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Abstract
Machining of NiTi alloys is a challenging task owing to their inherent material properties and unique phase transformation-based
behaviors. In this study, the effects of super-elasticity on the machinability of room-temperature austenitic NiTi alloy were
investigated through turning experiments conducted at various cutting speeds under the non-preheating and preheating condi-
tions. As a result, the workpiece exhibited an unavoidable super-elastic shape recovery and underwent a partial phase transfor-
mation because the temperature of the workpiece had not exceeded the martensite desist temperature (Md) during machining
under the non-preheating condition. The super-elastic recovery of the workpiece resulted in the deterioration of the machinability,
through the decrease in the dimension accuracy, increase in the cutting resistance, and shortening of the tool life. The deterio-
ration of the machinability caused by super-elasticity was intensified with the increase in the cutting speed. However, an
excessively low cutting speed of 10 m/min induced severe built-up edge deposition on the machined surface. When the
workpiece was preheated to a temperature above theMd, the dimension accuracy was enhanced, the cutting resistance decreased
and the tool life was prolonged owing to the elimination of the effects of the super-elasticity. Therefore, machining at moderate
cutting speeds in the range of 25 to 50 m/min after preheating the workpiece to a temperature above the Md can improves the
machinability of room-temperature austenitic NiTi alloy.
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1 Introduction

NiTi alloys exhibit unique functional properties including the
shape memory effect and super-elasticity based on the phase
transformation between the martensite and austenite phases in-
duced by variable temperature or stress conditions. Specifically,
NiTi alloys enter the austenite phase when heated to the austen-
ite finish temperature (Af); above this temperature, forward
phase transformation from the austenite to the stress-induced
martensite phase occurs when the specimen is loaded beyond

the elastic limit. Although a relatively large strain is generated
during the forward phase transformation, NiTi alloys undergo a
reverse phase transformation from the stress-induced martensite
to austenite phase when unloaded; in addition, the strain is elim-
inated concomitantly with the reverse phase transformation.
Therefore, austenitic NiTi alloys exhibit super-elasticity, owing
to which, they can withstand and recover a large deformation
without undergoing plastic deformations, unlike most metallic
materials [1, 2]. In addition to the two aforementioned proper-
ties, NiTi alloys exhibit a high biocompatibility and corrosion
resistance and are thus promising candidates for fabricating ac-
tuators [3] and biomedical devices including endodontic root
canals [4], orthodontic wires [5], vascular stents [6], and surgical
catheters [7]. To ensure the required shape adaptability for such
products, a high-accuracy machining process provides fine sur-
face finish that is generally employed after casting and plastic
forming during the manufacturing of NiTi-based products.

However, undesirable machinability characteristics, such
as high cutting resistance [8], high strain hardening [9], exces-
sive burr formation [10], and severe tool wear [11] often limit
the production efficiency and increase the production cost of

* Katsuhiko Sakai
sakai.katsuhiko@shizuoka.ac.jp

1 Graduate School of Science and Technology, Shizuoka University,
Hamamatsu 432-8561, Japan

2 Department of Mechanical Engineering, Shizuoka University,
Hamamatsu 432-8561, Japan

3 National Institute of Technology, Numazu College,
Numazu 410-8501, Japan

https://doi.org/10.1007/s00170-021-07166-4

/ Published online: 12 May 2021

The International Journal of Advanced Manufacturing Technology (2021) 115:581–593

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-07166-4&domain=pdf
mailto:sakai.katsuhiko@shizuoka.ac.jp


