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Abstract
NiTi shape memory alloy products are becoming more and more popular in many areas. But owing to the unique characteristics
of NiTi shape memory alloys, it is still considered restrictive by the traditional machining methods of producing NiTi shape
memory alloys for finished products. Flood coolant and cryogenic with liquid nitrogen (LN2)–assisted machining is desired to
improve machinability of material in the turning procedure. Experiments were conducted to examine the influence of cooling
conditions (dry, flood, and cryogenic LN2) on turning NiTi shape memory alloys at different cutting speeds. Tool wear, cutting
force, and surface integrity were selected as evaluation characteristics to explore the effects of different cooling methods and the
stress-induced martensitic phase during the turning process. The study shows that the appearance of the stress-induced martens-
itic phase during the turning process harms the machinability of NiTi shape memory alloys. Flood conditions accomplish lower
tool wear and cutting force at 15 m/min. Cryogenic conditions achieve higher machinability at 125 m/min.

Keywords NiTi shapememory alloys . Stress-inducedmartensitic phase . Cutting condition . Phase

1 Introduction

NiTi shape memory alloy is an innovative material, which has
great application potential [1]. Because of its shape memory
effect, superelasticity, corrosion resistance, excellent fatigue
properties, and high resistance [2], it has been widely accepted
as a smart material in the aerospace industry, medicine, con-
struction industry, and robotics [3]. However, the favorable
properties also bring challenges while machining it. Other
properties of NiTi shape memory alloys, like high specific
heat, low thermal conductivity, and Young’s modulus, make
it difficult to machine [4, 5]. High temperature, tool wear,

strain hardening, and poor surface quality are the problems
for machining this unique shape memory alloy. In the machin-
ing process, cutting fluid can effectively reduce cutting tem-
perature and friction coefficient between the tool and work-
piece. It is an essential component that affects the sustainabil-
ity of the overall process [6]. Meanwhile, it is well-known that
cryogenic coolants also improve the machining performance
when machining the difficult-to-cut alloys [7]. It can decrease
the cutting temperature effectively and increase the tool life
[8]. Therefore, taking advantage of the cutting fluid and cryo-
genic coolant may improve the machinability of NiTi shape
memory alloy. The cutting characteristics under different cut-
ting conditions should be analyzed to understand the cutting
mechanisms. Meanwhile, the exploration of a proper method
for turning NiTi shape memory alloy is necessary to improve
the machinability and reduce the production cost of NiTi alloy
products.

With the accretion of demand and technique progress, re-
searchers are getting more attention on the conventional ma-
chining NiTi shape memory alloy. At first, researchers were
devoted to the NiTi shape memory alloy’s machinability after
a series of cutting experiments. The strain hardening during
the cutting process caused an extensive hardened layer on the
machined surface, and the NiTi shape memory alloy exhibited
more difficult cutting characteristics than other metal alloys

* Kai Guo
kaiguo@email.sdu.edu.cn

* Jie Sun
sunjie@sdu.edu.cn

1 Key Laboratory of High-efficiency and Clean Mechanical
Manufacture, National Demonstration Center for Experimental
Mechanical Engineering Education, School of Mechanical
Engineering, Shandong University, Ji’nan 250061, Shandong, China

2 Research Center for Aeronautical Component Manufacturing
Technology & Equipment, Shandong University,
Ji’nan 250061, Shandong, China

https://doi.org/10.1007/s00170-021-07563-9

/ Published online: 5 July 2021

The International Journal of Advanced Manufacturing Technology (2021) 116:1913–1923

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-07563-9&domain=pdf
mailto:kaiguo@email.sdu.edu.cn
mailto:sunjie@sdu.edu.cn


