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This experimental study focuses on the phase state and phase transformation response of the surface and
subsurface of machined NiTi alloys. X-ray diffraction (XRD) analysis and differential scanning calorimeter
techniques were utilized to measure the phase state and the transformation response of machined speci-
mens, respectively. Specimens were machined under dry machining at ambient temperature, preheated
conditions, and cryogenic cooling conditions at various cutting speeds. The findings from this research
demonstrate that cryogenic machining substantially alters austenite finish temperature of martensitic NiTi
alloy. Austenite finish (4y) temperature shows more than 25 percent increase resulting from cryogenic
machining compared with austenite finish temperature of as-received NiTi. Dry and preheated conditions
do not substantially alter austenite finish temperature. XRD analysis shows that distinctive transformation
from martensite to austenite occurs during machining process in all three conditions. Complete transfor-
mation from martensite to austenite is observed in dry cutting at all selected cutting speeds.

Keywords cryogenic machining, DSC analysis, NiTi shape
memory alloy, surface integrity, XRD analysis

1. Introduction

Near-equiatomic NiTi shape memory alloys (SMAs) exhibit
a reversible, diffusionless solid-to-solid-phase transformation
from a high-temperature austenite phase to a low-temperature
martensite phase (Ref 1). They possess a unique combination of
properties including shape memory, superelasticity, great
workability in the martensite state, and resistance to fatigue
and corrosion (Ref 2). Thus, NiTi alloys have great potential for
biomedical applications; therefore, these materials are being
widely used in numerous biomedical applications (orthodon-
tics, cardiovascular, orthopedics, urology, etc.) (Ref 3).

Considering biomedical applications, it is expected that NiTi
alloys maintain their properties when they are subjected to
repeatable large-strain bending deformations without perma-
nent kinking (Ref 4). Namely, when they are subject to loading,
they are expected to resist the functional fatigue failure that is
induced from material processing and fabrication processes
(Ref 5-7).

Conventional machining process and machining perfor-
mance of NiTi alloys have been systematically investigated by
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researchers (Ref 8-10), and it is a well-known fact that
machining processes induce an affected zone on the surface and
subsurface of machined components, and this in turn effects the
surface integrity characteristics of machined components. The
magnitude and depth of the affected layer can be a function of
different parameters; however, it is well established that the
deformation temperature during the machining process plays a
dominate role on the depth of the affected layer from the
machined surface, and helps to determine whether the affected
layer is thermally induced or mechanically induced. Conse-
quently, machining conditions (cooling, and heating) and the
cutting speed can be among the major parameters that need to
be studied to understand their influence on the affected layer. It
has been reported that due to machining processes and the
resulting generated surface and subsurface characteristics,
failure or functional fatigue can be determined in the medical
components made from NiTi alloys (Ref 11). Considering
these, investigating the effect of various machining conditions
and cutting speed on transformation response of machined layer
and the phase state after machining process would be
appropriate and important. However, the machining research
studies have in the past have generally focused on microhard-
ness variation on the machined surface as a function of various
inputs (Ref 10, 12, 13), and a few studies present limited DSC
analysis by only focusing on dry versus online cryogenic
cooling conditions in machining martensitic NiTi alloy (Ref 14,
15). Kaynak et al. (Ref 16, 17) presented machining-induced
XRD analysis of austenitic NiTi alloys. It was reported that
although at some machining conditions, martensite peaks were
observed into XRD analysis, austenitic NiTi alloys does not
show complete phase transformation resulting from machining
(Ref 16, 17).

This study presents the results from an investigation of
phase state and phase transformation response of martensitic
NiTi alloys machined under dry, preheated, and cryogenic
cooling conditions at various cutting speeds utilizing XRD and
DSC analysis. Experimental findings illustrate that austenite
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finish temperature of martensitic NiTi alloy is increased more
than 25 percent resulting from cryogenic machining. XRD
analysis shows that phase transformation takes place in all three
conditions. Besides, complete transformation is also observed
in dry machining at all cutting speeds and in preheated
conditions at some cutting speeds.

