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Abstract: This paper describes the difficult machinability of nickel titanium alloy (NiTi alloy) and its
mechanism. As a result of examining the difficult cutting machinability via a turning experiment,
NiTi alloy cutting showed larger cutting force, higher cutting temperature, and severe tool wear
with plastic deformation of the tool compared to Ti-6Al-4V. In addition, the discharged chips were
tangled with the jaw chuck and the cutting tool. As a result of investigating the cause of these difficult
machining properties by orthogonal cutting, it was found that the progression of severe flank wear is
affected by the elastic recovery due to the super elasticity of the material. The verification of the results
according to the shear plane theory suggest that the large deformation resistance of the material is the
cause of the increase in cutting temperature. Furthermore, because the cutting temperature exceeds
the shape memory transformation temperature, the generated chips are shape memory processed.
It was also found that because the generated chips are super elastic, chips are not easily broken and
they are lengthened, and are easily entangled with a cutting tool and a jaw chuck.
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1. Introduction

Nickel titanium alloy (NiTi alloy), an alloy comprising approximately 50% each of nickel (Ni) and
titanium (Ti), has unique properties, such as the shape memory effect and super elasticity; therefore,
it is generally known as a shape memory alloy. Although there are other copper- and iron-based shape
memory alloys, NiTi alloy has superior corrosion resistance [1], biocompatibility, and high fatigue
strength compared with other alloys [2]. In the future, further industrial application of NiTi is expected.
A number of products utilize the super elasticity and shape memory effect of NiTi alloy, such as
frames of glasses, cellular phone antennas, medical stents, and industrial actuators [3,4]. Because these
products are generally manufactured by rolling and drawing after casting, they are usually in the shape
of a thin wire. In recent years, in the medical field, the demand for stents, catheters, and tube parts that
utilize the abovementioned properties of NiTi alloy have increased [5]. These parts are required to have
highly precise finishes and dimensions. Because the cost of materials for NiTi alloy is extremely high,
the development of a high-precision, cost-efficient processing method is desired from the perspective
of product distribution. Cutting is a possible solution due to its high degree of freedom during the
formation of the products’ shapes with superior productivity and processing precision. For example,
fine hollow shapes such as stents and catheters are produced through drawing, but cutting is applied
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to drilling and the peripheral processing before drawing. However, it has been only 60 years since
NiTi alloy was developed and only about 30 years since it was first put to practical use [6]. Therefore,
cutting methods for NiTi have not yet been established. Mori et al. [7] and Wu et al. [8] reported on
the cutting properties of NiTi alloy, stating that tool wear is severe with an excessive generation of
burrs, the material is extremely difficult to cut, and changes in cutting conditions do not improve the
cutting properties. Regarding the tool wear of cutting of NiTi alloy, Kaynak et al. performed a turning
experiment using a carbide tool (group K) and reported that at a cutting speed of v = 100 m/min (feed
rate of f = 0.05 mm/rev, depth of cut of t = 0.5 mm), boundary wear of approximately 300 um was
shown in a cutting time of 7.5 s. At this time, even if the cutting speed was reduced to v = 200 m/min
under the same cutting conditions, the boundary wear was 250 pm with a cutting time of 15 s [9].
Kaya et al. performed cutting experiments of NiTi alloy using PCD (Poly crystalline Diamond) tools
and reported that flank wear of 300 um was observed at a cutting distance of 120 m (v = 70 m/min,
f = 0.5 mmy/rev, t = 0.2 mm) [10]. Altas et al. reported that in face milling of NiTi alloy using carbide
tools, even at a low cutting speed of 20 m/min, flank wear was 600 pum at a cutting distance of 100 m [11].
Weinert et al. [12-14] also reported that although the use of coated tools is effective in reducing the
cutting force, it does not reduce tool wear. In addition, they also reported that the use of cutting fluid
is effective in reducing the cutting force and tool wear. In the medical field, for example, a cleaning
process is essential when a cutting fluid is used. However, because NiTi alloy requires an extremely
complex cleaning process, the use of a coolant is not desirable. Furthermore, several reports have been
published on the machining difficulty of NiTi alloy, but no reports exist that discuss the relationship
between the characteristics of NiTi alloy (super elasticity and shape memory effect) and its cutting
properties, which is suspected to be the cause of such difficulty. Super elasticity and the shape memory
effect are based on the phase transformation of the alloy, and only the study by Kaynak et al. has
focused on this aspect [15-21]. They used liquid nitrogen to cool the material from the austenitic to
the martensitic state before cutting and found an improvement in cutting properties. Because their
experiment was conducted in a unique environment with an extremely cold temperature, the cutting
phenomenon at room temperature would likely be quite different. Nevertheless, their study indicated
that phase transformation and material temperatures have an impact on the cutting properties of NiTi
alloy, which is an extremely important finding. Therefore, to improve cutting properties of NiTi alloy,
the influence of super elasticity and shape memory effect, which are unique phenomena of NiTi alloy
that are derived from the phase transformation, must be elucidated. Yet, most existing studies relate to
the optimization of cutting conditions.