NiTi-based products. In addition to the inherent material prop-
erties, the unique properties corresponding to the phase trans-
formation likely also affect the machinability of NiTi alloys
[12, 13]. Kuppuswamy et al. [14] reported an extensive recov-
erable deformation of the workpiece above the Af in the micro-
milling of NiTi alloys. Yang et al. [15] investigated the shape
recovery phenomenon of the workpiece in orthogonal cutting
of room-temperature austenitic NiTi alloy and reported that this
phenomenon exhibited a dependence on the workpiece temper-
ature, which could be controlled by changing the cutting speed.
In addition, the workpiece temperature has been noted to be a
key factor in the machining of NiTi alloys as it directly affects
their phase transformation behavior [16]. Based on this under-
standing, Kaynak et al. [16–18] examined the machining per-
formance of room-temperature martensitic Ni49.9Ti50.1 (at.%)
alloy with relatively high phase transformation temperatures
under cryogenic cooling and preheating conditions. The results
indicated that cryogenic machining could effectively enhance
the machining performance by preserving the workpiece in the
martensite phase during machining; by contrast, preheating did
not lead to any positive effects, except for an enhancement in
the surface integrity. Nevertheless, Otsuka et al. [1], Chen et al.
[19], Motemani et al. [20], and Benafan et al. [21] have proved
that NiTi alloys do not undergo any phase transformation when
heated to a temperature above the martensite desist temperature
(Md). Thus, when heated to a temperature above the Md, NiTi
alloys do not exhibit the super-elasticity, and hence, they will
be deformed plastically after elastic deformation, similar to
most metallic materials. Accordingly, preheating the workpiece
beyond the Md could also be a promising technique to effec-
tively change the machining performance of this material.
However, most of the existing studies on the preheating-
based machining have not considered theMd and super-elastic-
ity. Consequently, more systematic studies on the relationship
among the workpiece temperature, super-elasticity, and ma-
chinability must be performed to extensively understand the
machining mechanism and improve the machinability of NiTi
alloys.

Considering this aspect, this study was aimed at clarifying
the effects of super-elasticity on the machinability of NiTi
alloys and optimizing the cutting speeds and conditions in
the machining of this material. Turning experiments were con-
ducted on room-temperature austenitic NiTi alloy at various
cutting speeds under the non-preheating and preheating con-
ditions. The temperatures of the workpiece and chip were
measured using a thermal camera during machining. To ex-
press the super-elastic deformation of the workpiece
quantitively, the radius recovery of the workpiece was mea-
sured using a micrometer. The variation in the maximum
height of the surface profile after machining was evaluated
using a surface profiler for numerically presenting the surface
topography and verifying the correctness of the measurement
results of the radius recovery. The phase transformation

behavior of the workpiece was analyzed using an X-ray dif-
fraction (XRD) device to clarify the mechanism of the super-
elastic recovery of the workpiece. Moreover, the cutting resis-
tance and tool wear progression were examined to evaluate the
effect of the super-elastic recovery of the workpiece on the
machinability. The results of this study suggest an approach to
improve the machinability of NiTi alloys, which can be ben-
eficial for the manufacturing of NiTi-based products.

2 Experimental procedures

2.1 Workpiece material

The employed Ni50.95Ti49.05 (at.%) alloy was fabricated
through vacuum induction melting followed by hot forming
and hot rolling. The as-received workpiece was in the form of
a round bar with a 50 mm diameter and 120 mm length. The
phase transformation temperatures of the as-received work-
piece were measured using differential scanning calorimetry
(DSC), and the martensite start temperature (Ms), martensite
finish temperature (Mf), austenite start temperature (As), and
Af values were determined to be − 23.6, − 41.2, − 17.9, and −
2.5 °C, respectively, as shown in Fig. 1. TheMd of this mate-
rial was approximately 150 °C. Therefore, in the temperature
range of − 2.5 to 150 °C, this material was expected to be in
the austenite phase and exhibit super-elasticity.

2.2 Cutting tools, parameters, and conditions

Figure 2 shows the schematic of the experimental setup.
Turning experiments were conducted on a OKUMA
general-purpose lathe. MITSUBISHI TNMG160408 (ISO
grade S10) cemented carbide inserts with a single-layer
AlTiN coating were employed. The tool holder was a
MITSUBISHI PTGNR2020K16 device. The cutting parame-
ters and conditions are listed in Table 1. The change in the
cutting speed Vc considerably affects the temperature and

Fig. 1 DSC response of the workpiece material
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phase transformation of the NiTi alloy workpiece [13, 16];
hence, for this study, various cutting speeds in the range of
10 to 100 m/min were selected. A high cutting depth or feed
rate significantly accelerates the tool wear rate and shortens
the tool life [13]. Accordingly, to ensure an ideal tool life for
better comparing this parameter under different cutting condi-
tions, the cutting depth ap and feed rate f were selected as
0.2 mm and 0.05 mm/rev, respectively. Machining under the
non-preheating condition was conducted at room temperature
(20 °C) without using any lubricant. Under the preheating
condition, the workpiece installed in the chuck was preheated
using a commercially available butane gas torch burner. To
ensure that the temperature of the workpiece was maintained
above theMd at the beginning of machining without an exces-
sive oxide layer being generated, the preheating temperature
was set as 175 °C. The temperature of the workpiece was
verified using a FLIR T450sc thermal camera. Figure 3 shows
a sample thermal image of the workpiece after preheating. The
turning experiments were initiated immediately after the tem-
perature of the workpiece had reached the target temperature.

