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ABSTRACT

Nitinol (NiTi), a nickel-titanium alloy, is used in biomedical applications owing to its superelasticity (SE)
property, which allows the material to revert to its original shape after significant deformation when the applied
load is removed. The process chain to manufacture NiTi components involves either plastic deformation or
additive manufacturing processes, both followed by post-processing by machining to achieve the part’s final
shape. However, machining NiTi poses challenges due to its unique stress-strain properties, and it becomes even
more critical when considering the unique characteristics of its microstructure.

Within this context, the present work aims to evaluate the role of microstructural features of NiTi alloy on tool
wear when machined after plastic deformation and additive manufacturing. In this regard, wrought and laser
power bed fusion (LPBF) cylinders were machined at different cutting speeds. Tool wear was quantitatively and
qualitatively analyzed, supported with cutting force measurements. The machined surfaces were characterized in
terms of austenite finish temperature, microstructural alteration, and surface roughness.

LPBF NiTi alloy exhibited a coarser and more inhomogeneous microstructure compared to wrought NiTi alloy,
resulting in faster tool wear. While the wrought material largely retained its superelasticity after machining, the
additive-manufactured samples experienced a reduction in superelasticity. However, this reduction was miti-

gated as the tool wear increased, due to the higher thermal loads generated during the cutting process.

1. Introduction

Nitinol, a nickel-titanium alloy, stands out as the most utilized Shape
Memory Alloy (SMA), largely due to its exceptional properties, notably
its shape memory (SM) and SE [1]. The SM effect occurs through a
thermally-induced transformation process triggered by a temperature
increase, while the SE effect arises from a stress-induced phase trans-
formation. This unique capability stems from a solid-phase trans-
formation between martensite and austenite, granting the alloy
distinctive and customizable mechanical properties. Its ability to un-
dergo significant deformation and return to its original shape upon
unloading makes it ideal for devices in biomedical applications such as
stents, orthopedic implants, and guidewires. For example, Nitinol or-
thopedic implants can dynamically adjust to the bones’ natural move-
ment and stress patterns, aiding in faster recovery and more efficient
load distribution [2].

On one hand, manufacturing NiTi parts presents significant
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challenges, on the other hand, the employed production technique can
substantially alter its notable properties. The chemical composition of
NiTi alloy plays an important role in determining its transformation
temperatures (TTs). It is known that a higher proportion of Ti in the alloy
elevates the As, while a greater concentration of Ni reduces the Ay and
enhances the SE of the material. There is a considerable variety of
production processes for NiTi alloys [3], which can be generically
classified into conventional (or wrought) and additive
manufacturing-based methods.

Over the past two decades, there has been an increasing trend to-
wards the utilization of additive manufacturing (AM) technologies for
fabricating near-net-shape NiTi parts to overcome the drawbacks of
traditional methods, especially the limitation in producing geometri-
cally complex parts of customizable size and porosity. The laser powder
bed fusion (LPBF) method is a prevalent choice in AM, particularly when
aiming for high-resolution output and good surface quality [4]. From a
CAD model, the laser selectively melts powders deposited layer by layer
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on an appropriate construction platform.

However, regardless of the manufacturing method, Nitinol machin-
ability poses a challenge due to its temperature-dependent mechanical
behavior as well as its relatively low phase transformation temperature.

The thermo-mechanical response of NITi alloys to machining, char-
acterized by high strain and strain-rate conditions, is considerably more
intricate than that of other engineering materials [5]. The machining
difficulties are due to their high strength, high resistance to deformation,
high toughness, low thermal conductivity, and high strain hardening
[3].

One indication of these challenges is the rapid and significant tool-
wear. To minimize production costs and ensure the production of
high-quality parts, controlling tool wear is essential.

NiTi machinability is closely related to its initial microstructure,
which can vary significantly depending on the manufacturing technique.
However, during the machining process, the microstructure can change,
affecting the workpiece’s characteristics and its mechanical properties.
This variation can have a significant impact on the performance of the
component during its service life, including its fatigue, corrosion, and
tribo-corrosion resistance [6].

Very few studies exist on tool wear during the machining of
conventionally manufactured NiTi alloys, and none specifically focus on
NiTi alloys produced using additive manufacturing. This lack of studies
is relevant given the increasing adoption of additive manufacturing for
industrial purposes. Since the additively manufactured part requires
further processing to achieve its final geometry, understanding the in-
teractions between the various steps in the process chain is crucial for
addressing this gap.