[9]. The high strain-rate hardening, unique pseudoelasticity,
and high toughness of this material were the main reasons for
the processing performance of NiTi SMAs, which were pre-
sented by Lin et al. [4]. Biermann et al. [10] compared the
machinability between martensitic and austenitic NiTi alloys
during the micro-milling process. Guo et al. [11] presented
that the high strength and specific heat were the main reasons
for tool wear, and an austenitic white layer occurred on the
surface of milling. Subsequently, experiments of searching for
the best cutting parameters were carried out. Weinert et al.
[12] used different inserts during turning NiTi alloys process
suggesting that a cutting speed of 100 m/min and depth of cut
less than the corner radius accomplished less tool wear.
Kuppuswamy et al. [13] optimized the cutting parameters as
a focused study on reducing the micro-milling forces and the
formation of burr; the lowest cutting force and burr size are
achieved at 15 m/min. Biermann et al. [14] analyzed the qual-
ity of the drilled holes at different cutting parameters and
concluded that the cutting speed should not exceed 30 m/
min to decrease the work hardening. The optimum feed is
5 μm when the diameter of the tool is 1 mm. Wang et al.
[15] carried out an orthogonal experiment of milling NiTi
SMA to study the work hardening of the machined sample.
The cutting speed affects the work hardening mostly, which
affects the machining-induced layer’s depth. Moreover, some
researchers also analyzed the influence of different cutting
conditions on the processing of NiTi SMAs. Weinert et al.
[16] concluded that the cooling lubricant has a positive effect
on the poor chip breaking and tool life during the turning
process. However, the poor chip breaking cannot be solved
by it. Yusuf et al. [17] compared different machining condi-
tions on machining NiTi alloys and concluded that cryogenic
machining improves the machinability of NiTi alloys. Zailani
et al. [18] applied chilled air to the micro-milling of NiTi
shape memory alloys; lower burr height, and cutting forces
are achieved. Rosnan et al. [19] conducted drilling experi-
ments on NiTi alloys under flood and minimal quantity lubri-
cants reinforced with nano-particles (MQLn) conditions and
concluded that MQLn significantly decreases the thrust force
and negatively affects the surface quality.

It is clear from the literature reviews that many methods
were used to explore a better way of machining the NiTi shape
memory alloys. However, the specific reasons for improving
the NiTi shape memory alloy’s machinability were not
discussed in detail. In the study, three different cutting condi-
tions, dry, flood with mineral oil–based cutting fluids (flood),
and cryogenic with liquid nitrogen (LN2), are applied in turn-
ing NiTi shape memory alloys at different cutting speeds for
comparative analysis. Cutting force, cutting temperature, tool
wear, phase transformation, and surface integrity are investi-
gated in this research work.

The effects of the stress-induced martensitic phase during
the turning process on tool wear, cutting force, and surface

roughness are first investigated in this work. It attributes to
interesting results which are different from that of other metal
material. The effect of machining on the phase state is ana-
lyzed to observe the NiTi shape memory alloy’s functional
behaviors. Meanwhile, different cutting conditions on the
workpiece causes different machining effects at numerous
cutting speeds. Different processing performances of the mar-
tensite and austenite phases are discussed in this paper. It
provides the basis for the NiTi shape memory alloy’s
machinability.

2 Experiment

2.1 Work materials

ANi55.8Ti44.2 (wt%) shape memory alloy of 300 mm length
and 20 mm diameter is used in this experiment. Seven tests
were performed at seven different cutting speeds under three
cutting conditions. The phase transformation of machined and
as-received specimens was analyzed by the X-ray diffraction
(XRD) patterns. An Ultima IV was used to get the XRD pat-
terns at a scan speed of 10°/min within the range of 20 to 80
degrees and plot 2θ (degree) XRD scans at 25 °C. The XRD
patterns of as-received specimens are showed in Fig. 1; the
austenite (B2) diffraction peak with (110), (200), and (211)
Miller indexes are shown. The four-phase inversion tempera-
ture was obtained from the differential scanning calorimetry
(DSC) curve, measured by using the Netzsch DSC3500
Sirius. The start temperature of martensite transformation Ms
is −35 °C, the finish temperature of martensite transformation
Mf is −53 °C, the start temperature of the reverse of austenite
transformation As is −13 °C, and the finish temperature of the
reversal of austenite transformation Af is −2 °C. Thematerial’s
emissivity was 0.21.

