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Abstract Owing to their shape memory effect and pseu-
doelasticity, NiTi shape memory alloys (SMAs) are widely
used as functional materials. Mechanical processes partic-
ularly influence the final formation of the product owing to
thermal softening and work-hardening effects. Surface
integrity is an intermediate bridge between the machining
parameter and performance of the product. In this study,
experiments were carried out on turning NiTi SMAs at
different cutting speeds, where surface integrity charac-
teristics were analyzed. The results show that a higher
cutting speed of 125 m/min is required to turn NiTi SMAs
based on the evaluation of surface integrity. The degree of
work hardening is higher at 15 m/min. Consequently, as a
primary effect, work hardening appears on the plastic
deformation of the machined samples, leading to disloca-
tions and defects. As the cutting speed increases, the
thermal softening effect exceeds work hardening and cre-
ates a smoother surface. A stress-induced martensitic
transformation is considered during the turning process, but
this transformation is reversed to an austenite from the
X-ray diffraction (XRD) results. According to the differ-
ential scanning calorimetry (DSC) curves, the phase state
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and phase transformation are less influenced by machining.
Subsequently, the functional properties of NiTi-SMAs are
less affected by machining.

Keywords NiTi - Shape memory alloys (SMAs) -
Turning - Surface characteristics - Phase transformation -
Microhardness

1 Introduction

With the development of modern science and technology
on the rise, smart materials have steadily garnered attention
owing to their excellent engineering properties. NiTi shape
memory alloys (SMAs) are intelligent materials with shape
memory and superelasticity, which are widely used in
aerospace [1], biomedical [2], automotive, and communi-
cation fields [3]. For instance, compared to conventional
devices, SMA wires that consist of NiTi SMASs are used to
sustain the consistency of actuation modules in wearable
prototypes [4], medical-assistant and rehabilitation devices
are light weight, silent, and powerful [5]. The SMA thin
film actuator provides broader strain recovery, high force to
weight ratio, and two-way actuations, which provide pro-
spects for the development of efficient and inexpensive
flexible actuators [6]. Owing to their shape memory effects
and superelasticity, NiTi thin films are also considered as a
promising application in micro-electro-mechanical-systems
(MEMSs) [7].

However, the unique properties of SMAs also create
difficulties in its processing. Both non-conventional and
conventional processes have been attempted to obtain
better processing quality, such as electro-discharge
machining (EDM) [8], laser machining [9], abrasive water-
jet machining(AWJ) [10], turning [11], drilling [12], and
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milling [13]. Furthermore, new machining methods such as
additive [14] and laser manufacturing processes [15] have
also been applied to the fabrication of NiTi parts. Non-
conventional processes appear to have been successfully
demonstrated for obtaining NiTi components. However,
their rough surfaces, severe heat-affected zones [16], and
machining complex geometries limiations, seriously influ-
ence the formation of NiTi end products. Additionally,
additive manufacturing increases the cost of production.
Consequently, conventional machining remains a suit-
able method for fabricating NiTi SMA components [17].
Moreover, NiTi SMAs are classified as difficult-to-ma-
chine materials because of their high ductility, tool wear,
and work-hardening behavior [18].

The machining process plays a vital role in forming the
final product. Simultaneously, surface integrity directly
influences the quality and performance of the product. It is
well known that high temperatures and a high strain rate
exist in the cutting process, thus affecting the machined
materials. The phase transformation behavior occurs when
the NiTi SMAs undergo heating and cooling, whereas the
stress-induced martensitic phase appears when loading
NiTi SMAs above the austenite finish temperature (Ag).
Consequently, because they are temperature-sensitive and
phase-changeable materials, the effects of thermo-me-
chanical coupling on the machined NiTi SMAs should be
considered after machining.