Kaynak et al. [7] considered different techniques to manufacture
room-temperature austenitic NiTi (50.8 at% Ni) parts, specifically vac-
uum arc remelting (VAR) and a combination of vacuum induction
melting (VIM) with VAR. The former process results in oxide inclusions
within the material, while the latter in both oxide and carbide-type in-
clusions. Additionally, two prior heat treatments were investigated for
the VAR-manufactured material: superelastic treatment (500 °C for 5
min) and full annealing (750 °C for 30 min). Afterward, the Nitinol
samples were machined using fixed cutting parameters but evaluating
the effect of three different lubrication conditions (i.e., dry, cryogenic,
and minimum quantity lubrication (MQL)) on the tool-wear. The latter
was assessed by measuring the length of the wear land in the tool nose
region, VB, at various machining times using an optical microscope.
Subsequently, the surface roughness of the machined surface was eval-
uated using the R, parameter. The machinability of the untreated sam-
ples was worse than that of the fully annealed ones. Additionally, it was
noted that the tool life decreased when cutting samples containing TiC
inclusions, thus indicating improved machinability of Nitinol when
there is no carbon addition to the alloy. Cryogenic cooling was shown to
significantly reduce tool wear. In terms of surface roughness, as
tool-wear increased over time, the surface roughness of NiTi worsened.
For short machining durations of around 1 min, cryogenic cooling pro-
vided the best surface roughness. However, after 4 min of cutting, the
surface roughness was practically the same for all three cool-
ing/lubrication modes.

In a previous study by the same authors [8], the effects of different
lubrication conditions and cutting speeds on tool wear were investigated
when machining room-temperature martensitic Nitinol. The cutting
speed (V) was varied at 12.5, 25, 50, and 100 m/min. Nose and crater
wear were identified as the most common wear types on the tool flank
and rake face, respectively. The experimental results showed using
cutting speeds above 25 m/min induced increased wear rates. To further
evaluate the impact of different cutting fluids, progressive tool-wear
tests were conducted at a constant cutting speed of 25 m/min,
comparing dry machining, MQL, and cryogenic cooling. Cryogenic
cooling proved to be the most effective one in reducing tool wear.

In a more recent study by the authors of this paper [9] the surface
integrity of additively manufactured room-temperature austenitic NiTi
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was analyzed after finishing operations, focusing on varying heat
treatments. NiTi samples were fabricated using the LPBF process and
designated as as-built (AB). Some printed cylinders were also heat
treated, designated as aged at 300 °C (T3), and aged at 600 °C (T6).
These heat treatments produced a fully austenitic crystalline structure in
all samples, imparting SE properties. Subsequent finishing operations
employed cutting parameters suitable for difficult-to-machine alloys,
including a depth of cut (ap) of 0.25 mm, a cutting speed of 62 m/min,
and a feed (f) of 0.07 mm/rev. This study compared the effects of
different heat treatments and lubrication-cooling strategies, specifically
flood and cryogenic cooling. Key findings include: (i) the heat treatment
after AM induces precipitate formation, influencing the NiTi’s supere-
lastic behavior, with the T6 treatment notably enhancing the work re-
covery ratio; (ii) machining drastically reduces SE, regardless of the used
machining parameters; and (iii) cryogenic machining helps reduce the
surface roughness of machined components.

In a follow-up study [10], the effect of the cutting speed on the
surface integrity and SE of LPBF NiTi samples in both the AB and T6
conditions was investigated. The cutting speed was varied, at V., = 31
m/min, 62 m/min, and 93 m/min under cryogenic cooling conditions. A
non-monotonic relationship between the cutting speed and SE was
observed, as the use of cryogenic cooling developed a temperature
gradient from the machined surface to the subsurface. This temperature
variation led to significant changes in the material’s mechanical prop-
erties. In terms of surface finish, the AB samples, despite having lower
hardness and SE compared to T6 samples, exhibited a 20 % increase in
surface roughness due to the inhomogeneous microstructure typical of
LPBF-manufactured materials. For a given material condition, smoother
surfaces correspond to lower SE.

In this context, the primary objective of this research is to assess how
tool-wear in turning is affected by differently fabricated room-
temperature austenitic NiTi. To achieve this, both wrought and LPBF
heat-treated NiTi samples were considered and characterized in terms of
microstructure, SE, and nano-hardness. Subsequently, turning trials
were conducted at varying cutting speeds, with the tool wear monitored
over time until the selected tool-life criterion was met. For the first time,
the tool-wear influence on the surface integrity and SE, comparing
conventionally and additively manufactured NiTi, was evaluated.

Acronym Nomenclature

NiTi Nickel-Titanium (Nitinol), a shape memory alloy
SE Superelasticity

SM Shape memory

HT-LPBF Heat treated-laser powder bed fusion
AM Additive manufacturing

SMA Shape memory alloy

TTs Transformation temperatures

As Austenite finish temperature

M Martensite start temperature

My Martensite finish temperature

As Austenite start temperature

VAR Vacuum arc remelting

VIM Vacuum induction melting

BD Building direction

Ra Arithmetic mean roughness

Sa Arithmetic mean height of the surface
EDS Energy dispersive spectroscopy

DSC Differential scanning calorimetry
FEG-SEM Field emission gun - scanning electron microscope
H Nano-hardness resulting from nanoindentation tests
u Work recovery ratio

F, Cutting force

F, Radial force

F; Feed force

Ve Cutting speed

a, Depth of cut

f Feed

SPD Severe plastic deformation

BUE Built-Up Edge

BUL Built-Up Layer

TiC Titanium Carbide

(continued on next page)
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(continued)
Acronym Nomenclature
VB¢ Flank wear at the nose of the tool
VBg Specific flank wear in the area adjacent to the nose
VBN Notch wear on the tool edge

2. Experimental work
2.1. Fabrication and characterization of nitinol samples

The Institute for Sustainable Manufacturing (ISM) of the University
of Kentucky supplied the wrought NiTi alloy in six cylindrical bars, each
with an average diameter of 12 mm and a length of 77 mm (see Fig. 1a).