Fig. 1 The XRD patterns of as-received specimens
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2.2 Experimental procedure

The cutting insert was a PVD-coated carbide insert
(VNMG160408-SM1105) with TiAlN coating, which was
chosen due to the minimum wear observed in previous exper-
imentation [20]. The cutting experiment was conducted on a
C6140H turning machine with a maximum revolution of 1980
revolutions per minute (RPM). At each cutting conditions
(dry, flood, LN2), the workpiece machined at varied cutting
speeds (vc), 7.5, 15, 22, 33, 47, 87, and 125 m/min, with the
feed rate of 0.15 mm/r and depth of cut is 0.2 mm. Twenty
millimeters is the cutting length for each test. To eliminate the
tool wear’s effect, the insert was replaced by a new one after a
single test. A handheld microscope (Dino Capture 2.0) was
used to obtain the tool wear. The cutting force was measured
by using the Kistler 9257B dynamometer, and the FORTIC
226 infrared radiation imaging sensor was used to collect the
cutting temperature. The experimental details are summarized
in Table 1.

The average surface roughness (Ra) was obtained by
using a TR200 mobile surface roughness meter. The optical
microscope KEYENCE VHX-600 is used to observe the
surface morphology. The cutting fluids and liquid nitrogen
are applied by different sprays, which are approached to the
tool-workpiece contact area. The experimental setup is

showed in Fig. 2. And the flow chart of the experiment is
depicted in Fig. 3.

The cryogenic cooling equipment used in this experiment
consists of a cryogenic dewar tank (50 L), a self-pressurized
liquid nitrogen pump, and a nozzle made of copper. The com-
pressor generates negative pressure to absorb liquid nitrogen
into the vaporizing chamber. Because liquid nitrogen vapor-
izes quickly when the pressure drops, some liquid has to va-
porize and expand into the vaporizing chamber. After that, the
increased pressure yields the liquid nitrogen (LN2), which has
not yet evaporated to the nozzle via the pipe encased with an
insulating material. The liquid nitrogen gets sprayed to the
interface between the tool and the workpiece via a nozzle at
0.3 bar of pressure, as shown in Fig. 4.

3 Results and discussion

3.1 Tool wear

The inserts that have been machined are collected, and the
wear morphology is magnified 200 times through the Dino
Capture 2.0. Wear morphology on the rake and flank face at
15 m/min and 125 m/min under dry, flood, and LN2 condi-
tions is shown in Fig. 5. Tool wear is less under these exper-
imental parameters, and all coating on the rake surface is
found to be worn off. Because of the high ductility of NiTi
alloy, the abrasion wear can be obtained on the rake and flank
face [5, 21]. Grooves along chip flow direction can be easily
seen at 15 m/min under three conditions, which indicate the
abrasion wear mechanism [8]. At 15 m/min, the rake surface’s
coating is worn off on account of the chip flow on the tool
face. Themultiple deep scratches can be seen on the flank face
of the insert [22]. Furthermore, because of the high strain
hardening of NiTi shape memory alloy, it can be seen with
the built-up edge (BUE) on the flank face. At 125 m/min, the
cutting temperature gets concentrated at the tool edge and the
chips on account of the low thermal conductivity and high
specific heat. The chip formation flows on the surface, leading
to higher temperature and pressure on the contact area be-
tween tool and chip, and crater wears starts to occur on the
rake face. Meanwhile, the adhesion wear can be observed
under dry and flood conditions because of the high cutting
temperature. An interesting result is that the tool wear is min-
imal at 125 m/min under cryogenic conditions. Cryogenic
conditions play a prominent positive role in decreasing the
tool wear because of the lower temperature in the tool-chip
area [23].