With reference to a previous study [22], an industrial elec-
tric heating plate with a maximum temperature of 300 °C and
a K-type thermocouple were used to determine the emissivity
of the workpiece material. A 1-mm-thick disk-shaped sample
of the NiTi alloy with a well-machined end face was heated to
several different temperatures using the heating plate. The

thermal camera was used to calibrate the emissivity according
to the temperature measured using the thermocouple. The
emissivity for the machined surface of this material was de-
termined to be 0.21. This result is consistent with those of
previous studies [22, 23].

2.3 Measurements

As shown in Fig. 4a and b, the temperature of the workpiece
and chip were measured separately during machining under
the non-preheating condition, considering two measurement
ranges (20–200 °C for the workpiece and 200–1200 °C for the
chip) to enable the colors in the thermal images to be distin-
guished more easily and to enhance the measurement accura-
cy. Under the preheating condition, the temperature of the
workpiece exceeded 200 °C during machining, as shown in
Fig. 4c. Therefore, the temperatures of the workpiece and chip
were measured considering the same temperature range (200–
1200 °C) under this condition. Thermal images with high
clarity were used, and the measurement areas for the work-
piece and chip were set close to the tool tip. For each mea-
surement, 10 points in the measurement area were selected,
and the temperatures at these points were determined using an
analysis software (FLIR Tools); the average values for the 10
points were calculated as the results.

The radius recovery of the workpiece, rR, was calculated
using the following equation:

rR ¼ ap−
d−d

0
� �

2
; ð1Þ

where d and d′ denote the workpiece diameter before and
after machining, respectively; ap is the constant cutting depth
of 0.2 mm. The d and d′ were measured using a digital mi-
crometer with a resolution of 1 μm. The d′ values were mea-
sured 10 times at each cutting speed under both the non-
preheating and preheating conditions. Considering that this
measurement could be affected by the surface topography,
the machined surface was observed using a digital camera,
and the maximum height of the machined surface profile Rz
was measured along the axial direction using a Mitutoyo SJ-
210 stylus surface profiler.

The phase state of the workpiece was measured using the
XRD technique in the as-received condition and after machin-
ing at the different cutting speeds under both the non-
preheating and preheating conditions. In the as-received con-
dition, the measurement sample was cut from the workpiece
through wire electric discharge machining (WEDM). The
measured surface was polished with a series of abrasive pa-
pers up to 1200 grit and ion-milled to remove the machining-
induced layer generated duringWEDM. In addition, after ma-
chining, samples were cut from the workpiece through
WEDM, and XRD measurements were performed directly

Table 1 Cutting parameters and conditions

Cutting speed Vc (m/min) 10, 25, 50, 100

Cutting depth ap (mm) 0.2

Feed rate f (mm/rev) 0.05

Conditions Non-preheating, preheating

Lubrication Dry

Workpiece

Cutting tool

Piezoelectric dynamometer

Thermal camera
Torch burner

Fig. 2 Schematic of the experimental setup
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on the machined surface. A Rigaku RINT-UltimaII XRD de-
vice with CuKα radiation was used for the measurement. The
voltage and current of the X-ray tube were 40 kV and 40 mA,
respectively. The diffraction angle 2θ range was set to 30–50°.
The sampling interval and scanning speed were selected as
0.02° and 1°/min, respectively.

The cutting resistance values, including the main cutting
force, radial force, and feed force, were measured using a
KISTLER 9272 piezoelectric dynamometer. Moreover, the
measurement of the average flank wear VBa and observation
of the tool wear morphology were realized using a HIROX
KH-7700 digital microscope. According to ISO 3685:1993
[24], the tool wear test was continued until VBa exceeded
0.3 mm or catastrophic failure at the cutting edge occurred.
Because the temperature of the workpiece decreased after the
measurement of VBa, the workpiece was preheated repeatedly

to the target temperature after each measurement under the
preheating condition.