In this study, cutting properties of NiTi alloy, including cutting forces, cutting temperature, and
tool wear, were measured during turning experiments. Furthermore, orthogonal cutting experiments
were conducted. Cutting ratio, shear angle, shear stress, and coefficient of friction were calculated, and
the effect of super elasticity on the cutting difficulty was investigated. In addition, cutting chips were
analyzed using X-ray diffraction (XRD) and chip formation was observed using a high-speed camera
to investigate the shape memory effect on the cutting difficulty.

2. Experimental Procedure

2.1. Material Properties

The NiTi alloy used for the experiment was 56Ni-44Ti (wt%) obtained from Furukawa Techno
Material Co., Ltd. (Hiratsuka, Japan). The diameter of the workpiece was 80 mm. Its stabilized phase
at room temperature is an austenitic phase. The phase transformation from austenite to martensite
occurs at —23.6 °C (Ms: Martensite start) to —41.2 °C (Mf: Martensite finish) during cooling. When
heating, the phase transformation from martensite back to austenite occurs at —17.9 °C (As: Austenite
start) to —2.5 °C (Af: Austenite finish).
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2.2. Cutting Conditions

In this study, an outer turning experiment was performed to investigate the cutting characteristics
of NiTi alloy, and orthogonal cutting was performed to investigate the cause of the difficult cutting
properties of this alloy. All experiments were conducted using a general-purpose lathe under
dry conditions.

As shown in Figure 1 (left), the turning experiment was performed with the cutting conditions
shown in Table 1 using non-coated carbide tools (TNGG160404, K10, Tungaloy Corp, Iwaki, Japan).
For NiTi alloy, the cutting speed was set at 25-100 m/min based on the recommended cutting speed
for a typical Ni alloy (V = 15-30 m/min) and a typical Ti-6Al-4V (V = 35-80 m/min). For comparison,
6Al-4V titanium alloy (Ti-6Al-4V), which is also known as a material which is difficult to cut,
was additionally studied.

In an orthogonal cutting experiment, a disc-shaped workpiece with a thickness of 2 mm was cut
in the radial direction as shown in Figure 1 (right). The cutting tools used for this experiment were
non-coated carbide (TNGG160404, K10, Mitsubishi Materials Corp.) without a chip breaker. Stainless
steel (ISO: X5CrNi18-10) with similar thermal conductivity and specific heat to those of NiTi was used
for comparison to examine the influence of thermal wear. The feed was set at 0.1 mm/rev, and the
cutting was performed while changing the cutting speed. Orthogonal cutting was performed with the
cutting conditions shown in Table 1.

Lathe @ Lathe @
Work Work
E:Thmst Ff: Feed force .ﬂ N
Tee B, force
Fc: Cutting force
sttine too Fe: Cutting force
Charge amplifier Cutting tool : \Cutting tool
/ '\\ Charge amplifier '\
[ ’ Dynamometer y Dynamometer
o —
. =1
Figure 1. Schematic of an orthogonal cutting.
Table 1. Cutting conditions (turning experiment).
Turning Orthogonal Cutting
Cutting speed (m/min) 25,50, 75, 100 10-130
Feed (mm/rev) 0.1 0.1
Depth of cut (mm) 1 2
Atmosphere Dry
Tool Carbide (non-coated, K10)

2.3. Experimental Measurements

In the turning and orthogonal cutting experiments, the cutting force was measured using a
dynamometer (Kistler 9272). The cutting force was recorded using data acquisition software (Kistler,
DynoWare). The cutting force was measured three times under each condition, and the average value
was calculated. The tool wear test was performed once under each cutting condition.