According to the ISO 3685 standards (average flank wear,
VB ≥ 0.3 mm), the flank wear is measured three times and
takes the average. The average flank wear under different
cutting conditions are shown in Fig. 6. For flood conditions,
it offers a remarkable effect on reducing the flank wear when

Table 1 Experimental details

Items Descriptions

Workpiece

Material Nickel-titanium shape memory alloy

Dimensions Φ 20 mm × 250 mm

Lathe C6140H (nmax = 1980 r/min)

Cutting tool

Material PVD-coated carbide insert, Sandvick

Coating TiAlN

Cutting parameters

Cutting speed (vc) 7.5 m/min, 15 m/min, 22 m/min, 33 m/min,
47 m/min, 87 m/min, 125 m/min

Feed rate(f ) 0.15 mm/r

Depth of cut (ap) 0.2 mm

Cutting conditions Dry, flood, LN2

Measurement

Cutting force Kistler 9257B dynamometer

Cutting temperature FORTIC 226 infrared radiation imaging
sensor

Tool wear Dino Capture 2.0

Surface morphology KEYENCE VHX-600

Average surface
roughness

TR200 mobile surface roughness meter
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the cutting speed is below 33 m/min. Because there are tiny
clearance exits between the chip and rake of the tool, the
capillary phenomena are occurred. Mineral oil–based cutting
fluids flow into the cutting area at the lower cutting speed; a
lubricating film is formed. The extent of direct contact be-
tween metals decreases, which decreases the friction coeffi-
cient in the contact area.

Meanwhile, cutting fluid flow takes away a lot of produced
cutting heat and reduces the cutting temperature. The effect of
lubrication and cooling reduces the flank wear. However, as
the cutting speed increases, there is an inadequate supply of
cutting fluid between the workpiece and tool, and the lubrica-
tion effect is negligible. For cryogenic conditions, it reduces
the flank wear significantly compared with dry machining.
Mostly, it performs suitably when the cutting speed above
33 m/min. A lower cutting temperature greatly affects the
flank wear. However, when the cutting speed is below 33
m/min, the wear extent is a little greater than that of the flood
conditions, which will be discussed later.

3.2 Cutting force

The cutting forces during machining of the samples are col-
lected, and the mean values of different cutting forces at dif-
ferent speeds are shown in Figs. 7, 8, and 9. The main cutting
force, radial force, and feed force are presented, respectively.
The main cutting force is slightly higher than the radial force,
and the feed forces are about 30% of the main cutting force.
This value is almost the same as Inconel 718 [24], and the
geometry of the cutting tool leading to this result [25].

The results indicate that cutting speed influence the cutting
force slightly. Some reports in the early literature show that
the cutting force changes insignificantly at varying cutting
speeds. In contrast, the feed rate and depth of cut affect the
cutting force greatly [25, 26]. This is because the cutting force
is more sensitive to geometrical factors than cutting speed
conditions [27]. From the overall trend, when the cutting
speed is below 33 m/min, the cutting force initially decreases
and then increases. The high ductility of the material, which is
easy to weld on the cutting tool, results in the BUE. The
formation and disappearance of the BUE, which influences
the tool rake angle, result in the cutting force. At a higher
cutting speed (higher 33 m/min), the cutting force continues
to decrease. At the same time, the friction coefficient reduced
with the increasing cutting speed. Finally, as the cutting tem-
perature increases by leading to a better thermal softening,
work hardening is further reduced.

However, the cutting conditions have different influences
on the cutting force. For flood conditions, at a lower cutting
speed (33 m/min), the lubrication has a positive effect on
cutting forces. The friction between workpiece and tool re-
duced, and the cutting force decreased to a certain extent.
Nevertheless, as the cutting speed increases, the lubrication
effect is negligible, and the cutting force is very similar to that
of the dry conditions. For cryogenic with LN2, interesting
results have occurred; the cooling conditions do not reduce
the cutting force than dry conditions. This result is different
from the previous study observed in shape memory alloys
[28].