The wrought NiTi alloy was produced using a combination of vac-
uum induction melting (VIM) and vacuum arc remelting (VAR). A
distinctive feature of the NiTi material fabricated with this technique is
the presence of oxide and TiC inclusions, which contribute to an increase
in hardness [7]. The nominal chemical composition of the wrought alloy
is 50.8 at% Ni and 49.2 at% Ti.

NiTi cylinders were also fabricated via laser powder bed fusion
(LPBF) using an MYSINT100 SISMA™ machine characterized by a cy-
lindrical building volume with a base diameter of 100 mm and height of
100 mm. The chamber works under an inert atmosphere of argon. The
laser unit has a maximum power of 200 W and a spot diameter of 30 pm.

Gas-atomized NiTi powders supplied by EKCART TLS™ in the size
range between 15 and 45 pm, with a nominal composition of 50.8 at% Ni
and 49.2 at% Ti, were used for fabricating cylinders of 15 mm in
diameter and 40 mm in height (see Fig. 1b). The samples were printed
vertically, namely with the axis parallel to the building direction (BD).
The following process parameters were used and optimized in another
work by the authors [9] to obtain fully dense parts: laser power of 70 W,
scanning speed of 1100 mm/s, hatch spacing of 60 pm, and layer
thickness of 25 pm. The cylinders were manufactured using the island
scanning strategy, where each island is 4 mm long and inclined by 30° to
the X and Y axes. To avoid the densification of defects in the same zones
and reduce thermal stresses, the islands were shifted by 1.53 mm on the
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X-axis and 4.66 mm on the Y-axis from one layer to another [11].

After LPBF, the cylinders were heat treated inside a high-
temperature laboratory RHF furnace by Carbolite Gero™ to enhance
the NiTi superelastic behavior, inducing the formation of precipitates.
The heat treatment included solubilization annealing at 1060 °C for 60
min followed by aging at 600 °C for 180 min, performed in a protective
atmosphere of argon flowing at 15 bars. The heat-treated laser power
bed fusion samples will be referred to hereafter as HT-LPBF.

Energy dispersive spectroscopy (EDS) elemental analyses were con-
ducted using an Oxford Instrument™ ULTIM MAX 40 probe on unetched
polished samples to assess and validate the chemical composition
following the material suppliers’ data. The EDS spectra results are
shown in Fig. 1a and b for the wrought and HT-LPBF samples, respec-
tively. The EDS data align with the nominal chemical composition.

Differential Scanning Calorimetry (DSC) analyses were carried out
using a DSC Q200™ machine to determine the NiTi characteristic
transformation temperatures (TTs), including martensite start (M),
martensite finish (Mp), austenite start (As), and austenite finish (Ay). The
DSC procedure adhered to the guidelines outlined in the standard test
method for determining the transformation temperatures of nickel-
titanium alloys by thermal analysis (F2004-17 [12]) and was per-
formed on three samples for each condition.

Samples from the NiTi cylinders were metallographically prepared
for optical microscopy analysis. The methods selected, as explained
below, are commonly used for this type of alloy to ensure optimal
microstructural results [13,14]. The NiTi pieces sectioned using an
abrasive cut-off wheel were afterward cold mounted, grounded with SiC
paper up to 4000 grits, and finally polished using 2/3 volume of alkaline
silica suspension with a grain size of 0.2 pm and 1/3 volume of 30 %
hydrogen peroxide (H205). The polished samples were cleaned with an
ultrasonic ethanol bath for 3 min, then rinsed in demineralized water,
and finally dried with compressed air. A few drops of a solution of 2.3 ml
HF, 14.1 ml HNO, and 82.7 ml Hy0, were poured on the NiTi polished
surfaces, for about 45 s, to reveal the grain boundaries.

The microstructure was analyzed at different magnifications using an
EOL™ JSM 7900F HR field emission gun scanning electron microscope
(FEG-SEM). An EDS analysis was performed to assess the nature of
precipitates. The measurement of the average grain size (d) was carried
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Fig. 1. Wrought (a) and HT-LPBF (b) NiTi cylindrical samples and corresponding EDS spectra.
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out using Matlab™ on six different micrographs at 50 x and 1000x of
magnification, respectively.