Recently, many researchers have analyzed the surface
integrity of the components of machined NiTi SMAs. Wu
et al. [19] performed a cutting Ti49.6Ni50.4-alloy experi-
ment using a precision saw, and stated that the strain and
fatigue hardenings during cutting were the reasons for the
broad hardening layer forms in the Ti49.6Ni50.4 alloy. Pits
and ploughing grooves have emerged on the surface mor-
phologies owing to the adhesion of the material to the
diamond blade. Weinert and Petzoldt [20] performed a
drilling experiment on a martensitic alloy. It was concluded
that the work-hardening layer decreased as the cutting
speed increased, and the increased feed rate promoted the
formation of the work-hardening layer. This occurred due
to the detwinned martensite that appeared after drilling,
which increased the hardness. Guo et al. [21] compared the
surface integrity of milling to the EDM of nitinol alloy and
concluded that the roughness on the machined surface after
milling was lower than that after the EDM trim cut. The
white layer generated on the subsurface in milling is the
austenite created by large deformation while the thick
white layers are produced by melting and rapid quenching
in the EDM process. Kaynak et al. [11] carried out a series
of experiments on turning NiTi alloys and concluded that
machining altered the room-temperature phase in machined
NiTi alloy samples. The latent heat of transformation also
decreased after machining. Cryogenic machining

dramatically influenced the phase state and phase trans-
formation temperature while the Ay temperature increased
by 27% and 29% at low and high cutting speeds, respec-
tively. Wang et al. [22] carried out a milling experiment on
Ni50.8Ti49.2 SMAs, and analyzed the hardening degree,
hardening depth, and diffraction peak after the milling
process. The results demonstrated that the cutting speed
and feed significantly impacted strain hardening. The depth
of the induced layer increased as the hardening degree
increased while the diffraction peak increased with
increasing cutting speed. Zainal et al. [23] performed
micro-milling tests on NiTi SMAs, and stated that a
machined subsurface under cold air plus a minimum
quantity lubricant (MQL) condition could greatly reduce
burrs. The finest surface roughness can be obtained when
the tool radius is smaller than the uncut chip thickness.
Meanwhile, the surface integrity of the machined surface is
also an interesting characteristic to consider after non-
conventional processes are performed. Kong et al. [10]
employed the multi-mode abrasive waterjet machining of
NiTi and concluded that the white layer, deformed struc-
ture, and cracks were not present on the machined work-
piece. The generated surface can satisfy quality
requirements, as the roughness of the cut surface and that
on the miller surface are less than 4 um and 5 pm,
respectively. Liu et al. [24] explored surface integrity
according to wire electrode discharge machining (W-
EDM) by trim and main cuts. Roughness is influenced by
the thickness of the sample and machined method. There
are micro-voids, micro-cracks, and a discontinuous porous
white layer in the main cut while elemental diffusion
occurred during machining. Huang et al. [25] applied EDM
to a TiNi-based SMA and concluded that recast materials
and electrical discharge craters existed on the EDMed
surface. Even with the high surface hardness in the recast
layers, the SMAs still exhibit functional recovery.

According to these studies, the surface roughness,
microstructure, hardness, and phase transition of the sur-
face integrity characteristic were investigated. Studies have
explored a suitable NiTi SMA product that satisfies quality
requirements. For a comprehensive and systematic analysis
of machined surface integrity, an experiment on turning
NiTi SMAs at different cutting speeds was carried out in
this study. Regarding the phase transformation properties
of NiTi SMAs, the surface roughness, microstructures,
microhardness, and phase relative characteristics were
analyzed in this study. Meanwhile, to better understand the
relationship between cutting speed and the product per-
formance induced by machining, the influence of cutting
speed on surface integrity was investigated.
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Fig. 1 a DSC curve of NiTi SMAs, b microstructure of the as-received specimen