VNMG160408-SM1105
T-Max P turning insert

Force dynamometer

Tool holder and fixture

Infra CAM

Lathe spindle

(a) (b)

Fig. 2 Schematic of an
experimental setup; (a) dry
machining and (b) flood
machining

Turning process

Surface roughness and morphology
XRD and phase

Machinability of NiTi SMA
Appropriate machining parameters for 
different cutting conditions

Stress-induced 
martensitic phase

Cutting temperauture 
Cutting force

Tool wear

Dry Flood LN2

Fig. 3 Flow chart of experiment
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On the one hand, in Kaynak’s work, the workpiece was
precooled and machined using liquid nitrogen. It is a fully
martensitic state or partially martensitic state before and under
machining by precooling and using liquid nitrogen during
machining, while it is in an austenitic state before and under
dry conditions. The workpiece in the martensitic state is softer
than that in the austenitic state. So the cutting force is lower
than that of the dry condition in that experiment, while, for the
workpiece used in this experiment, the liquid nitrogen is used
for cooling only during the process. The austenitic state does
not change as the cutting temperature goes up. So the work-
piece is in an austenitic state before and under machining.

On the other hand, in Kaynak’s experiment, a couple of
nozzles were placed at the flank face and the rake face, the
temperature was well-controlled, and the cutting tool’s hard-
ness increased, which decreased cutting force. Indeed, the
nozzle used in this experiment is only focused on the tool-
chip connect area. During machining, the low temperature
caused by the LN2 cutting fluids caused an increase in the
workpiece’s flow stress, which caused a higher cutting force
in cryogenic conditions [29].

For the main cutting force component, when the cutting
speed is below 33 m/min, the main force is the lowest at 15
m/min. The flood conditions reduce the main force effective-
ly. A lubricating film is established at this cutting speed. At a

Pressure gauge

Vaporizing chamber

Compressor

Pressure safety valve

InfraCAM

Workpiece

Lathe spindle

Adjustable valve

Liquid nitrogen container

Nozzle
Force dynamometer

Tool holder
Tool

Fig. 4 Schematic of cryogenic
cooling equipment

(a) vc  )b(nim/m 51= vc=125 m/min

Rake face Flank face Rake face Flank face
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Flood
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BUE

Chip

0.2mm
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Fig. 5 The wear morphology of the insert at different conditions after machining
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higher cutting speed (higher 33 m/min), the coolant becomes
challenging to throw into the interface of the tool-workpiece
area. The lubrication and cooling effect are minimal. Figure 8
shows the radial force recorded under different conditions at
various cutting speeds. There is little difference between the
three conditions. At 15 m/min and 125 m/min, it showed a
lower radial force. Figure 9 shows the trend of feed force with
the increasing cutting speeds in various conditions. The fluc-
tuation of the feed force is relatively larger than the other two
forces, which causes plowing on the machined surface. When
the cutting speed is lower than 33 m/min, the fluctuation of
feed force is larger in flood and cryogenic conditions than that
in dry conditions, and the flow of the lubricants and LN2 has
more influence on it. As the cutting speed increases, its impact
is getting smaller.

3.3 Cutting temperature

In the cutting process, extremely high strains and plastic de-
formation occur in the material; the energy required to deform
is released in heat. The generated heat at the tool-workpiece
contact area is essential to the cutting performance. Generally,
most of the generated heat is dissipated to the chip and tool for
metal machining. The highest temperature occurred at the
tool-workpiece contact area. So, the temperature at the tool-
workpiece contact area is recorded by using the infrared radi-
ation imaging sensor, as showed in Fig. 10. The average cut-
ting temperature under steady cutting conditions is taken for
analysis.

Figure 11 shows the cutting temperature in different con-
ditions and cutting speeds. As the cutting speed increases, the
cutting temperature increases during other cutting process
conditions. Firstly, with the rise of cutting speed, the cutting
process becomes more adiabatic, and the generated heat can-
not rapidly dissipate in a short time. Secondly, as cutting speed
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increases, less and less cutting fluid enters the cutting area; the
effect of cooling and lubrication decreases at higher cutting
speeds. Compared with dry machining, flood and cryogenic
conditions have obvious effectiveness in reducing the cutting
temperature. The lower cutting temperature increases the
tool’s hardness and results in a better performance in machin-
ability [30]. Moreover, the cutting temperature decreases even
more under cryogenic conditions.