In the orthogonal cutting experiment, cutting ratio, shear angle, friction coefficient, etc., were
calculated from the measured cutting force (F;), thrust force (F;), and chip thickness (t;) using shear
surface theory [22], as shown in Figure 2, in which: R is the force between the tool face and the chip,
R’ is the force between the workpiece and the chip along the shear plane, Fs is the force component
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parallel to the shear plane, Fn is the force component normal to Fs. In the shear surface theory, as the
cutting tool is forced into the work material, the chip is formed by shear deformation along the shear
plane, which is oriented at an angle ¢ with the work material. The ratio of t; to t; is known as the
cutting ratio, r,, which can be calculated by Equation (1):

_h

. =
c t

(1)
where . is the cutting ratio, #; is the nominal thickness of the cut,  is the chip thickness. This equation

can be solved for ¢ as Equation (2):
recosa

tana = 1-—rcsina @
where @ is the shear angle, a is the rake angle. The area of the shear plane (As) can be determined by
Equation (3):
_ hb
° T sing
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where b is the width of the cut. Thus, the shear stress in the shear plane and normal stress in the shear
plane are described by Equations (4) and (5):
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where 7; is the shear stress in shear plane, o; is the normal stress in shear plane. u is the coefficient of
friction at the interface between the chip and the tool, then F and N are related as Equation (6),

= £ _ Fctana + F; ©)
N F. — Fitana
where F is the force component parallel to the tool rake face (friction force) and N is the force component
normal to F.

Furthermore, in this study, the tool-work thermocouple method was used to measure the cutting
temperature, and the temperature was also measured from the calibrated value obtained through
a separate experiment. Chip formation was observed by a high-speed camera (HAS-D71, DITECT
Co., Ltd., Tokyo, Japan) in the orthogonal cutting experiment.

Figure 2. Schematic of an orthogonal cutting.
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3. Result and Discussion

3.1. Cutting Characteristics and Difficult to Cut Property of NiTi Alloy

The turning experiment was performed to examine the cutting properties of NiTi alloy. Figure 3
shows the cutting temperature obtained by the tool-work thermocouple method. The figure shows
that the cutting temperature of NiTi alloy is approximately 250 °C higher than that of pure Ti. When
cutting at a speed of 25 m/min, the cutting temperature of NiTi alloy is 200 °C higher than that of
Ti-6Al-4V. In particular, the difference is higher at lower cutting speeds. When cutting NiTi alloy,
even at very low speeds of 5 m/min, the cutting temperature is still reasonably high (ca. 500 °C).

1200

1000

Cutting temperature[°C]
(o}
S
S

400 —o—NiTi
——-Ti-6Al-4V
200 R
pure Ti
0
0 25 50 75 100 125

Cutting speed V [m/min]
Figure 3. Cutting temperature at different cutting speeds for various materials.

Figure 4 shows the measurement results of the cutting force. The figure shows that the cutting
force for NiTi alloy is twice as large as that for Ti-6Al-4V. Figure 5 shows the observation results
of cutting tools. When cutting NiTi, there was a notable plastic deformation of tools at the cutting
distance of 100 m with a cutting speed of 75 m/min and at the cutting distance of 30 m with the cutting
speed of 100 m/min, which made continuation of the cutting process impossible. Compared with
Ti-6Al-4V, NiTi alloy presents severe flank and face wear, as shown in Figure 6. In addition, the cutting
of NiTi alloy is characterized by notable boundary wear, which is not observed in cutting Ti-6Al-4V.
Generally, the characteristic wear for cutting a Ti-6Al-4V is face wear, whereas that for cutting an Ni
alloy such as Inconel is boundary wear [23,24]. However, the cutting of NiTi alloy shows both of
these characteristics.

500
Z 0 —o— NiTi Cutting force
Gg 300 — #* = NiTi Feed force
ED 200 «+++¢-+- NiTi Thrust force
g 100 —=e— Ti-6Al-4V Cutting force
- & =Ti-6Al-4V Feed force
0 +++#eees Ti-6A1-4V Thrust force

0 20 40 60 80 100 120
Cutting speed [m/min]

Figure 4. Relationship between the cutting speed and force.
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Cutting speed 25 /min 50 m/min 75 m/min 100 m/min
Cutting distance 400 m 400 m 100 m 30m

TiNi

Ti-6Al-4V

Figure 5. Pictures of tool wear at different cutting speeds and for cutting NiTi and Ti-6Al-4Vs. (a) Top
view, (b) side view, (c) tip nose.
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5
]
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<402
]
=
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Cutting distance [m]

Figure 6. Relationship between the cutting speed and flank wear.