2 Experimental procedure
2.1 Workpiece material

The material used in this experiment was a Ni50.8Ti (atom
fraction) SMA bar with a 20 mm diameter under hot
forging conditions, which was provided by Baoji Runyang
Rare Metals Limited, China. The EDM machine produced
by Taizhou poussy CNC machine technology LTD was
used to cut the long bar to small pieces of 60 mm lengths.
The NiTi SMAs were in the austenitic phase at room
temperature, as measured by the Netzsch DSC3500 Sirius
equipment at a heating/cooling rate of 10 °C/min. The
phase transition temperature and latent heat of phase
transformation during cooling (AH.uling) and heating
(AHpcaing) are shown in the differential scanning
calorimetry (DSC) curve in Fig. 1a. From the DSC curve,
the martensite finish (M;), martensite start (M), austen-
ite start (Ag), and austenite finish (Af) temperatures are
—53 °C, =35 °C, —13 °C and —2 °C, respectively. Addi-
tionaly, AHpeating and AH ooling are 20.15 J/g and 17.5 J/g,
respectively. A digital optical microscope (KEYENCE
VHX-600) was used to examine the microstructure of the
as-received specimen, as shown in Fig. 1b.

The physical and mechanical properties of NiTi SMAs
are presented in Table 1 [26].

2.2 Turning process

The experiment was performed on a C6140H turning
machine under dry conditions. Because inserts with TiAIN
coating are more suitable for machining NiTi SMAs [27],
the cutting insert used in this experiment was a PVD-
coated carbide insert (VNMG160408-SM1105) with TiAIN
coatings. Five cutting speeds (v.) were selected: 15, 33, 47,
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Table 1 Physical and mechanical properites of NiTi SMAs

Property NiTi SMAs

Austenite Martensite
Density/(kg-m ™) 6 450
Conductivity/(W-(m-°C) -1 18 (20 °C) 8.5 (20 °C)
Expansion/ x 107° 11.3 (20 °C) 6.6 (20 °C)
Melting temperature/°C 1 240
Young’s modulus/GPa 83 (20 °C) 41 (20 °C)
Poisson’s ratio 0.3
Specific heat/(J-(kg-°C) ") 837.36 (20 °C)
Yield strength/MPa 195-690 70-140
Tensile strength/MPa 80-1 500 700-1 100
Table 2 Experimental details
Items Descriptions
Workpiece NiTi SMA

VNMG160408-SM1105, Sandvick
Cutting speed (vo)/(m-min~') 15, 33, 47, 87, 125

Feed rate (f)/(mm-r~") 0.15

Depth of cut (a,)/mm 0.2

Cutting tool

87 and 125 m/min. The feed rate (f) and depth of cut (ap)
were kept constant at 0.15 mm/r and 0.2 mm, respectively.
The experimental details are shown in Table 2.

Each cutting test sample had a length of 10 mm, and a
new insert was used in every test to eliminate the effect of
tool wear. The schematic diagram of turning is shown in
Fig. 2.
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Fig. 2 Schematic of turning and the cross-section of the workpiece

2.3 Measurement of NiTi SMA characteristics
before and after turning

The machined surface morphology was examined using a
digital optical microscope (KEYENCE VHX-600) and an
optical profiler (Veeco NT9300, USA). The average sur-
face roughness (R,) was obtained from the same optical
profiler and computed using the WYKO Vision 32 soft-
ware. Ultima IV observed the phase state on the surface of
the as-received and machined samples. The scan speed was
10 °C/min within the range of 20°-80° 20 scans at room
temperature to obtain the X-ray diffraction (XRD) patterns.
The XRD peak positions and corresponding 26 degrees
were determined by lattice parameters, ag = 0.299 8 nm,
for the austenite phase from the powder diffraction file
(PDF) in a Jade software.

The as-received and machined samples at different
cutting speeds were cut into 5 mm x S mm X 5 mm by
EDM, as shown in Fig. 2. After the cold mounting and
polishing process, the machined and as-received samples
were polished to measure the microhardness. The MH-6
Vickers digital microhardness tester measured the micro-
hardness with a load of 50 g and a dwelling time of 10 s.

The phase transformation characteristics of the
machined samples were obtained by the Netzsch DSC3500
Sirius at a heating/cooling rate of 10 °C/min. Because the
EDM process caused the heat-affected area on the
machined pieces [28], the DSC samples cut by EDM were
polished using an abrasive paper [11]. The thickness of the
DSC sample was 1 mm, and its quality was controlled
between 10 mg and 50 mg.