For dry conditions, the cutting temperature is in the range
of 419–582 °C. At the same time, it is 183–396 °C in flood
conditions and 96–346 °C in cryogenic conditions. For NiTi
shape memory alloy, there is martensite desist temperature
(Md). When the temperature is between Af temperature and
Md temperature, the critical stress of stress-inducedmartensite
transformation (σms) is less than the austenitic dislocation slip
critical stress (σA); there is stress-induced martensite occur-
ring during the loading and unloading process. If the temper-
ature is higher thanMd temperature, the σms > σA, there is just
austenite phase deformation existing in the workpiece during

the loading and unloading process. From a crystal point of
view, the crystal structure of the austenitic phase is a high-
symmetry body-centered cubic. In contrast, the stress-induced
martensitic phase is an asymmetry cubic structure [31]. The
austenitic phase is tightly packed and hard, while the martens-
itic phase has higher ductility and softening.

Meanwhile, it is essential to note that the ductility of the
austenitic phase is still recorded high [32]. For the near-equal
atomic ratio NiTi shape memory alloy, Benafan et al. [32]
presented that the Md temperature was between 310 and 330
°C by performing the loading and unloading experiment at
various temperatures. Moreover, the Md temperature was as-
sociated with the Ms. For the workpiece used in this experi-
ment, the Md temperature is about 210 °C. So there is no
stress-induced martensitic phase that occurred during dry ma-
chining. During flood conditions, at 10 m/min, the stress-
induced martensitic phase appears due to the tensile deforma-
tion. Just the austenite phase exists when the cutting speed is
above 15 m/min. For cryogenic conditions, more than 25
m/min, the cutting temperature is higher than the Md temper-
ature; no stress-induced martensitic phase appeared during the
cutting process. Therefore, the stress-induced martensitic
phase should be noticeable during the experiment, and it will
be discussed later.

3.4 The influence of stress-induced martensitic phase

In combination with the tool wear, when the cutting speed is
less than33 m/min, though the cutting temperature is about
100 °C higher in flood conditions than in cryogenic condi-
tions, the flank wear is a little server in the cryogenic condition
than that in flood conditions. Moreover, the chip is easy to
stick to the rake surface. This condition is observed because
the stress-induced martensitic phase generated in cryogenic
conditions. The martensitic phase is soft, which is easy to stick
on the insert. When the cutting speed is above 33 m/min, the
cutting temperature gets increased. Only the austenite phase is
observed duringmachining in these three conditions; the cryo-
genic conditions perform a remarkable effect on the flank
wear due to reducing the cutting temperature. So the stress-
induced martensitic phase promotes the tool wear.

Combinedwith the changes of cutting force, it is only in the
austenite phase during machining under the three conditions
when the cutting speed is above 33 m/min. And the cutting
force reduces with the increase of cutting temperature. This
condition happens owing to the yield stress, which decreases
with the increased temperature, and the thermal softening gets
increased with the increased cutting temperature. From Fig. 7,
the cutting force under dry condition is less than that of the
under flood and cryogenic conditions because of a higher
thermal softening effect caused by a higher cutting tempera-
ture. So the cutting temperature affects the cutting force great-
ly at higher cutting speeds.
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Fig. 10 The measured point during the process
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When the cutting speed is less than 33 m/min, there is a
stress-induced martensitic phase generated in cryogenic con-
ditions, while there is only the austenite phase in dry condi-
tions. Generally, the martensitic phase is softer than the aus-
tenite phase. However, from the results in Fig. 7, the main
cutting force in the cryogenic condition is higher than that in
dry conditions. Meanwhile, at 7.5 m/min, the stress-induced
martensitic phase occurred in flood and cryogenic conditions.
However, the cutting temperature differs by nearly 100 °C; the
main cutting force difference between the three conditions is
less than 10 N, and the cutting temperature affects the cutting
force slightly. A conclusion can be made that though the soft-
ened martensitic phase occurred during the cutting process, it
has little influence on the cutting force. Consequently, the
built-up edge is the key influencing factor for the cutting force
at lower cutting speeds.