2. Experimental Work

2.1 Work Material

The material used in this study was a commercially
available, Nigg 9Tisg; (at.%) alloy. The material was received
as round bars with a diameter of 10 mm in a hot-rolled/hot-
drawn and hot-straightened condition. The alloy is single phase,
with a dynamically recrystallized and equiaxed grain structure
with approximately 20-30 um average grain size (Ref 18), as
shown in Fig. 1. The NiTi alloy was in its martensitic phase at
room temperature as determined by PerkinElmer differential
scanning calorimetry (DSC) where the martensite start, marten-
site finish, austenite start, and austenite finish temperatures are
73, 49, 86, and 107 °C, respectively, as shown in Fig. 2.

2.2 Cutting Tool, Cutting Parameters, and Cooling/Heating
Conditions

DCGT 11T308HP grade KC5410 cutting tool inserts with
TiB, coating were used in all machining experiments. The edge
radius of the tools varied between 18 and 20 um. It should be
noted that this selected insert with coating is the most
commonly recommended tool type for turning of NiTi shape
memory alloys (Ref 9). The tool holder was SDICL 12 3B
H5 M. During all machining trials, the feed rate, £, and depth of
cut, d, were kept constant at 0.05 mm/rev and 0.5 mm,
respectively. The only machining variable, other than the
cooling/heating environment, that was changed was cutting
speed, ¥, which was varied from 12.5 to 100 m/min. At each
cutting speed, samples were machined under three different
conditions: (i) machined dry at ambient temperature, (ii)
machined dry at a preheated temperature of 175 °C, and (iii)
machined cryogenically using liquid nitrogen.

Fig. 1 Phase transformation temperature and typical microstructure
of NiTi SMAs
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In the cryogenic machining process, liquid nitrogen was
delivered to the cutting region through two 4.78 mm diameter
nozzles applied under 1.5 MPa pressure with 10 g/s mass flow
rate. One of the nozzles was placed at the rake face, and the
other nozzle was placed at the flank face of the cutting tool (Ref
9).

The DMP CryoTemper chamber was used for preheating the
workpieces. In this case, samples were heated at 175 °C for
30 min, followed immediately by the cutting process under dry
conditions. The DSC results (Fig. 2) confirm that the material is
fully austenitic (B2 crystal structure) at 175 °C so that the
entire machining process is performed in the austenitic
condition. Samples were also machined dry under ambient
conditions. At room temperature, the workpiece is completely
B19’ martensite prior to the start of machining (Fig. 2), but as
described below, the ‘“ambient” condition of the workpiece
quickly changes with the onset of machining.

2.3 Measurements

In this study, XRD and DSC responses of machined
Nigo oTiso.; alloys are the two considered main outputs. For
observing the phase state of as-received and machined samples
of NiTi alloys, BrukerD8 Discover x-ray diffractometer with a
quarter Eulerian cradle which integrates phi and chi rotations
was used. The x-ray diffraction patterns were measured using
CuK, radiation (1= 1.5406Anm, Kal/Ka2 =0.5) from a
source operated at 40 kV and 44 mA. The round bar samples
were positioned at the center of the x-ray goniometer. XRD
spectra of machined NiTi samples were carried out from 35° to
55° at room temperature. The scan speed was 1.5°/min.

XRD peak positions and the corresponding 20 degrees were
found using lattice parameters a = 0.291 nm, b = 0.414 nm,
¢=0.467 nm and f = 97.55° (Ref 19) for martensite (B19")
and a = 3015 nm for austenite phase (B2) (Ref 20). XRD
pattern of the as-received NiTi alloy is presented in Fig. 4.

The characterization of machining-induced phase transfor-
mation of the surface and subsurface of the machined samples
was made by using a PerkinElmer DSC at a heating and cooling
rate of 10 °C min~'. DSC samples were cut using a slow-speed
diamond saw from the surface/subsurface region of the
machined samples as schematically illustrated in Fig. 3. The
locations where the DSC samples were cut from machined
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Fig. 2 DSC results of as-received Nigg 9Tiso; alloy
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samples are also schematically presented in Fig. 3. The
thickness of samples was approximately 300 pm after mechan-
ical polishing. To eliminate the effect of blade cutting, the
samples were mechanically polished using 800-grit SiC papers
prior to DSC analysis. The measured phase transformation
temperature of as-received NiggoTiso; alloys is presented in
Fig. 2.