3 Results and discussion

3.1 Temperatures of the workpiece and chip during
machining

The temperature of the workpiece during machining was con-
sidered to determine whether the temperature prerequisite for
the phase transformation of the NiTi alloy had been satisfied.
Figure 5 shows the temperature of the workpiece and chip
measured during machining under both the non-preheating
and preheating conditions. When the cutting speed increased
from 10 to 100 m/min, the temperature of the chip and

Fig. 3 Sample thermal image of
the workpiece after preheating

a b

c

Workpiece

Chip

Fig. 4 Thermal images during
machining at Vc = 100 m/min: a
workpiece; b chip under non-
preheating condition; cworkpiece
and chip under preheating
condition
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workpiece under the non-preheating condition increased from
436.4 to 820 °C and from 60.5 to 114.1 °C, respectively.
Under the preheating condition, the two temperatures in-
creased from 482.3 to 820.9 °C and from 211.8 to 280 °C,
respectively. Although the temperatures of both the workpiece
and chip increased with the increase in the cutting speed, the
temperature of the chip was considerably higher than that of
the workpiece for all the cutting speeds. Despite the fact that
the absolute results of the temperature measurements were
different owing to the different cutting parameters, the large
temperature difference between the workpiece and chip dur-
ing machining of NiTi alloys has been reported in previous
studies as well [13, 15, 16]. Such a temperature distribution is
generally observed in machining of metallic materials; there-
fore, this characteristic is not considered to be significantly
affected by the unique phase transformation-based properties
of NiTi alloys.

Moreover, the results illustrated that the temperature of the
workpiece did not exceed the Md at any of the considered
cutting speeds during machining under the non-preheating
condition, thereby indicating that the workpiece could deform
super-elastically by undergoing the forward and reverse phase
transformations. Therefore, it was deemed necessary to pre-
heat the workpiece artificially to inhibit the phase transforma-
tion and eliminate the effect of the super-elasticity. The results
also illustrated that the temperature of the workpiece during
machining under the preheating condition exceeded theMd at
the considered cutting speeds; hence, the effect of super-
elasticity was expected to be effectively eliminated under this
condition. In general, the Md values of NiTi alloys vary with
the phase transformation temperatures, which are mainly af-
fected by the Ni content [25] and type of heat treatment [26].
Therefore, room-temperature martensitic NiTi alloy with
higher phase transformation temperatures has a higher Md

than room-temperature austenitic NiTi alloy does. In this con-
text, although room-temperature martensitic Ni49.9Ti50.1
(at.%) workpieces have been heated to 175 °C in previous
studies [16–18], the workpiece temperature likely did not ex-
ceed the Md for the NiTi alloys adopted in those studies.

3.2 Super-elastic recovery and phase transformation
behavior of the workpiece

The shape recovery of the workpiece can be considered to be a
representation of the super-elastic deformation. To express the
super-elastic deformation, the radius recovery of the work-
piece rR was calculated using Eq. (1), and the results are
shown in Fig. 6. The workpiece exhibited a larger recovery
under the non-preheating condition than that under the
preheating condition. Under the non-preheating condition, rR
increased from 6.3 to 8.1 μm with the increase in the cutting
speed from 25 to 100 m/min. By contrast, under the
preheating condition, no evident variation in rR occurred in
the cutting speed range of 25 to 100 m/min. Nevertheless, the
maximum rR was observed at Vc = 10 m/min under both the
non-preheating and preheating conditions.

Considering that the machined surface is generally uneven
because of machining marks, the topography of the machined
surface must be evaluated to verify the correctness of the re-
sults obtained using the micrometer. To avoid the influence of
the tool wear on the results, the observations and measure-
ments were conducted after relatively short machining exper-
iments with new cutting tools. Figure 7 shows the optical
images of the machined surface at different cutting speeds
under both the conditions, obtained using a digital camera.
A large amount of built-up edge (BUE) was deposited on
the machined surface at Vc = 10 m/min under the non-
preheating condition. Under the preheating condition, al-
though the deposition of the BUE was notably reduced, a
certain amount remained at Vc = 10 m/min. Thus, the ma-
chined surface was excessively rough at Vc = 10 m/min, even
though the cutting tool was far from its life limit. The BUE
deposition was effectively reduced with the increase in the
cutting speed to 25m/min or higher under both the conditions,
as shown in Fig. 7.

