorded Rq of 0.420 um. This difference in the
outcome was aftributed to the properties of the
materials. Martensitic NiTi is known for its elevated level
of ductility compared to austenitic NiTi. This higher
ductility level eventually confributed to a lower
surface roughness value due to the improved surface
that was less affected by brittle fractures [37].

3.6 Transformation Temperatures

DSC is an analytical technique that compares and
calculates the difference of heat or energy needed
to elevate the temperature of a specimen sample
and reference sample as a function of temperature
[38]. This is important for identifying the occurrence of
phase transformation in the specimen material. The
thermal fransition observed during DSC measurement
provides valuable information that indicates the
occurrence of phase transformation in the specimen
mafterial.
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Figure 14 shows the DSC comparison of the martensitic
NiTi between the as-received sample and the post-
machining specimens cut under dry and chilled air
cutting conditions. The DSC curves for martensitic NiTi
machined under both cutting conditions were
observed to be shifted compared to the as-received
sample. Multiple martensite transformation peaks
were observed for martensitic NiTi machined under
dry and chilled air cutting. The Mt for dry cutting shiffed
fo 40°C and 7°C for the first and second peak,
respectively. Meanwhile, under chilled air cutting, the
Mf shiffed to 41°C and 20°C for the first and second
peak, respectively, compared to the Mf of single-
peak-martensite transformation for an as-received
sample, which was 44°C.

25 +

— As-received
----- Chilled Air

Heat Flow (W/g)

Temperature (°C)

Figure 14 DSC curves of martensitic NiTi

The multiple peaks in the dry-cutting sample
appear more vivid than those in the chilled air cutting
of the martensitic NiTi. This is due to the high-
temperature effect during dry cufting, which
minimises dislocation during machining and promotes
the inhibition of the martensitic transformation [39]. On
the contrary, the chilled air cutting limits these
temperature-induced effects, thus reducing the
extent of microstructural alterations. This results in
fewer changes in the DSC curve compared to dry
cutting.

Based on Table 3, the austenitic transformation

martensitic  NiTi  does not change significantly
compared fo the asreceived state, which is
maintained around 12 J/g. However, the martensitic
fransformation enthalpy (cooling enthalpy) of the
post-machined martensitic  NiTi  samples show
significant reduction compared to the as-received
sample. This is due to the appearance of the second
peak along the martensitic fransformation path,
inhibiting the completeness of phase fransition and
leading to lower enthalpy values [40].

For austenitic NiTi, the alteration of the DSC curve
is shown in Figure 15, which compares the
fransformation enthalpy pathway of the as-received
sample with those of post-machining samples
machined under dry cufting and chilled air cutting.

2 -

——As-received
- — ~Chilled Air
— -Dry
L
B
z
5
3
I 0
-1 {
-120 -70 -20 30 80 130
Temperature (°C)
Figure 15 DSC curves of austenitic NiTi
The shiffed peaks along the austenitic
fransformation  path  recorded reduction  of
fransformation enthalpy compared fo the as-

received sample of the austenitic NiTi due to the
heavy presence of R-phase in the austenific NiTi
materials [41]. This occurrence was due to the surface
and subsurface damage and alteration that
occurred, which were promoted by mechanical
stresses and localised heating during machining.
Eventually, the presence of R-phase was induced in
the NiTi crystal structure, which disrupted and
diminished the transformation enthalpy.

enthalpy (heating enthalpy) for the machined
Table 3 DSC temperatures of transformation and fransformation enthalpy of NiTi
. ) Martensite transformation Austenite transformation AHA™M AHMA

Workpiece CUH:;'Q. Peak 1st Peak 2nd . . (J/g) cooling (J/g) heating

type conditions M (C) Mi(C) M (C) M (°C) A (°C) A (°C)

Martensitic NiTi ~ As-received 70 44 - - 75 100 13.51 12.86
Dry 61 40 22 7 43 80 3.43 12.11
Chilled air 59 44 39 16 47 82 2.60 12.06

Austenitic NiTi As-received —26 -59 - - 22 0 4.56 7.70
Dry - - - - -41 3 - 5.66
Chilled air - - - - -40 -10 - 3.51
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4.0 CONCLUSION

This study investigated the machining impacts of two
major types of NiTi alloys—martensitic NiTi and
austenitic  NiT—by analysing key machinability
aspects, including cutting force, tool wear, bur
formation, and surface roughness. Additionally, phase
fransformation  characteristics were  examined
through Differential Scanning Calorimetry (DSC)
analysis. The results showed that chilled air cutting did
not significantly reduce the cufting force for
martensitic NiTi compared fo dry cutting. In the
machining of austenitic NiTi, chilled air cutting
demonstrated a notable reduction in the resultant
cutting force compared to dry cutting. Overall, chilled
air cutting reduced the cutting temperature more
effectively than dry cutting. The lowest average
temperature recorded under chilled air cutting was
40°C, demonstrating ifs superior cooling capability.
Additionally, better tool wear resistance and lower
burr formation were observed in chilled air cutting
compared fo dry cutting. In martensitic NiTi
machining, chilled air cutting achieved the lowest tool
wear (59.7 um) and minimal burr formation (151 um),
outperforming dry cutting. Ufilising chilled air also
improved surface roughness, yielding Ra values of
0.348 ym (martensitic NiTi) and 0.420 um (austenitic
NiTi). Compared to dry cutting, these values represent
improvements of 50% for martensitic NiTi and 20% for
austenitic NiTi. Neither chilled air nor dry cutting
significantly reduced alterations in the NiTi
fransformation curves. However, chilled air cutting
mitigated the inhibition of mulfi-peak appearances in
martensitic NiTi machining, potentially offering better
phase stability.
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