Tool

Width

Microstructures on the cross-
section of the workpiece

3 Results and discussion
3.1 Surface characteristics
3.1.1 Surface roughness

Surface roughness is a primary indicator of the quality of
the surface finish [29]. It is widely characterized by the
average surface roughness (R,), which affects the func-
tionality of manufactured products [30]. Figure 3 presents
the R, values at different cutting speeds. The R, obtained in
this experiment is less than 1.6 pm, which meets the
quality requirements of NiTi manufacturing parts for the
aerospace industry [10]. Furthermore, the smallest surface
roughness obtained was 0.3 pum at a cutting speed of
125 m/min.

The R, increased with an increase in the cutting speed at
cutting speeds less than 47 m/min but slightly decreased as
the cutting speed increased (more than 47 m/min). Similar
to the low thermal conductivity and high ductility of NiTi
SMAs presented in Table 1, some materials adhere to the
cutting edge at high cutting temperature, forming the built-
up edge (BUE) within the cutting speed of 47 m/min. In
this period, because of work hardening, the formed BUE
becomes hard and leads to more instability [31]. The for-
mation and disappearance of BUE, together with frictional
rubbing, make the surface finish worse [32]. The surface of
the ups and downs in one feed in the three-dimensional
(3D) surface topography at a cutting speed of 15 m/min, as
shown in Fig. 3, also confirms that with an increase in the
cutting speed up to less than 47 m/min, the increased tool
wear and BUE, as well as the increased cutting tempera-
ture, the surface finish became worse.

With the cutting speed increasing to 87 m/min, the
cutting temperature was higher, causing the thermal soft-
ening effect to exceed the hardening effect. Together with
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Fig. 3 Average surface roughness at different cutting speeds and 3D surface topography at typical cutting speeds

the decrease in friction coefficients at higher cutting tem-
peratures, the surface roughness decreases at a lower cut-
ting speed. Consequently, the surface is significantly
smoother in one feed from the 3D surface topography at a
cutting speed of 125 m/min, as shown in Fig. 3. Surface
roughness decreases slightly as cutting speed increases,
which is caused by the smoothening of the nose profile by
adhesion wear [17, 33].

3.1.2 Surface morphology

Surface morphology is a characteristic of surface integrity.
Figure 4 shows the optical morphology images of the
machined surface after turning at different cutting speeds.
There were feed marks, metal debris, long grooves, and
smeared material on the machined surface. Feed marks can
be observed on the machined surface at lower cutting
speeds (less than 47 m/min). In contrast, the BUE forma-
tion and disappearance result in regular grooves with dif-
ferent heights. However, plastic deformation is dominated
by the mechanical effect at lower cutting speeds (less than
47 m/min). As the cutting temperature increases with the
cutting speed, an increasing amount of plastic deformation
occurs on the machined surface, which leads to the gradual
deformation of the feed marks [32]. Furthermore, with the
process of turning, the BUE detaches from the tool and is
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transferred to the machined surface, which leads to metal
debris [34].

With an increase in cutting speed, thermal softening
increased; BUE was removed; and cutting force was
reduced, which weakened the negative effect of plastic
deformation on the machined surface. Better surface
quality and fewer defects were observed at higher cutting
speeds (more than 87 m/min). When the cutting speed was
increased to 87 m/min, the long grooves and smeared
materials appeared on the machined surface, and the tool
wear created long grooves at a higher cutting speed.
Because plastic deformation is dominated by the thermal
effect, localized high temperature at the tool-workpiece
contact area leads to smeared materials on the machined
surface [35]. The plastic flow of the work material at a high
temperature easily embeds or sticks to metal debris
[32, 36].

From the results of the surface characteristics at differ-
ent cutting speeds, there is a significant difference in the
surface integrity between lower cutting speeds (less than
47 m/min) and higher cutting speeds (more than 87 m/min)
at the cutting speed range in this experiment. Ultimately,
for the machining process, the mechanical effect of high
stress and strain, including the thermal effect caused by
high temperature and quenching, are the main reasons for
the alterations in surface integrity [34]. A low cutting speed
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Fig. 4 Surface morphology images of machined surface at different cutting speeds

of 15 m/min is mainly subject to a mechanical effect, and
the thermal effect is the primary effect on the machined
surface at a high cutting speed of 125 m/min. Therefore,
the following analysis will focus on other surface integrity
features at two typical cutting speeds: 15 m/min and
125 m/min.