3. Results and Discussion

3.1 Phase Transformation Analysis

Nigg oTis; alloys have a relatively low phase transforma-
tion temperature in comparison with other engineering mate-
rials. During the machining process without active cooling
systems, the temperature of work material exceeds the trans-
formation temperatures of Nigg Tisg 1 alloys (Ref 19). Conse-
quently, it is expected that the work material undergoes reverse
phase transformation from martensite to austenite (M — A).
As the temperature of the work material decreases down to
room temperature, forward transformation (4 — M) takes
place after cutting process. However, during the cutting
process, generated stress, increased dislocation density can
lead to suppressing the forward transformation on the surface
and subsurface. Moreover, during the cutting process, work
material is also subjected to mechanical load that influences the
shape memory response by increasing the transformation
temperatures of the Nigg9Tiso; work material. In this study,
the role of thermal and mechanical effects on the phase state of
work material is investigated.

Figure 4 shows the effect of various machining processes on
the XRD spectra of the surfaces of machined NiggoTisg
samples at low cutting speed of 12.5 m/min. It also shows XRD
spectra of the as-received material. As-received material does

not have any austenite peak, as shown in Fig. 4. But all
machined NiTi alloy has austenite peak that should be noted.
Surface layer of dry and preheated machined samples trans-
formed from martensite to austenite phase. In the cryogenically
machined sample, peak broadening occurs and existing phases
cannot clearly be determined. However, it is also possible to
assume that these peaks indicate martensitic phases.

The XRD response of machined samples at high cutting
speed of V"= 100 m/min are shown in Fig. 5. Higher cutting
speeds indicate that the NiggoTisg; is subjected to higher
temperatures during the machining process (Ref 21). Although
as-received sample is in martensite phase at room temperature,
all three machined samples have distinctive austenitic peaks.
Thus, at higher cutting speed, martensite to austenite transfor-
mation takes place. However, the heavy deformation of samples
can be partially annihilated at higher cutting speed as the
temperature increases. Consequently, peak broadening in
cryogenically machined sample at high speed is not as
pronounced as the one at low speed and austenite peak can
easily be determined. Thus, we can conclude that the cutting
temperature plays a major role on surface phase state of
machined Nigg 9Tisg 1 alloys.

These findings are very helpful for the understanding the
effect of machining on the surface and subsurface phase state of
components. Phase transformation can be clearly seen in all
conditions. In literature, XRD analysis of various machined
materials including Ti-6Al-4V, steel and Inconel 718 were
presented (Ref 22-25) These studies reported peak shifting and
peak broadening as main findings (Ref 22-25) without complete
phase transformation (Ref 22-25). Previously, partial phase
transformation (observing both martensite and austenite peaks
with XRD analysis) was reported after machining of austenitic
NiTi alloys, (Ref 16, 17). The current study illustrates that in
dry machining and some cases of preheated cutting, complete
phase transformation (observing only austenite phase) can be
observed in NiTi alloys.
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Fig. 3 Schematic representation of experimental processes and measurements

Journal of Materials Engineering and Performance

Volume 26(7) July 2017—3599



Relative Intensity

+:B2 NiTi
o :B19" NiTi

As received
0

Cryogenic

Dry

Preheated

I I I I I I I I I
35 36 37 38 39 40 41

42 43 44 45 46 47 48 49 50 51

I I I I I I I I I I
52 53 54 55

Diffraction angle 2 Theta (degree)

Fig. 4 Comparison of XRD patterns of Nigg 9Tiso 1 alloys after machining at 12.5 m/min
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Fig. 5 Comparison of XRD patterns of Niyg 9Tiso 1 alloys after machining at 100 m/min