3.2. Examination of the Cause for Cutting Difficulty by Orthogonal Cutting

In three-dimensional cutting such as peripheral turning, there are many factors to consider, such as
the tool nose radius and the tool geometry, which makes the phenomenon more complex. Thus,
the cause for cutting properties identified (in turning) during the orthogonal cutting experiment needs
further examination.

From Figure 3, the cutting temperature of NiTi alloy was higher than that of Ti-6Al-4V. It is
considered that the thermal properties or mechanical properties of the material have an influence
on the cause of the high cutting temperature of this alloy. Thus, in this experiment, to examine the
influence of thermal properties on cutting temperature, stainless steel with similar thermal conductivity
and specific heat to those of NiTi was used for comparison. Figure 7 shows the result of the cutting
temperature measurement performed with the same tool-work thermocouple method as discussed in
the previous section. Although the thermal conductivity of NiTi alloy (10-20 W/mK) is much lower
than that of other metals (80 W/mK for iron, 44 W/mK for carbon steel), its cutting temperature is still
much higher than that for stainless steel, which has similar thermal conductivity (16 W/mK) as NiTi.
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Therefore, the reason for the high cutting temperature is not the thermal properties of the material but
the mechanical properties.

1000
O
95’ 800 —a—NiTi
“g 600
Q. —e— Stainless steel
£ 00
&
£ 200
=
@)

0

0 10 20 30 40 50 60 70 80 90 100 110 120
Cutting speed V [m/min]

Figure 7. Measured cutting temperature in orthogonal cutting.

Because it was indicated that the high cutting temperature is caused by the mechanical properties
of the material rather than its thermal properties, an analysis based on orthogonal cutting and the
shear surface theory was performed to examine the cause of cutting difficulty for NiTi alloy. Figure 8
shows an example of the measurement of the cutting forces in orthogonal cutting. Cutting forces
gradually increased in the beginning and then stabilized. However, after stopping the feed movement,
cutting forces did not decrease rapidly to zero, but decreased gradually to a relatively stable value
for a long duration, although there was no movement of the cutting tool in the feed direction at this
moment. Regarding this unique phenomenon observed in orthogonal cutting, Kuppuswamy et al. [25]
reported a phenomenon in which NiTi alloy underwent recoverable elastic deformation when the tool
withdrew from the work material in micromilling of NiTi alloy. Although the usual recoverable strain
of typical metallic materials is approximately 0.1-0.2%, Elahinia et al. [26] reported that NiTi alloy
has a maximum recoverable strain of 8-10% due to its super elasticity. In addition, Chen et al. [27]
investigated the dynamic compressive stress—strain behaviour of NiTi alloy and found that the complete
recovery of residual deformation took a few seconds to several hours, which suggests that there is a
relationship between the recovery behaviour of NiTi alloy and time. Terui et al. [28] investigated the
stress relaxation properties of NiTi alloy and reported that NiTi alloy shows viscoelastic behaviour.
These results suggest that in the cutting process of NiTi alloy, super elasticity might cause recoverable
deformation of work materials, thus, cutting forces were measured after the stopping of the feed
movement, and the long duration can be explained by the viscoelastic behaviour of NiTi alloy. Because
work materials display elastic recovery in the radial direction during cutting, the flank face of tools
and work materials is constantly in contact. From this, the effect of elastic recovery of NiTi alloy on the
contact state between the tool and the work material was investigated by changing the relief angle of
the tool. Figure 9 shows that changing the relief angle by 4 degrees (10° to 6°) caused the cutting and
thrust forces to increase by 166 N and 170 N, respectively, indicating that there is a notable impact by
elastic recovery of the work material. Therefore, the reason for the severe flank wear caused by cutting
NiTi alloy (Figures 5 and 6) is concluded to be the elastic deformation of the work material due to its
super elasticity and associated high abrasiveness.
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Figure 8. Waveforms of cutting forces measured in the orthogonal cutting of NiTi alloy (v = 20 m/min,

f = 0.05 mm/rev, t = 2 mm).
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Figure 9. Cutting force with relief angle change in orthogonal cutting (v = 20 m/min, f = 0.05 mm/rev,

t =2 mm).