3.5 Surface roughness and morphology

The surface roughness is the most intuitive indicator of surface
quality; it is related to the functional characteristics of the
surface and the performance of the parts. As explained above,
the state of NiTi samples is different in different cutting speeds
under various cutting conditions. The average surface rough-
ness (Ra) at typical cutting speeds under these three cutting
conditions is shown in Fig. 12.

Surface roughness decreases as the cutting speed increases,
indicating that a higher cutting speed achieves a better surface
roughness for machining NiTi shape memory alloy. This in-
dication is mainly because of the top of the BUE repeatedly
growing and dividing at lower cutting speed, causing the fluc-
tuation of cutting force [33], and increasing the surface rough-
ness. The BUE disappears with the increased cutting speed,
and the effect of thermal softening exceeds that of work hard-
ening high speed [34, 35]. Hence, a smoother surface is
achieved at high speed. Meanwhile, the flood condition per-
forms better result in reducing the Ra. However, it is surpris-
ing that the surface roughness produced under the LN2 condi-
tion is bigger than dry and flood turning. This is attributed to
the appearance of the stress-induced martensitic phase.

At 7.5 m/min, the NiTi sample is a martensitic phase during
turning under flood and LN2 conditions and is in the austenite
phase under dry conditions. On the one hand, the soft mar-
tensitic phase sticks on the tool, making it easier to form BUE.
On the other hand, because of the high ductility of NiTi shape
memory alloy, parts of the material are pushed out of the
contact zone. Then, instead of cutting away, the burrs form
on the machined surface [16]. In flood conditions, the coolant
is well-accessed inside the tool-workpiece contact area at the
lowest cutting speed, providing a better lubrication
performance.

Moreover, the cutting temperature is close to the Md tem-
perature, and the martensite phase’s volume fraction is smaller

than those in the LN2 condition. At the same time, the lowest
surface is achieved in a flood condition at 7.5 m/min. It can be
inferred that lubrication plays a vital role in surface roughness
whenmachining NiTi shape memory alloy at this speed. At 33
m/min, it is the austenite phase in dry and flood conditions.
While in LN2 condition, part of the material undergoes a
stress-induced martensitic transformation, causing Ra value
to be 15% higher than that of dry condition. At 125 m/min,
it is in austenite phase in three conditions. The surface rough-
ness is almost the same in three conditions which are less than
0.5 μm, which reaches a good surface finish.

The optical images of machined surface morphology
at typical cutting speeds, under dry, flood, and LN2

cutting conditions are shown in Fig. 13. The surface
morphology matches well with the surface roughness.
There are many defects on the machined surface at 7.5
m/min, which result in high surface roughness; a
smoother surface obtained at 125 m/min, and low sur-
face roughness is accomplished.

There are feed marks and metal debris on the ma-
chined surface at low speed. It is mainly because of
the formation of BUE. On the one hand, the irregular
shape of BUE is causing the inconsistent overcut at
each point on the insert. Grooves of different depth
and width along the direction of cutting speed are also
depicted. On the other hand, the detached BUE from
the tool gets transferred to the machined surface and
stick on it, causing the metal debris [36]. Though the
surface is smooth at high cutting speed, there are long
grooves that exist on it. Since the average flank wear
(VB) is less than 0.1 mm from Fig. 6, the tool is in the
early stage of breakage. The sharper cutting edge re-
duces the contact area and increases the pressure stress,
leading to the long and light grooves.
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Fig. 12 The average surface roughness at typical cutting speeds under
different cutting conditions
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3.6 XRD and phase

NiTi shape memory alloy is sensitive to temperature and stress
because of its unique property. There is high stress, high
strain, and high temperature during the turning process, which
will influence the phase state of the material on the surface and
subsurface. Therefore, the phase state on the machined surface
should be observed to achieve the desired functional behav-
iors. The XRD patterns of the machined surface at two typical
cutting speeds (15, 125 m/min) are shown in Figs. 14 and 15.