To present the surface topography numerically, the maxi-
mum height of the machined surface profile Rzwas measured,
and the results are shown in Fig. 8. The Rz measured after
machining at Vc = 10 m/min under the non-preheating and
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Fig. 5 Variation in temperatures of workpiece and chip

Fig. 6 Variation in radius recovery of workpiece
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preheating conditions were 13.5 μm and 5.5 μm, respectively.
The values were considerably higher than that measured be-
fore machining (3.421 μm). Because the measurement faces
of the anvil and spindle of the micrometer were likely only in
contact with the high positions of the machined surface, the
large values of rR at Vc = 10 m/min shown in Fig. 6 could be
attributed to the increase in Rz caused by the deposition of
BUE. Thus, although the workpiece was expected to undergo
a certain super-elastic recovery at this cutting speed, the value
of rR could not be accurately measured. At cutting speeds
other than 10 m/min, Rz did not vary significantly after

machining, as shown in Fig. 6. Thus, the measured results of
rR at the cutting speeds shown in Fig. 5 were considered
reliable.

In general, metallic materials usually undergo elastic recov-
ery during the machining process; however, because the re-
covery value is fairly small, generally less than 1 μm, this
phenomenon is investigated primarily in precision or ultra-
precision machining [27–29]. Notably, the super-elastic re-
covery of the NiTi workpiece was pronounced even during
the conventional machining performed in this study. In addi-
tion to turning, the super-elastic recovery of the workpiece has
also been observed in micro-milling [14] and orthogonal cut-
ting [15] of NiTi alloys. A larger shape recovery of the work-
piece is expected to lead to additional engineering tolerance,
corresponding to a lower dimensional accuracy. This decrease
in the dimension accuracy is unavoidable during machining
under the non-preheating condition and is in fact further in-
tensified with an increase in the cutting speed. Furthermore,
the super-elastic recovery likely increases the contact area
between the flank face of the tool and workpiece, thereby
affecting the cutting resistance and tool wear; this aspect is
discussed in Sections 3.3 and 3.4. Preheating the workpiece
beyond theMd can effectively enhance the dimension accura-
cy. Moreover, the setting with Vc = 10 m/min is not appropri-
ate for machining NiTi alloys, because the corresponding se-
vere BUE deposition degrades the surface finish. This finding
is in accord with those of previous studies on the machining of
NiTi alloys, in which BUE debris attached on the machined
surface were observed at relatively low cutting speeds [16, 30,
31].

To clarify the variation trend of the super-elastic recovery
of the workpiece under different cutting speeds and condi-
tions, the phase transformation of the workpiece, which can
be regarded as the mechanism of the super-elasticity, was
analyzed through XRD measurements. Figure 9 shows the
comparison of the XRD patterns of the as-received samples
and machined samples at Vc = 25, 50, and 100 m/min under
the non-preheating and preheating conditions. Because the
severe deposition of BUE on the machined surface at Vc =
10 m/min also affected the XRD measurement, an accurate
analysis could not be performed for this cutting speed. The
sample in the as-received condition exhibited a high-intensity
diffraction peak at 2θ = 42.38°, which corresponds to the
austenite phase. This result illustrates that the as-received
workpiece was completely in the austenite phase. After ma-
chining under the non-preheating condition, the intensity of
the austenite peak considerably decreased. Moreover, the in-
tensity exhibited an increasing trend with the increase in the
cutting speed. In addition to the variation in the intensity, peak
broadening and peak shifting occurred at all the cutting
speeds. Moreover, diffraction peaks corresponding to the mar-
tensite phase were also observed, as shown in Fig. 9. In con-
trast to that of the austenite peak, the intensity of the

Fig. 7 Optical image of machined surface under a non-preheating con-
dition and b preheating condition

Fig. 8 Variation in maximum height of surface profile before and after
machining
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martensite peak decreased slightly with the increase in the
cutting speed.

As in the case of machining under the non-preheating con-
dition, after machining under the preheating condition, the
intensity of the diffraction peak of the austenite phase de-
creased, and peak broadening and peak shifting occurred.
Nevertheless, in contrast to the non-preheating case, no pro-
nounced martensite peak was observed after preheating-based
machining.