3.2 Microstructure

The thermal and mechanical effects on the machined
workpiece during the cutting process lead to microstruc-
tural changes in the material. The microstructures of the
cross-section of the machined sample at two typical cutting
speeds are shown in Fig. 5. The deforming lines cannot be
observed in Fig. 5a, although they are evenly distributed on
the subsurface, as shown in Fig. 5b. The cutting speed of
15 m/min is a lower cutting speed with lower cutting
temperature, and plastic deformation is mainly caused by
mechanical effects. Together with the uneven surface cre-
ated by BUE, the deformation at the part of the cross-
sections near the surface is irregular. Consequently, the
grain boundaries of the deformation region are not as vis-
ible as most of the workpiece [37]. The deformation of the
sub-surface material can be seen at 125 m/min, and the
deformation direction is consistent with the cutting speed.
The deformation zone is about 10 pm in depth from the
surface, indicating severe plastic deformation in this area.
As the cutting temperature increases with the cutting speed,
the thermal effect also increases correspondingly. Plastic

deformation is mainly generated by the thermal effect on
the machining area at 125 m/min. Stress flow can be
clearly observed in the deformed zone. Meanwhile, the
grain boundaries were fined at a cutting speed of 125 m/
min, as the residual stress was released.

3.3 Phase state and phase transformation
temperature

3.3.1 Phase state from XRD

Because NiTi SMAs are sensitive to temperature and
stress, mechanical and thermal effects significantly influ-
ence the properties of the material during machining. XRD
pattern is a direct and straightforward approach to obtain-
ing the phase state of the workpiece. Figure 6 shows the
XRD patterns of the as-received and machined surfaces at
speeds of 15 m/min and 125 m/min, respectively. Only
austenite (B2) diffraction peaks exists with (110), (200),
and (211) Miller indices in the picture. Because the A¢
temperature of the received-one is —2 °C, the phase state is
independent of the higher cutting temperature. However, a
stress-induced martensite phase occurs during machining,
which is caused by loading. The stress-induced martensite
phase appeared during machining, and the reverse trans-
formation of martensite to austenite occurred thoroughly
after unloading. The turning process does not influence the
phase state on the surface.
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Fig. 6 XRD patterns of the as-received and machined surface at the
speeds of 15 m/min and 125 m/min

However, the diffraction peak with the (200) Miller
index is severely weakened after machining. Compared to
the as-received one, the diffraction peak with the (110)
Miller index is broader and higher at a cutting speed of
15 m/min, whereas it is lower at a cutting speed of 125 m/
min. This result indicates that the microstructure is altered
on the machined surface. Kaynak [38] explained that dur-
ing the cutting process at low cutting speed, the mechanical
effect was the primary effect, which increased the dislo-
cation density and defects in the microstructure. Therefore, -
the peak broadening is distinctly observed. The dislocation
density and stress are reduced by the high cutting tem-
perature at higher cutting speeds, leading to considerable . . .
peak broadening. S150 <100 50 0 50 100 150

The full width at half maximum (FWHM) is the critical Temperature/°C
factor for calculating the grain size and characterizing the

Heat flow/(W-g™")

15 m/min | 125 m/min
AHyeing | 17.61/g 18.7 J/g
A Hegoting . 14.28 J/g 167 J/g

Fig. 8 DSC curves of machined samples at two cutting speeds
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Fig. 9 Phase transition temperature of as-received and machined samples

hardening of the material during processing. The FWHM
and estimated grain size from the diffraction peak with the
(110) Miller index was calculated using Jade software
based on the Scherrer formula [39], as shown in Fig. 7. At
125 m/min, the influence of the FWHM and grain size on
the machined surface is negligible. The FWHM of the
machined surface at 15 m/min was more significant than
that at 125 m/min. This result indicates that the hardness
on the surface is harder at low cutting speeds than at high
cutting speeds. This is because the effect of work hardening
is more significant than the thermal effect at low cutting
speeds. The cutting temperature increases with an increase
in cutting speed, which causes the thermal effect to exceed
work hardening. The grain size was smaller at 15 m/min
than at 125 m/min. This result corresponds to the peak in
Fig. 6, thus indicating a uniform and grain-refined
microstructure on the surface at low cutting speeds.