Figure 6 shows XRD patterns of machined samples under
dry cutting at selected cutting speeds from 12.5 to 100 m/min.
The surfaces of all the machined samples are austenite. It
should also be noted that at lower cutting speeds, the austenite
peak is broader as compared to higher cutting speeds. In dry
cutting conditions, the cutting temperature easily exceeds
transformation temperatures of Nigg oTiso; alloys, and thus
deformation takes place when the material is in austenite state.
After machining process is completed, the deformed structure
does not allow the surface and subsurface to transform back to
martensite despite cooling the sample below the M; of as-
received material. As cutting speed increases, temperature
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increases, and in turn mechanical effects get smaller due to
dislocation annihilation. Therefore, at higher cutting speeds, the
peak does not broaden as much as it does at low speeds.
Figure 7 shows XRD patterns of machined samples under
preheated cutting conditions at selected cutting speeds.
Although the austenitic peak’s broadening does not change,
martensitic peaks can be clearly seen in preheated machining.
When the material is heated to 175 °C (above Ay for
machining, the material transforms from martensite to austenite.
During the cutting process, temperature increases more and
thus reduces the density of dislocation and defects in the
machined surface. After the cutting process, as the work

Journal of Materials Engineering and Performance
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Fig. 6 XRD patterns of dry machined Nigg 9Tiso.; SMAs at selected cutting speeds
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Fig. 7 XRD patterns of machined Nigg 9Tiso; SMAs with preheated condition

material cools down to room temperature, workpiece undergoes
austenite-to-martensite transformation in some cases. It should
be noted that in dry cutting, the materials were initially
martensite, and transformation from martensite to austenite
takes place during cutting, while in preheated case, the material
was already austenite before the cutting process.

In both cases, austenite-to-martensite transformation during
cooling is not complete or started so austenite phase is detected
in machining-induced layers. The forward transformation in
preheated conditions is started in some cases, thus, martensitic
peaks appear in these condition.

Journal of Materials Engineering and Performance

Figure 8 shows XRD patterns of machined samples under
cryogenic machining at selected cutting speeds. Reduced
cutting speed results in broadening of the peaks in both
conditions. It has been reported that deformation of martensite
by cold deformation processes, such as cold rolling and equal
channel angular extrusion, of NiTi results in peak broadening
due to plastic strain, and the resulting dislocation density and
defects (Ref 26-30). The present findings from cryogenic
machining-induced XRD pattern agree with previous results
where peak broadening after cutting, particularly at low speed,
is observed.
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Fig. 8 XRD patterns of machined Nigg 9Tiso; SMAs with cryogenic cooling condition

In cryogenic cutting, the sample temperature was always below
A (Ref21), and thus, the cutting process significantly increased the
dislocation density and resulted in stabilized martensite with the
broadest peak at low speed. However, at high speeds, transforma-
tion from martensite to austenite was observed.

Overall, on the surface and subsurface of machined NiTi
alloys under various conditions, phase transformation takes
place resulting mainly from temperature and retained stress.
Depending on cutting conditions, retained stress and plastic
deformation completely or partially prevent the transformation
from austenite to martensite or vice versa.

3.2 Phase Transformation Temperature of Machined
Samples

DSC is a well-known tool for determining the phase
transformation temperatures of SMAs (Ref 31). In this section,
DSC results of machined samples and thus the effect of
machining process of the phase transformation temperature at
the surface layer of machined samples are discussed.

The DSC results at low (12.5 m/min) and high (100 m/min)
cutting speeds were considered to reveal the effects of cutting
speeds on the phase transformation temperatures under dry,
preheated, and cryogenic cooling conditions. Austenite start
(4s) and austenite finish (4f) temperatures of machine NiTi
samples were examined and presented.

Figure 9 shows the DSC responses of the as-received and
machined samples under different conditions. Peak broadening
and increased transformation temperature are the typical
response of machined samples obtained from this experimental
study, as compared to as-received material. It is obvious that
these two factors are affected from machining conditions and
cutting parameters. Initial observation from DSC analysis
clearly shows the effects of cryogenic machining on phase
transformation behavior. Much broader peaks are resulting
from cryogenic machining as compared to other conditions.
Cryogenic machining at high speed highly altered the DSC
response where double peaks and increased Ay are observed
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during heating. Dry machining also leads to obvious peak
broadening and shifted transformation temperature at high-
speed cutting process.