Because the temperature of the workpiece did not exceed
theMd during machining under the non-preheating condition,
as shown in Fig. 5, the austenite on the surface and subsurface
of the workpiece near the tool tip likely underwent the forward
phase transformation to martensite owing to the mechanical
load. However, Otsuka et al. [1, 32] demonstrated that the
reverse phase transformation of NiTi alloys will be suppressed
by the high-density dislocation caused by plastic deformation.
The density of dislocation generally increases in the
machining-induced layer after the machining of metallic ma-
terials. Therefore, only part of the martensite on the surface
and subsurface of the workpiece underwent the reverse phase
transformation to austenite after the mechanical load was re-
moved due to the suppression caused by the increase in the
density of dislocation. The part that could not undergo the
reverse phase transformation remained in the martensite
phase. Thus, the volume of austenite and martensite decreased
and increased in this process, respectively. Consequently, the
austenite peak intensity decreased, and martensite peaks ap-
peared after machining under the non-preheating condition, as

shown in Fig. 9. Based on XRD analysis, Kaynak et al. [30,
33] and Zhao et al. [31] have also reported that the workpiece
undergoes both the forward and reverse phase transformations
during machining of room-temperature austenitic NiTi alloys.
Moreover, the broadening and shifting of the austenite peak,
which have also been reported in other studies on machining
[18, 30, 31, 33] and cold working [34, 35] of NiTi alloys, can
be attributed to the plastic deformation. Therefore, the sub-
stantial shape recovery of the workpiece during machining
under the non-preheating condition, as shown in Fig. 6, is
considered to be induced by this partial reverse phase trans-
formation. Furthermore, according to Fig. 5, the temperature
of the workpiece increased with the increase in the cutting
speed. The higher temperature caused by a higher cutting
speed likely alleviated the increase in the density of disloca-
tion [30]. Thus, during machining at a higher cutting speed, a
higher volume of martensite could undergo the reverse phase
transformation to austenite, leading to greater super-elastic
recovery. Consequently, with the increase in the cutting speed,
the intensity of the martensite peak decreased, as shown in
Fig. 9, and the radius recovery of the workpiece increased,
as shown in Fig. 6.

The XRD patterns of the machined samples under the
preheating condition mechanistically illustrate that the mate-
rial on the surface and subsurface of the workpiece did not
undergo any phase transformation duringmachining under the
preheating condition. Consequently, the shape recovery of the
workpiece was significantly smaller than that under the non-
preheating condition at any cutting speed, as shown in Fig. 6.

Fig. 9 XRD patterns of as-
received and machined samples
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Moreover, the results support a previously reported finding
that the preheating-based machining can enhance the surface
integrity of the NiTi alloy by preserving the initial phase state
of the workpiece [18]. Furthermore, because no evident dif-
fraction peak of oxide was observed after machining under the
preheating condition, as shown in Fig. 9, the preheating tem-
perature selected in this study was considered appropriate.

3.3 Cutting resistance

The aforementioned results verify the occurrence of the super-
elastic recovery of the workpiece during machining under the
non-preheating condition and the inhibition of the phase trans-
formation through the preheating. In addition to the dimension
accuracy, the cutting resistance, as another manifestation of the
super-elastic recovery, was measured. Figure 10 shows the
variation in the main cutting force, radial force, and feed force
during machining at Vc = 25, 50, and 100m/min under both the
conditions. With the increase in the cutting speed, the main
cutting force increased slightly under the non-preheating con-
dition and decreased under the preheating condition. The radial
force exhibited an increasing trend with the increase in the
cutting speed under the non-preheating condition.
Specifically, the radial force increased notably when the cutting
speed increased from 50 to 100 m/min. At Vc = 100 m/min, the
radial force exhibited the maximum value and emerged as the
largest component of the cutting resistance (even larger than the
main cutting force). Nevertheless, no evident variation in the

radial force was observed at any of the considered cutting
speeds under the preheating condition. The variation trend of
the feed force was similar to that of the radial force. However,
compared with those under the non-preheating condition, all
the cutting resistance components, especially the radial force,
decreased at the considered cutting speeds under the preheating
condition. In particular, at Vc = 100 m/min, the radial force
decreased by nearly 40% from 123.8 to 74.2 N.