3.3.2 Phase transformation from the DSC curve

Phase transformation is a unique property of SMAs. It is
directly related to the martensitic phase transition, which
affects the shape memory effect and pseudoelasticity. The
DSC curve provides information related to the phase
transformation. Figure 8 shows the phase transformation of
machined samples at cutting speeds of 15 m/min and
125 m/min.

From the information observed in Figs. 8 and 9, it is
clear that machining affects the DSC response [40]. The
latent heat of phase transformation after machining is
smaller than that of the as-received one. This is because the
dislocation in machined samples inhibits phase transfor-
mation in some of the materials [41], leading to less energy
for phase transformation [11]. Because the drop in latent
heat at 15 m/min is more significant than that at 125 m/
min, there is a higher dislocation density in machined
samples at low cutting speed. These results agree with the

XRD patterns, thus indicating that more dislocations
occurred at lower cutting speed.

Meanwhile, from the phase transition temperature
shown in Fig. 9, the change in the phase transition tem-
perature before and after machining is insignificant, less
than 10 °C. At a speed of 125 m/min, the phase transition
temperature remains almost unchanged. The hysteresis of
the phase transformation occurs at a speed of 15 m/min,
thus suggesting that the phase transformation resistance
increases and influences the shape memory effect to some
extent. This is because the mechanical effect leads to
residual stress and high dislocation in the machined sam-
ples [37].

3.4 Microhardness
Severe work hardening is a principal aspect of turning NiTi

SMAs, and it has an adverse effect on the shape memory
effect and pseudoelasticity [13]. As an indicator of the
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Fig. 10 Microhardness on the subsurface
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degree of work hardening, microhardness is an integral part
of surface integrity. The microhardness on the subsurface is
shown in Fig. 10. The microhardness of the as-received
sample was 280 HV. The maximum micro-hardness value
was 385 HV at a cutting speed of 15 m/min. It is clear that
the degree of work hardening is lower at high cutting
speeds than that at low cutting speeds, and the depths of the
work-hardening layers are 115 pm and 145 pm at 15 m/
min and 145 m/min, respectively. Plastic deformation
leading to work hardening, together with the mechanical
and thermal effects are essential factors that affect plastic
deformation [42]. The mechanical hardening effect was
greater than the thermal softening effect at 15 m/min. In
comparison, the thermal softening effect exceeds the work
hardening at 125 m/min because a high cutting speed
triggers a high temperature. Consequently, the degree of
work hardening was higher at 15 m/min than at 125 m/
min.

4 Conclusions

Surface and sub-surface characteristics are closely related
to the fatigue, friction, and corrosion properties of the
workpiece. The relative parameters of the phase influence
the shape memory effect and pseudoelasticity of NiTi
SMAs. These parameters are all affected by machining.
Therefore, the surface integrity of machined samples after
dry turning them on NiTi SMAs was analyzed in this work,
and the conclusions drawn from these investigations are as
follows.

(i) Mechanical effect is the dominant factor that
influences surface integrity at low cutting speeds
while thermal effect is the dominant factor at high
cutting speeds.

(ii)  Turning at a speed of 125 m/min achieves a lower
surface roughness of 0.3 um. The influence of that
turning speed on the phase state and phase
transformation is negligible, which means that it
has an insignificant effect on the functional
properties of NiTi SMAs.

(iii) There were more dislocations and defects in the
machined samples after turning at a speed of
15 m/min, leading to low surface characteristics
and changes in phase characteristics.

(iv)  Work hardening is more significant at low cutting
speeds than at high cutting speeds. Considering
surface integrity, a high cutting speed of 125 m/
min is the appropriate cutting speed in this study.
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