The mechanical properties of all the samples were assessed using the
iMicro Nanoindenter by Nanomechanics, Inc., which was equipped with
a Berkovich pyramid tip. The nanoindentation procedure involved
applying a maximum load (Ppax) of 10 mN. The load reached its
maximum linearly over 30 s, was held constant for 10 s, and then
decreased linearly back to zero over the next 30 s. The loading/
unloading rate was 20 mN/min. The chosen parameters ensure accurate
characterization of elastic and plastic surface responses, minimizing
measurement artifacts [14]. For each case, a minimum of twenty in-
dentations were carried out. The ISO 14577 constant loading rate
indentation method was used and the obtained data were elaborated
according to Part 1 of ISO 14577, whose formulas are based on the
Oliver-Pharr method and are presented as average values. The test re-
sults included the indentation hardness (H-IT, renamed H for the sake of
brevity) measured in GPa, and the work recovery ratio (4) [15]. The
latter is defined as the ratio of the recoverable strain energy (E,;) to the
total strain energy (E;), where E, is the sum of E, and the plastic strain
energy (Ep).

Fig. 2 shows a typical nanoindentation curve.

2.2. Machining tests

To evaluate the effects of the NiTi alloy manufacturing method on its
machinability, all samples were longitudinally turned on a Mori Seiki™
CNC lathe equipped with a Kistler Type 9129AA dynamometer. The
latter was used to measure the cutting force (F,), the radial force (F,),
and the feed force (F;), whose directions are indicated in Fig. 3a. The
forces were recorded as a function of time with a fixed sampling rate of
2500 Hz.

A fresh VCEX 110301L-F 1125 insert was used for each machining
condition under flood cooling, with a jet of water-based fluid containing
5 % semi-synthetic oil directed at the tool rake face through a nozzle.
This mixture was used to achieve a balance between cooling and
lubrication when machining NiTi. Water reduces the risk of overheating,
while oil provides protection against corrosion and wear, which in turn
is essential when working with materials such as NiTi. The overall
machining setup is shown in Fig. 3a.

The chosen inserts are specifically designed for machining ISO S class
materials, including Ni and Ti alloys. These alloys are prone to material
adhesion to the cutting edge (leading to the formation of the built-up
edge (BUE)), they work harden significantly and generate a high
amount of heat, which, overall, pose substantial challenges during
machining and reduces tool life compared to other materials [16]. The
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Fig. 2. Schematic of a nanoindentation curve.
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chosen inserts have two cutting edges and a corner radius () of 0.1 mm.
The substrate is made of high-carbon tungsten carbide (HC-WC), while
the coating consists of PVD-deposited TiAIN, which is applied to
enhance wear resistance, reduce friction, and improve cutting perfor-
mance, thus prolonging the tool life during the turning operation. Before
use, each tool insert was examined using a FEI™ Quanta 400 scanning
electron microscope (SEM) to inspect the primary cutting edge for any
manufacturing defects, such as damage or microfractures. Fig. 3b shows
an exemplary SEM image of a new tool insert used in this study.

The cutting parameters were selected based on the tool manufac-
turer’s recommendations for difficult-to-machine materials. Preliminary
turning tests were performed on wrought NiTi samples to optimize these
parameters, maintaining a constant feed of 0.05 mm/rev. The depth of
cut was varied at a, = 0.25 mm, a, = 0.35 mm, and a, = 0.5 mm, with g,
= 0.35 mm providing the optimal surface roughness, and thus this value
was chosen as the final depth of cut. Next, the cutting speed was varied
at V. = 20 m/min, V, = 31 m/min, V., = 50 m/min, and V, = 80 m/min.
The latter two speeds were selected as they resulted in the best surface
roughness.

For the tool-wear study, a new tool insert tip was used for each test.

Table 1 summarizes the experimental plan for the machining tests
with the selected cutting parameters.

2.3. Tool-wear measurements

Fig. 4 shows a typical wear pattern observed along the tool flank
face. According to Ref. [17], the width of the flank wear land can be
divided into four zones:

e Zone C is the curved part at the tool tip, where the flank wear is
identified as VBc.

e Zone B represents the straight segment of the cutting edge between
zones C and A, where the specific flank wear is termed VBp.

e Zone A constitutes the outermost quarter of the worn cutting edge,
furthest from the tool corner.

e Zone N extends beyond the region where the tool and workpiece
come into contact, spanning approximately 1-2 mm along the major
cutting edge, and is identified as VB, also known as notch wear.

First, the major wear mode was identified according to Fig. 4. Then,
tool wear was monitored over time until the critical wear threshold was
reached.

Tool-wear mechanisms at different cutting times were evaluated
using the SEM equipped with an Everhart-Thornley detector (ETD) and a
backscattered electron detector (BSED). The presence of adhered
workpiece material on the worn cutting tools was assessed using an
EDAX™ energy-dispersive X-ray spectroscopy detector, employing the
SmartMaps function.

2.4. Characterization after machining

Tool wear adversely affects the performance of a tool, and also, alters
the surface roughness and surface integrity of the machined material.
For this reason, the analyses detailed in § 2.1 were carried out also on the
machined samples, focusing specifically on two wear stages: the mini-
mum wear phase (w min) and the maximum wear phase (w_max). These
phases correspond to VB¢ values of approximately 0.1 mm and 0.3 mm,
respectively.