In general, the main cutting force decreases with the in-
crease in the cutting speed owing to thermal softening and a
reduction in the friction coefficient between the tool and chip.
As shown in Fig. 5, an increase in the cutting speed led to an
increase in both the workpiece and chip temperatures.
However, the results of this study indicate the abnormal var-
iation in the cutting resistance, i.e., it increased with the in-
crease in the cutting speed under the non-preheating condi-
tions. In addition to this study, Weinert et al. [11] found that
the main cutting forces increase significantly during turning
under the non-preheating condition when the cutting speed
exceeds 140 m/min. Moreover, Kaynak et al. [16] reported
that the main cutting force increases with the increase in the
cutting speed from 25 to 100 m/min. Nemat-Nasser et al. [36]
and Adharapurapu et al. [37] reported that when the tempera-
ture is less than the Md, the critical stress (determined by a
strain offset of 0.2%) of room-temperature austenitic NiTi
alloys, which is positively related to the strength of this mate-
rial, increases with the increase in the temperature at a high
strain rate of 1400/s and 1200/s. Therefore, higher cutting
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speeds are expected to induce a larger main cutting force in the
absence of preheating, owing to the increase in the strength.
The critical stress attains its maximum value when the tem-
perature reaches Md and decreases with a further increase in
the temperature [37]. Consequently, the increase in the cutting
speed is expected to reduce the main cutting force after the
workpiece is preheated to a temperature above the Md.
Moreover, as shown in Fig. 6, increasing the cutting speed
during machining under the non-preheating condition in-
creased the super-elastic recovery of the workpiece, thereby
increasing the contact area between the flank face of the tool
and workpiece. This phenomenon certainly led to an increase
in the radial force. As the super-elastic deformation of the
workpiece was likely eliminated by the preheating, the de-
crease in the radial force under the preheating condition could
be attributed to the contact area reduction. Consistent with this
study, previous studies demonstrated that radial force in-
creases with the increase in the cutting speed in the range of
12.5 to 100 m/min during turning of NiTi alloys under the
non-preheating condition [16, 17]. Furthermore, the variation
trend of the feed force under different cutting speeds and con-
ditions was similar to that of the radial force, which indicates
that the workpiece likely underwent super-elastic recovery
along the axial direction. The phenomenon that the feed force
increases with the increase in the cutting speed has also been
observed in other studies on turning [16, 17] and drilling [11]
of NiTi alloys. In practice, the turning process is executed
from one end to the other end along the axial direction of
the workpiece; thus, the axial recovery likely does not affect
the machining accuracy. Previous studies on the preheating-
based machining of NiTi alloys have concluded that
preheating could not reduce or increase the cutting resistance
[16, 17]. As mentioned previously, this phenomenon can be
attributed to the fact that the preheating temperature did not
reach the Md.

3.4 Tool wear progression

The tool wear can also represent the effect of the super-elastic
recovery of the workpiece on the machining performance of
NiTi alloy. Figure 11 shows the progression of the average
flank wear VBa at Vc = 25, 50, and 100 m/min under both the
non-preheating and preheating conditions. The initial wear
was measured after machining for 1 min, and the remaining
wear was measured after machining for 8, 2, and 1 min for Vc
= 25, 50, and 100 m/min, respectively. As shown in Fig. 11,
the initial wear increased considerably with the increase in the
cutting speed under the non-preheating condition. By contrast,
under the preheating condition, the initial wear only increased
slightly with the increase in the cutting speed, and its value
was always smaller than the corresponding value under the
non-preheating condition. Table 2 summarizes the tool life at
each cutting speed under both the conditions. The tool life

decreased significantly with the increase in the cutting speed
under both the conditions. Compared with that under the non-
preheating condition, the tool life under the preheating condi-
tion was increased by 20%, 43%, and 100% at Vc = 25, 50,
and 100 m/min, respectively. At Vc = 100 m/min, although the
tool life under the preheating condition was only 8 min, it was
twice as much as that under the non-preheating condition.

Figure 12 shows the tool wear patterns at Vc = 25 m/min
under the non-preheating and preheating conditions after ma-
chining for 80 min. Because the corner radius of the cutting
tool (0.8 mm) was larger than the cutting depth, flank wear
occurred on the nose region of the flank face. Under the non-
preheating condition, a crater on the rake face, chip adhesion,
BUE on the cutting edge, and abrasionmarks on the flank face
were observed. Because no fracture occurred at the cutting
edge and because the distribution of the flank wear was rela-
tively regular, the tool life could be determined considering
VBa. Under the preheating condition, except for the decrease
in the flank wear width, the wear patterns were similar.
Moreover, similar wear patterns were observed at Vc = 50
m/min.