The calculated result for the cutting ratio based on the shear surface theory is shown in Figure 10.
The chips of NiTi alloy are thicker than those of stainless steel, and the cutting ratio for NiTi alloy is
high. The calculated shear angle (Figure 11) shows that the shear angle is high for NiTi alloy. These
theoretical results indicate that the amount of shear deformation in NiTi alloy is small in the chip
formation process. The result of shear and normal stresses in Figure 12 shows that both stresses are
large for NiTi alloy. Shear stress is particularly large: it is 800-1000 MPa higher than that of stainless
steel. It has been reported that NiTi alloy has very high deformation resistance [29]. This indicates that
it is difficult to subject the workpiece to shear deformation during the cutting process, and the cutting
force and stress increase in the cutting of NiTi alloy due to this characteristic. It has also been clarified
that NiTi alloy has high deformation resistance and high internal friction [30]. Therefore, high internal
friction and deformation resistance are the causes of the high temperature during NiTi alloy cutting.
From the discussions above, it is concluded that these mechanical properties are major causes of the

cutting difficulties of NiTi alloy.
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Figure 10. Cutting ratio calculated from the shear surface theory.
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Regarding the rake face, the calculation of the friction coefficient for the rake face (Figure 13)
showed that the coefficient for NiTi alloy was lower than that for stainless steel. In cutting NiTi alloy,
the adhesion of the alloy to the tool was not observed; thus, friction and adhesion at the rake face are
not the causes of the difficulty in machining NiTi alloy.

0.9

0.8
07 ‘__‘\\\

g O a
= 05
o
§ 0.4
S 0.3
5
8 02 || —a—niTi

0.1

o | —&— Stainless steel

0 10 20 30 40 50 60 70 80 90 100 110 120
Cutting speed [m/min]
Figure 13. Coefficient of friction calculated from the shear surface theory.

3.3. The Cause of the Very Low Chip Discharging Property in Cutting of NiTi Alloy

One of the difficult-to-cut properties of NiTi alloy is the deterioration of productivity due to
its low chip controllability, as shown in Figure 14. Thus, the reason why chips are easily entangled
in a cutting tool and a jaw chuck during cutting of NiTi alloy was investigated. NiTi alloy can
undergo the shape memory process by maintaining the material at 400-500 °C for 30—40 min [31,32].
The temperature of the cutting point was above the shape memory process temperature, even at
the ultra-low cutting speed of 10 m/min, as shown in Figure 3. This implies that the chip may have
memorized its shape. To examine this hypothesis, experiments were performed to evaluate the shape
memory effect. An example is shown in Figure 15. The chip used for this experiment was obtained in a
cutting experiment at a low cutting speed. As shown in the figure, the chip was not easy to break when
it was stretched at the normal temperature, and it returned to its original shape without permanent
deformation, just like a spring when the load is removed (Figure 15A,B). Figure 16 shows the results
of the X-ray photoelectron spectroscopy (XPS) analysis of the chip. All chips are in the austenitic
phase (parent phase), as indicated by the observed peak around 42 degrees [33]. This observation
implies that the chip exhibits super elasticity in the state of the host phase (austenitic phase). Then,
the chip was cooled on dry ice at =78 °C to lower the materials’ temperature below the martensite
transformation temperature (Mf: —42.2 °C) (Figure 15C); the real temperature of the chip was measured
by touching the chip with a thermocouple. When tensile load was applied after the temperature of the
chip reached or was below the martensite transformation temperature, the chip was easily deformed,
and the permanent, plastic deformation remained, which can be seen in Figure 15D. When this chip
was dipped in water (room temperature: 19 °C), as shown in Figure 15C, the chip then recovered its
original curled form, as shown in Figure 15E. This experiment makes it clear that the chip of NiTi alloy
undergoes the shape memory process immediately after it is formed under all cutting conditions in
this study, even though the aging time at high temperature in the cutting process is extremely short.
Furthermore, it was also found that because chips have super elasticity, they are not easily broken,
rather they lengthen, and are easily entangled with a tool and a jaw chuck.

Figure 17 shows chips observed in orthogonal cutting. It can be seen in the figure that the shape
of the chip was a spiral at the cutting speed of 30 m/min or less (ultra-low speed) and wavy at the
cutting speed of approximately 30 m/min or more (hereinafter low speed), similar to the turning
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experiment described in the previous section. An example of the high-speed camera observation of
the chip ejection in ultra-low- and low-speed cutting conditions is presented in Figure 18. It can be
seen that the chip was ejected along the direction of the rake face of the tool in the ultra-low-speed
condition, whereas the direction of the chip ejection was changed to the work material side in the
low-speed condition.