For the post-machining analysis, the machined cylinders were cut,
and the region near their outer edge was investigated to identify possible
changes induced by turning.

The thickness of the severe plastic deformation (SPD) layer was
evaluated on Leica™ DMR optical microscope images at 200x magnifi-
cation as the average of ten measurements equidistant from each other
by approximately 50 pm.

Surface roughness measurements were conducted using the Sensofar
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Fig. 3. a) Mori Seiki™ CNC lathe set up; b) 3D view of the cutting insert from the manufacturer’s website and SEM image of the nose region taken at 300x

magnification.

Table 1

Experimental plan for the machining tests.
NiTi initial state V. (m/min) f (mm/rev) a, (mm) Sample ID
Wrought 50 0.05 0.35 W_v50
Wrought 80 0.05 0.35 W_v80
HT-LPBF 50 0.05 0.35 HT-LPBF_v50
HT-LPBF 80 0.05 0.35 HT-LPBF_v80

Wobeli weat Flank wear land

k |

VB,

ATHORES

TN T AT B C

Fig. 4. Characteristic wear zones observed on the tool flank face during
turning [17].
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Metrology™ S Neox 3D optical profiler equipped with a Nikon™ 20x
confocal objective. Subsequently, the resulting scans were processed
with the Sensofar Metrology™ SensoSCAN software. The arithmetic
mean height (S,), as established by ISO 25,178-2:2012, was used as the
pivotal parameter for process monitoring on the S-L surface. For this
purpose, ISO 16,610-61:2015 guidelines were followed, using a 2.5 pm
S-filter and a 250 pm L-filter.

3. Experimental results

3.1. Characteristics of the wrought and HT-LPBF NiTi samples after
fabrication

Fig. 5a reports the DSC analyses, which allowed for the derivation of
TTs of the NiTi samples before machining. For wrought NiTi the TTs are
as follows: My = —29.4 °C, My = —45.9 °C, A; = —12.9 °C, and A5 =
—1.7 °C. Conversely, for HT-LPBF NiTi: M; = —12.9 °C, My = —42.7 °C,
As=—-12.0°C, and Ay =11.4 °C.

Ay is particularly critical among TTs since it can be considered an
indicator of SE [18]. For both wrought and HT-LPBF NiTi, the Aris below
room temperature, ensuring that all samples were in the austenitic phase
at room temperature before machining. Notably, the TTs obtained from
the DSC curve of the HT-LPBF samples shifted toward higher values than
that of the wrought samples, especially Ay, indicating a more stable
austenitic phase in the latter case. It is worth noting that no R-phase was
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Fig. 5. (a) DSC and (b) nanoindentation curves of the wrought and HT-LPBF NiTi samples.
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detected. The R-phase is an intermediate state between the austenitic
and martensitic crystalline structures, and it is widely recognized for its
adverse effects on NiTi [19].

In general, the peak shape related to the martensite-austenite
transformation differs between the two differently fabricated samples,
as shown in Fig. 5a. These peaks indicate the heat changes resulting from
the phase transformations occurring in the material during heating or
cooling [20]. The position and amplitude of these peaks give relevant
information on the phase transformations and related temperatures at
which they occur.

A narrow peak indicates a well-defined and relatively uniform phase
transition, that characterizes a homogeneous material structure. A wider
peak, on the other hand, denotes a more complex transformation,
frequently associated with a wider distribution of transformation tem-
peratures or the presence of multiple phases and structural variations in
the material. This variability can result from defects, impurities, or a
fabrication process that introduces a non-uniform microstructure.

The conventional fabrication process for the wrought NiTi involving
plastic deformation induces a more homogenous microstructure and a
clearly defined distribution of crystalline phases. Contrarily, additive
manufacturing induces strong heat gradients and rapid cooling rates in
the HT-LPBF NiTi, which results in a more intricate and non-uniform
microstructure.

From the nanoindentation curves plotted in Fig. 5b, the mean values
of H and yu are 5.27 (GPa) + 0.07 and 0.54 + 0.01, respectively, in the
case of the wrought NiTi, while 4.86 (GPa) + 0.09 and 0.5 + 0.01 for the
HT-LPBF NiTi. An 8.4 % increase in H is detected for the wrought
samples compared to the HT-LPBF ones. Similarly, an 8 % increase in y is

Wear 570 (2025) 205890

observed by comparing the two NiTi manufacturing methods.

There is a relationship between hardness and Ay [21]. The higher
hardness of the wrought NiTi correlates with its lower Ay temperature,
making the austenite phase more stable at room temperature.
Conversely, the higher Ay of the HT-LPBF NiTi suggests that the material
is more prone to phase transformation into a softer martensitic phase,
which contributes to the lower hardness observed in the HT-LPBF
compared to the wrought NiTi.