By contrast, when the cutting speed increased to 100
m/min, a fracture at the cutting edge was observed after ma-
chining for 4 min under the non-preheating condition, as
shown in Figs. 13a and b. It was inferred that the tool had
reached the end of its life at this time owing to the catastrophic
tool failure. VBa could not be measured because the distribu-
tion of the flank wear became irregular, as shown in Fig. 13b.
Instead, the maximum flank wear VBmax was measured. In
contrast to the non-preheating condition, no fracture was ob-
served at the cutting edge at Vc = 100 m/min under the
preheating condition, as shown in Figs. 13c and d.
Moreover, no fracture occurred at the cutting edge even when
VBa exceeded 0.3 mm. Except that no evident crater was ob-
served on the rake face, the tool wear patterns at this cutting
speed were similar to those at other cutting speeds.

Whenmachining NiTi alloys using cemented carbide tools,
abrasive wear occurs on the flank face [11, 13, 16, 17, 22, 38],
crater wear occurs on the rake face [22, 30], and adhesion [22,
30] is generally observed. Accordingly, the tool wear patterns
observed in this study are consistent with those in previous
studies. However, the severe notch wear reported in other
studies [16, 17, 22] was not observed in this study. Weinert

Table 2 Measurement results for tool life

Conditions Cutting speed Vc (m/min)

25 50 100

Tool life (min)

Non-preheating 80 28 4

Preheating 96 40 8
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et al. [11] reported that a lower cutting depth helps reduce the
notch wear; hence, the absence of severe notch wear was
likely a result of the selection of a relatively low cutting depth

in this study (0.5 mm in other studies). The notable increase in
the initial wear with the increase in the cutting speed under the
non-preheating condition can be attributed to the increase in
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Fig. 11 Progression of average
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the contact area between the flank face of the tool and work-
piece, caused by the super-elastic recovery. As mentioned
previously, the contact area was reduced owing to the
preheating because the super-elastic recovery of the work-
piece was eliminated; consequently, the initial wear decreased
and increased only slightly with the increase in the cutting
speed under the preheating condition.Moreover, the high tem-
perature of the chip (Fig. 5), which was indicative of a high
temperature on the tool rake face, together with the high cut-
ting resistance (Fig. 10), resulted in the fracture of the cutting
edge at Vc = 100 m/min under the non-preheating condition.
Even though the temperature of the chip became higher under
the preheating condition than that under the non-preheating
condition (Fig. 5), the significant decrease in the cutting resis-
tance under this condition (Fig. 10) protected the tool from
fracture. Moreover, the reduction in the crater on the rake face
at this cutting speed can be ascribed to the decrease in the
contact length between the tool and chip. This decrease in
the tool–chip contact length with the increase in the cutting
speed has also been observed using a high-speed camera in
orthogonal cutting experiments on room-temperature austen-
itic NiTi alloys [13]. Therefore, the super-elastic recovery of
the workpiece reduces the tool life, whereas preheating can
prolong the tool life. Besides, a moderate cutting speed in the
range of 25 to 50 m/min must be selected to prolong the tool
life under both the machining conditions.

4 Conclusion

In this study, the effects of super-elasticity on the machinability
of room-temperature austenitic NiTi alloy were investigated,
and the cutting condition was optimized by conducting turning

experiments at various cutting speeds under non-preheating and
preheating conditions. The following conclusions were derived:

(1) During machining under the non-preheating condition,
the temperature prerequisite of the phase transformation
of the NiTi alloy was satisfied because the temperature of
the workpiece did not exceed the Md.

(2) During machining under the non-preheating condition,
owing to the partial reverse phase transformation from
martensite to austenite, the workpiece exhibited the
super-elastic recovery, which increased with the increase
in the cutting speed from 25 to 100 m/min. However, a
low cutting speed of 10 m/min is not appropriate for
machining NiTi alloys because of the severe BUE depo-
sition on the machined surface.

(3) The super-elastic recovery of the workpiece deteriorated
the dimension accuracy, increased the radial force and
feed force, and shortened the tool life. Preheating en-
hanced the dimension accuracy, reduced the radial force
and feed force, and prolonged the tool life by eliminating
the effect of the super-elastic recovery.

(4) The optimum cutting condition for NiTi alloys is
preheating the workpiece to a temperature above the Md

and selecting moderate cutting speeds of 25–50 m/min.
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