Figure 10 shows the phase transformation temperature of
the surface layer of machined NiTi alloys. 4 (presented in red
dash line) and 4¢ (presented in red line) of as-received material
are 86 and 107 °C, respectively. The A and A¢ of preheated and
dry machined samples’ surface layers are close to the transfor-
mation temperatures of the as-received material. Ar of cryo-
genically machined sample is approximately 136 °C at low
speed and 138 °C at high speed. It is clear that transformation
temperatures of cryogenically machined sample increased
substantially with respect to all other machining conditions
and as-received material.

Analysis from cold-rolling and deformation processes
strongly corresponds with the findings resulting from the
machining process results presented in the current study except
under some conditions. Stabilized martensite state, via intro-
ducing residual stress and plastic strain due to extremely high
dislocation density, (Ref 32) was much higher in the samples
machined under cryogenic conditions. As a result, 45 and Ay of
cryogenically machined samples were much higher than those
in dry and preheated samples. In addition, the volume fraction
of stabilized martensite decreased when dislocation density in
the deformed material was reduced (Ref 33). Due to increased
temperature in dry and preheated conditions, the volume
fraction of stabilized martensite is much lower than in
cryogenic machined samples. In some dry and preheated
conditions, martensite stabilization does not take place because
of very high cutting temperature which remarkably annihilated
or reduced the dislocation density and resulted in forward
transformation after machining process. This argument is well
supported with XRD analysis, where in some conditions of dry
and preheated samples, martensitic peaks were observed.
Consequently, cryogenic machining leads to increasing trans-
formation temperature in comparison with dry and preheated
conditions.

Journal of Materials Engineering and Performance
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Observed increase in transformation temperatures resulting
from the machining process can be due to the machining-
induced martensite stabilization. Cryogenic machining remark-
ably increased the microhardness in the deformed layer (Ref
34). In addition, XRD analysis shows that cryogenically
machined samples have substantial peak broadening. Other
conditions show peak broadening at lower cutting speeds due to
the residual stress and plastic strain introduced by machining. If
heavier deformation takes place at high temperatures, the effect
of deformation-induced stress relaxed to some extent, and the
effect of deformation was limited in comparison with low-
temperature cutting. In the literature, these phenomena have
been shown as resulting from different processes, such as cold
working processes (Ref 35). Researchers also report that the
stabilization effect is observed as an increase in the critical
temperature for the reverse transformation of the deformed
martensite relative to the thermal martensite (Ref 36, 37).
Mahmud et al. (Ref 35) also agreed that deformation-induced
martensite stabilization in shape memory alloys is generally
recognized as the increase of the transformation hysteresis via
the increase in reverse transformation temperature (Ref 28, 35,
38). It was also noted that the magnitude of temperature
increase is found to depend on several factors, including the
deformation mode (Ref 39) and the level of deformation and
alloy conditions (Ref 35, 36). According to Lin et al. (Ref 37),
when cold-rolled specimens have been subjected to the reverse
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martensitic transformation of martensite to austenite, and then
to the subsequent forward martensitic transformation of austen-
ite to martensite, the deformed structures in the cold-rolled
specimens mostly restored to the undeformed structure. The
results indicate that the martensite stabilization is closely
related to deformed structure induced by cold rolling (Ref 36,
37). Cold-rolled deformation can induce dislocation and
vacancies (Ref 37). The deformed martensite structures and
the deformation-induced dislocations/vacancies are expected to
inhibit the reverse martensitic transformation by imposing a
friction stress on the martensite/parent interface (Ref 37).
Therefore, the reverse martensitic transformation temperatures,
A and Ag, must shift to higher temperatures since transforma-
tion requires additional energy to overcome the friction stress
(Ref 37). When the temperature was higher than Ay the
deformed martensite transformed to austenite phase and the
deformed martensitic structure disappeared (Ref 28, 37).
Figure 11 illustrates the latent heat of transformation, AH,
for the deformed layer of the samples extracted from the DSC
curves. Latent heat of transformations for deformed layer of
cryogenically machined sample at low and high cutting speeds
are 14.9 and 16.2 J/g, respectively. The largest latent heat of
transformation was measured with preheated and dry machined
sample at high cutting speed was approximately 20.8 J/g. At
low speed, the largest latent heat of transformation was
measured in dry machined sample and followed by preheated
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sample. These results show that machining conditions and
cutting parameters influence the latent heat of transformation of
the machined NiTi surface and subsurface.