Fig. 6 illustrates the microstructure of the wrought and HT-LPBF NiTi
samples at different magnifications. In both cases, the microstructure
consists of equiaxed B2 cubic austenite grains. The HT-LPBF samples
exhibit larger and more irregular grains than the wrought samples. The
mean value of the grain size was d = 37 + 19 pm and d = 66 + 25 pm for
wrought and HT-LPBF NiTi, respectively. It is crucial to note that the HT-
LPBF samples underwent a two-step heat treatment, specifically, the
aging at 600 °C led to grain growth and the formation of precipitates.

Grain size has a significant impact on the mechanical properties of
metals. Larger grains are generally associated with reduced mechanical
strength, lower hardness, and increased ductility [22]. This is because
larger grains result in fewer grain boundaries within the microstructure.
These observations align with previous findings, which indicate that
HT-LPBF samples are softer compared to wrought ones (Fig. 5b).

The FEG-SEM images of Fig. 6 show the presence of inclusions and
precipitates within the grains of the wrought and HT-LPBF samples,
respectively. To better understand the nature of these particles within
the austenite matrix, a more detailed EDS analysis was performed (see
Fig. 7). TiC inclusions were found in the wrought samples, consistently
with [7], while the HT-LPBF samples contain precipitates of varying

Inclusion

O

s y Needle-bke preapitates

Frpaxed” pricymtates

Fig. 6. FEG-SEM images of the microstructure of the (a) wrought and (b) HT-LPBF NiTi samples at different magnifications (500X and 2500X).
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Fig. 7. FEG-SEM image at 10000X of magnification and corresponding EDS analysis data of the a) wrought and b) HT-LPBF NiTi samples.

composition. Specifically, some precipitates are rich in titanium (Ti),
while others are rich in nickel (Ni). The aging process after annealing
undergone by the HT-LPBF samples mainly led to the formation of
equiaxed precipitates with an average diameter of 0.38 + 0.1 pm,
though needle-like shaped precipitates were also observed. It is worth
noting that both the chemical composition and morphology of these
precipitates strongly depend on the aging temperature. Table 2 sum-
marizes the results discussed so far.

3.2. Tool-wear

Before investigating how the tool-wear is influenced by the NiTi
initial state and cutting speed according to Table 1, a preliminary
assessment of the tool-life curve was conducted by turning wrought NiTi
cylinders at a cutting speed of 50 m/min, with the feed and depth of cut
set as in Table 1. The tool-life curve reported in Fig. 8 was obtained,
showing a trend consistent with the literature and ISO standard [17].
The curve shows an initial running-in phase, during which wear ad-
vances rapidly (from t = 0 min to about t = 1 min), followed by a sta-
tionary phase (from t = 1 to nearly t = 10 min), and a final phase where
wear accelerates, leading to the catastrophic failure of the tool [23]. The
tool wear was characterized based on the ISO 3685 standard, revealing
that nose wear was the primary wear mode, which is common in cutting
nickel-based alloys [24]. Consequently, the tool-life criterion was
established when the maximum width of flank wear in the nose region
(VB¢) reached approximately 0.3 mm. This value is generally accepted
in industrial applications as a critical one beyond which the tool can no
longer hold the required tolerances, thus adversely affecting the quality
of the workpiece and the process itself. Literature also suggests that
exceeding this threshold value could lead to vibration, overheating, and
increased friction when machining nickel alloys [25].

Fig. 9a shows the tool-life curves obtained when turning the wrought
and HT-LPBF NiTi samples at V., = 50 m/min. Notably, the HT-LPBF NiTi
exhibits a more rapid decline in tool performance compared to the
wrought NiTi. Fig. 9b presents the tool-life curves obtained at V. = 80
m/min for the same samples. Compared to Fig. 9a, there is a notable
reduction in tool life at the highest cutting speed, consistent with find-
ings in the literature [26]. Although both the wrought and HT-LPBF
samples demonstrate a similar tool life at VB, = 0.3, the HT-LPBF ones

Table 2
Thermal, mechanical, and microstructural characteristics of the wrought and
HT-LPBF NiTi samples before machining.

Af (°C) H (GPa) 7 d (pm)
Wrought ~1.7 £ 0.6 5.27 + 0.07 0.54 + 0.01 37 +£19
HT-LPBF 114+ 1.4 4.86 + 0.09 0.5 £ 0.01 66 + 25
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Fig. 8. Exemplary tool-life curve when turning wrought NiTi samples at V, =
50 m/min.

show a steeper curve, indicating more significant tool wear in the earlier
stages.

The SEM images of the tool, obtained using the BSED detector, are
presented in Fig. 10. They illustrate the progression of the tool flank face
wear at increasing width (VB¢ ~ 0.1 mm, VB¢ = 0.2 mm, VB¢ ~ 0.3 mm)
while turning the wrought and HT-LPBF NiTi cylinders. Abrasive wear,
adhesion wear, BUE, and micro-chipping represent the tool flank face
wear mechanisms. Nevertheless, regardless of the cutting speed and
workpiece material’s initial state, abrasive and adhesive wear emerged
as the dominant wear mechanisms. The former was indicated by severe
scratch marks observed on the tool’s flank face, while the latter was
identified through a combined analysis making use of the BSED and EDS
probes. Fig. 11 presents the results of the EDS analyses conducted on the
rake face of the worn tools at the w_max step.