Figure 14. Tangling of chips with the jaw chuck and the cutting tool (v = 50 m/min, f = 0.1 mm/rev,
t=1.0 mm).

Figure 15. Experiment to evaluate the shape memory effect of the chip. (A) original chip shape or
unloading the thensile load (B) applying the tensile load at room temperature (C) cooling the chip on
dry ice (D) applying the tensile load after cooling the chip (E) dipping the chip of D in water.



J. Manuf. Mater. Process. 2020, 4, 124 12 of 15

5000 | —v25
—v50
4000 } v75
3 v100
<
= 3000 F
E
g 2000 F
k=
1000 J
e .”w_, 20 .0 \ﬂ“;\l - e 2 spaden
0 1 1 1 1 L 1 1 1 L L 1 1 1 1 L 1 1 1 1 ]
30 35 40 45 50
Diffraction angle 20 (degree)
Figure 16. Results of XPS analysis of the chips.
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Figure 18. High-speed camera observation of the chip discharge state (left: v 25 m/min, right:
v 100 m/min).

Based on these results, a presumed formation mechanism of the NiTi alloy chip at ultra-low
speed is presented in Figure 19. NiTi alloy used for the experiment exhibits super elasticity at room
temperature, however, the vicinity of the cutting point is generally under high pressure and high
temperature during the cutting process. It is known that the phase transformation temperature range
of NiTi alloy ends at a temperature which is called the martensite desist (Md) temperature and, thus,
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NiTi alloy does not exhibit super elasticity above this Md temperature. Adharapurapu et al. [34]
reported that the Md temperature of a 55.6Ni-44.4Ti (wt%) alloy with the Af tempearature 2 °C was
150 °C, which is about 150 °C higher than the Af temperature. Benafan et al. [35] also reported that the
Md temperature of a 49.9Ni-50.1Ti (at%) alloy with the Af tempearature 105 °C was 310 °C, which
was about 200 °C higher than the Af temperature. Therefore, it could be considered that the chip lost
its super elasticity at the cutting point because the temperature at the cutting point exceeded the Md
temperature, which could be determined as approximately 150-200 °C.

(O Heating (<700°Q) (O Heating (>600-700°C)

.=+, Shape memory Heat =, Shape memory Heat — ~ Superelasticity
LI I o
t....? treatment (400- 700°C) “aeed treatment (400- 700°0) al

r

© ~1 Memorized (<400°Q :I Memorized (<400°C)

LS

Lost
superelasticity

Lost
superelasticity

Figure 19. Shape memory mechanism of chip (left: v 25 m/min, right: v 100 m/min).

The chip heated at the cutting point (solid red circle) is quickly cooled in the process as it is
discharged. However, because the temperature is above the shape memory treatment temperature
inside the blue frame (dotted blue line) in the figure, the chip undergoes the shape memory process at
this point. It is thought that the chip, having undergone the shape memory process and cooled (in the
dot-dash black line), is then ejected in a spiral shape.

4. Conclusions

The present study closely examined the cutting properties of NiTi alloy via turning and orthogonal
cutting experiments. This study examined the effect of super elasticity and the shape memory effect,
which are unique properties of NiTi alloy, on the difficulty of cutting the material. The results showed
that super elasticity caused notable elastic recovery of the workpiece during cutting, which causes
flank wear. The cutting temperature of NiTi alloy was extremely high due to notable elastic recovery
and high internal friction. This was true even at an ultra-low cutting speeds, which caused the plastic
deformation and severe face wear of cutting tools. In the cutting of NiTi alloy, compared with other
metals, the required cutting force was much larger. Because the shear angle of NiTi alloy is small, in
contrast to the shear stress, which was extremely large in the orthogonal cutting experiment, the reason
for the high cutting force required is the extremely large deformation resistance of the material. During
the formation of chips, the temperature around the cutting point exceeded the shape memory process
temperature, and the generated chips were shape memory processed. Furthermore, because the chips
are super elastic, they are not easily broken and they are lengthened, and they are easily entangled with
the cutting tool and the jaw chuck. The findings in this study that super elasticity and shape memory
properties affect the difficult machinability of NiTi alloy are thought to contribute to understanding the
cutting mechanism of this alloy and improve its productivity.
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