In cryogenic conditions, the latent heat of transformation,
AH, was smaller than in dry and preheated conditions (Fig. 11).
According to the literature, the drop in the AH values is
attributed to the dislocations inhibiting the amount of material
allowed to undergo the phase transformation (Ref 5, 40).
Cryogenic machining resulted in higher dislocation density,
which prevented the complete reverse transformation. Conse-
quently, volume fraction of the material that undergoes
transformation was smaller and, in turn, less energy was
required.

Figure 12 shows the first and second cycle DSC responses
of machined samples. It is obvious that there is a considerable
difference in between the first and second cycles in terms of
transformation temperature and peak broadening. Indeed, the
largest difference in between the first and the second cycles
occurs in cryogenically machined samples at either low or high
cutting speed. Substantial recovery does occur at the second
cycle in cryogenically machined samples. But, samples
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machined under dry and preheated conditions are also influ-
enced when they are subjected to the second thermal cycle and
their transformation temperatures get close to the transforma-
tion temperatures of the as-received material.

The current study’s findings generally agree with the
literature where thermal transformation reduces the effects of
deformation where peaks get sharper and transformation
temperatures decrease at the second cycle (Ref 37). However,
not only increasing magnitude of temperature depends on
deformation mode (Ref 39), but also decreasing rate of
temperature and peak broadening after thermal cycling (second
cycle) depend on the magnitude of residual stress, and plastic
strain introduced via deformation process (in this case,
machining process). This hypothesis is supported by the results
shown in Fig. 12.

Although the effects of various bulk deformation process
including cold forming, extrusion, and rolling, on the shape
memory and phase transformation response of NiTi alloys are
well investigated by researchers, the machining-induced shape
memory and transformation response of the surface and
subsurface of NiTi has not been systematically studied. This
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Fig. 12 DSC response of machined NiTi specimens at the first and second cycles, (a) 12.5 m/min cryogenically machined sample, (b) 100 m/
min cryogenically machined sample (Ref 15), (c) 100 m/min dry machined sample (Ref 15), (d) 100 m/min preheated machined sample
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study illustrates that machining process has potential to alter
room temperature phase state and transformation temperatures
of NiTi alloys. These changes can be visibly seen on the surface
and subsurface of machined NiTi shape memory alloys. It is
important to determine whether this altered structure can be
utilized to enhance the performance of component made of
NiTi alloy. Particularly in cases where machined NiTi is
subjected to surface contact, then these newly created charac-
teristics on the surface and subsurface can help to increase the
wear and corrosion resistance. Thus, further investigation is
needed to determine the effects of machining on the wear
response of NiTi alloys.

4. Conclusions

The influence of various machining conditions and cutting
speed on the phase state and the phase transformation response
of NiTi shape memory alloys is presented in this paper.
Following conclusions can be drawn from this study:

e Machining process has potential to alter room temperature
phase of NiTi alloy. This change can be visibly seen on
the surface and subsurface of machined NiTi shape mem-
ory alloy.

e Machining process effects phase state, phase transforma-
tion temperature and latent heat of transformation of the
machined NiTi alloy. As this effect is seen on the surface
and subsurface of machined parts, nonhomogeneous cross
section in terms of shape memory properties occurs.

¢ Cryogenic machining has profound effect on phase state
and phase transformation temperature of NiTi alloy as
compared to other conditions (dry and preheating). It re-
sults in much broader peaks, larger transformation temper-
ature. As compared to as-received material, cryogenic
machining leads to approximately 27 and 29 percent in-
creases in austenite finish temperature at low and high cut-
ting speed, respectively.

e XRD analysis shows that complete transformation occurs
in dry machining at all selected cutting speeds.

e As compared to latent heat for transformation of as-re-
ceived material, machining process results in decreased la-
tent heat for transformation. At low cutting speed,
approximately 12, 23, and 35 percent reduction is mea-
sured at dry, preheated, and cryogenic machining, respec-
tively. Increased cutting speed leads to slightly larger
latent heat for transformation.

¢ After machining of NiTi material, heat treatment should
be carried out to obtain homogeneous phase state and
transformation temperature throughout the entire cross sec-
tion of the NiTi sample.
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