At a lower cutting speed, under dry and flood conditions,
the B2 diffraction peakwith theMiller index is the same as the
as-received one. In contrast, only diffraction peak with (110)
and (211) Miller index exists in cryogenic conditions.
Furthermore, the diffraction peak broadened after machining
under dry and flood conditions, and the height of the

diffraction peak is increased under dry and flood conditions
while decreased under LN2 conditions. Though there is a
stress-induced martensitic phase during machining at this cut-
ting speed, completely martensite reverse transformation oc-
curred after machining. The broadened peak indicates that the
residual stress exists in the material, and the stress is less than
the σms value because there is no martensitic phase shown in
the XRD patterns. So at a lower cutting speed, the generated
residual stresses in the machined samples have little influence
on the phase state in the machined samples.

Meanwhile, the dislocation density and defects increased
by the stress effect [23]. The higher peak indicates that the
microstructure is more uniform after the mechanical effect.
Consequently, under flood conditions, a more uniform micro-
structure is displayed. Under the cryogenic conditions, though
there is less residual stress on the surface, the microstructure

NLdoolFyrD 2

v=7.5m/min

v=125m/min

100μm

Long grooves
Long grooves

Feed marks Feed marks Feed marksMetal debris

Metal debris

Metal debris

Long grooves

100μm

100μm100μm

100μm 100μm

Fig. 13 Surface morphology of machined surface at typical cutting speeds under the different cutting conditions

Fig. 14 XRD patterns of the machined surface at 15 m/min under differ-
ent conditions

Fig. 15 XRD patterns of the machined surface at 125 m/min under dif-
ferent conditions
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may be less consistent than that in an as-received one. This
result is because of the tool wear and the fluctuation of cutting
force at this cutting speed under cryogenic conditions.

The diffraction peak broadened a little under three condi-
tions at a higher cutting speed, and the relative intensity is
increased, especially in flood and cryogenic conditions.
Residual stresses on the machined surface did not induce mar-
tensitic transformation, as there are only austenite peaks in
Fig. 15. The thermal soften effect plays a primary impact at
this cutting speed. The higher temperature reduces the dislo-
cation density and stress, which leads to an inconsiderable
peak broadening. Meanwhile, the increased cutting tempera-
ture reduces the dislocation and defect density [37], causing a
more uniform microstructure on the surface. Under the cryo-
genic condition, it displays the highest peak, which can be
concluded through quick cooling by LN2, which causes a
more uniform microstructure of the material.

4 Conclusions

The turning experiments of NiTi shape memory alloy at dif-
ferent cutting speeds under dry, flood, and LN2 conditions
were carried out in this work. It can be concluded that:

& When the cutting speed is less than 33m/min, the mechan-
ical effect is the dominant one for machinability. As the
cutting speed increases, the thermal effect exceeds the
mechanical effect and plays a primary role in turning.

& The stress-induced martensitic phase occurred during ma-
chining, which increased tool wear and surface roughness.
But has little influence on the cutting force and machined
samples’ phase state.

& At a lower cutting speed (less than 33 m/min), flood con-
ditions have a positive effect on the tool wear, cutting
force, cutting temperature, and surface roughness, and a
uniform microstructure is obtained, while, as the cutting
speed increases, the flood condition has little influence on
the machinability. At the cutting speed of 15 m/min, the
machinability performs the best under flood conditions.

& The cryogenic condition reduces the cutting temperature
effectively. When the cutting speed is more than 33
m/min, the lower cutting temperature decreases the tool
wear, and quick cooling promotes the uniformmicrostruc-
ture. At 125 m/min, the best machining performance is
displayed under cryogenic conditions according to the
evaluation characteristic in this paper.
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