A BUL (built-up layer) was also observed on this tool surface. The
BUL is characterized by a continuous layer of machined material that
adheres to the tool rake face, increasing friction and accelerating wear
[27]. Unlike BUE, which forms as a ridge of material concentrated on the
cutting edge of the tool, BUL covers a wider portion of the rake face and
typically occurs at high cutting speeds (as shown in Fig. 11). Both
phenomena result from the adhesion of material during the machining
process, but BUE tends to detach periodically, compromising the quality
of the cut, while BUL remains more stable but negatively affects the
cutting efficiency due to increased friction. EDS individual element
maps were used to visualize the spatial distribution of elements within
the acquisition area. Specifically, the uniform grey region visible on the
rake face corresponds to the tool’s coating material, which remained
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unchanged during the cutting operations. In contrast, the bright white
regions were identified as the tool substrate material, evidenced by the
presence of tungsten. Meanwhile, the light grey region corresponds to
the residual NiTi alloy, as indicated by the presence of nickel and tita-
nium, the main components of the turned alloy.

As a general observation, the tool wear images in Fig. 10 indicate
that adhesive flank wear develops particularly at the nose region, as
previously stated. Additionally, no significant cratering was observed on
the rake face, as shown in the SEM images of Fig. 11. These findings are
consistent with other records, where abrasive and adhesive wear on the
tool flank were found to be significantly more predominant than crater
wear on the tool rake face [28]. This observation further supports using
the flank wear width as a criterion for assessing the tool’s end-of-life.

From Fig. 10 it is clear that adhesive wear and BUE formation are
drastically reduced at the highest cutting speeds because lower time is
provided for the diffusion process to take place. This phenomenon helps
reduce the flank wear, preventing direct exposure of the tool material to
the workpiece, thus reducing the rubbing effect and limiting the
appearance of abrasion wear [29].

At a fixed cutting speed of 50 m/min, less adhesion wear and BUE are
formed when turning the HT-LPBF material compared to the wrought
one.

Fig. 12 presents the cutting forces acquired when turning the
wrought and HT-LPBF NiTi samples at different cutting speeds (V. = 50
m/min and V., = 80 m/min) over time. The radial force, cutting force,
and feed force shown on the left side of Fig. 13 are relevant to the
wrought NiTi: it is evident that all the force components increase with
the cutting time regardless of the cutting speed. It is worth noting that
the cutting forces are significantly higher at V. = 80 m/min, already
after 2 min of cutting. These results are in good agreement with those
shown in Figs. 9 and 10, where much more intense tool-wear was
observed at the highest cutting speed. On the right side of Fig. 13, the
cutting forces recorded when turning the wrought and HT-LPBF NiTi
samples at V, = 80 m/min are compared, showing that the fabrication
method does not have a substantial effect on the evolution of the forces
with the cutting time. These results contrast those of Figs. 9 and 10,
where turning the HT-LPBF induces more substantial tool wear than in
the case of turning the wrought material.

3.2.1. Characteristics of the wrought and HT-LPBF NiTi samples after
machining

Fig. 13 shows the DSC curves of the wrought and HT-LPBF NiTi
samples machined at the minimum tool-wear stage for the two cutting
speeds; the DSC curves relevant to the two material states before
machining are also reported for the sake of comparison. No changes in
the peak’s shape concerning the condition before machining are
detectable.

Nevertheless, turning at any cutting speed shifts the curves toward
higher temperatures in the case of the HT-LPBF samples, while a
negligible effect is registered for the wrought ones.

Hence, the machining step does not significantly affect the wrought
NiTi Ay, indicating greater stability in the phase change compared to the
HT-LPBF NiTi. In contrast, the machining step significantly influences
the HT-LPBF NiTi Ay, and consequently its properties. The Ay increase
can be attributed to the development of the martensite phase that occurs
during the machining stages of the AM alloy [9]. The presence of the
R-phase evidenced by a circle in the graph of Fig. 13b validates this
assertion.

Fig. 14 shows the NiTi Ay values for all investigated conditions,
before and after machining. The cutting speed has a negligible effect on
the Ay values, regardless of the NiTi fabrication method.

Fig. 14 evidences an unexpected effect of the tool wear on the HT-
LPBF Ay. Specifically, Ay increased as a consequence of machining dur-
ing the initial tool-wear phase. Conversely, when the tool wear was
maximum, Ay decreased significantly, returning to values similar to
those observed before machining. This trend was consistent regardless
of the adopted cutting speed. The variability of error bars in Fig. 14 may
be ascribed to the uneven local distribution of martensitic and austenitic
phases, which affect the material’s thermal response during the thermal
cycles of DSC measurements.

Fig. 15 illustrates the microstructures of the cross-sections of the
wrought and HT-LPBF samples machined at varying cutting speeds and
tool-wear stages. In both cases, an SPD layer is observed, where the
grains are bent in the direction of the cutting speed. This SPD layer is
associated with grain refinement, indicating changes in the material’s
mechanical properties [30].

At the maximum wear stage, extensive twinning within the grains
can be seen below the SPD layer. They appear as parallel bundles of
lamellas within the austenitic matrix and are formed to minimize the
elastic energy during phase transformation (see Fig. 15). However, the
values of the SPD layer thickness refer only to the zone characterized by
bent grains.

Fig. 16 summarizes the SPD layer thickness values derived from
Fig. 15. Generally, the higher the cutting speed the thinner the SPD
layer, as elevated temperature cycles induce less strain hardening in the
material [10].

The thickness of the SPD layer in the samples machined when the
tool wear was maximum was higher than the one at the minimum tool
wear. In addition, the wrought NiTi samples were characterized by a
thicker SPD layer than the HT-LPBF ones. Notably, at a cutting speed of
50 m/min, the wrought NiTi samples exhibit an almost 100 % increase
in the SPD layer thickness from the minimum to the maximum wear
phase, while in the HT-LPBF case, the increase is 41 %. At a cutting
speed of 80 m/min, the wrought NiTi samples show a 25 % increase in
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Fig. 10. SEM images of the tool flank face at varying tool-wear stages when turning the wrought and HT-LPBF NiTi samples.

the SPD layer thickness as wear progresses, whereas in the HT-LPBF
case, the increase exceeds 100 %.

Generally speaking, the error bars at the maximum wear stage are
larger than those at the minimum wear stage. This is likely due to the
high density of twins, which increases the variability in the thickness of
the SPD layer.

3.3. Surface finish

The analysis of Fig. 17 indicates that the surface roughness signifi-
cantly increases when the cutting tool is heavily used compared to when
it is minimally worn, as expected. For example, when turning the
wrought NiTi at V. = 50 m/min, the surface roughness increased by 143
% from minimum to maximum tool wear.

Also, Fig. 17 demonstrates that the machined HT-LPBF NiTi samples
consistently have smoother surfaces than the wrought ones, regardless
of tool-wear progression and cutting speed. For fresh tools, the surface
roughness is reduced by 54 % and 28 % at V. = 50 m/min and V, = 80
m/min, respectively, when the HT-LPBF NiTi samples are compared to
wrought ones.

Lastly, increasing the cutting speed results in rougher surfaces,
regardless of the material fabrication method, even if the effect is more
evident in the case of the HT-LPBF samples. When using a fresh tool, the
Sa of the HT-LPBF samples indeed increased by 65 % at V., = 80 m/min
compared to V, = 50 m/min. With a comparable trend, the Sa of the
wrought samples increased by 5 % at V; = 80 m/min compared to V, =
50 m/min.
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4. Discussion

The tool wear results in Fig. 9 show that the HT-LPBF samples induce
higher tool wear than the wrought samples, particularly at the lowest
cutting speed. This can be attributed to the inhomogeneity of the ma-
terial, which negatively affects its machinability and, consequently,
accelerates the tool degradation.

The microstructure of the HT-LPBF samples is indeed significantly
more inhomogeneous than that of the wrought ones. This in-
homogeneity is characterized by: (i) local chemical composition varia-
tions, and (ii) the presence of distinct crystalline phases (austenite,
martensite).

The local chemical composition variation between the wrought and
HT-LPBF samples is evident from the EDS analysis shown in Fig. 7. While
the composition of the wrought samples remains homogeneous
throughout the grains, the HT-LPBF ones show increased variability.
Due to the AM process and the subsequent heat treatment, which pro-
motes the precipitation of particles.

After heat treatment of the LPBF samples, a Ni-rich matrix forms (see
star-shaped point in Fig. 7) due to the precipitation of precipitates
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during aging, reducing the Ti content in the NiTi matrix and conse-
quently lowering the transformation temperatures [31].

As mentioned in §1, a smaller variation in composition leads to sig-
nificant changes in the material mechanical properties, and conse-
quently, in the potential wear morphology that develops during
machining in the cutting tool [32].

Adhesion, dissolution, and diffusion are the primary wear mecha-
nisms when machining titanium and nickel alloys. This is due to the high
temperatures generated in the cutting zone, which are further intensi-
fied by the low thermal conductivity of these metals, thus increasing
their chemical reactivity with the tool material [32]. However, titanium
is significantly more reactive than nickel, making titanium alloys more
susceptible to adhesive wear phenomena [33]. In this context, the
composition variability may have influenced the formation of BUE.
Specifically, the higher nickel content in the HT-LPBF samples reduces
their susceptibility to adhesion compared to the wrought samples.

The formation of BUE acts as a protective barrier, reducing the
sensitivity of the abrasion-sensitive flank wear. The role of the BUE helps
explain why the differences between the two manufacturing methods
decrease with higher cutting speeds. As the cutting speed increases, such
as at V, = 80 m/min, the time available for diffusion phenomena to
occur becomes shorter [27].

The inhomogeneity caused by the presence of distinct crystalline
phases may be an additional factor contributing to the lower machin-
ability of the HT-LPBF samples compared to the wrought ones. Although
the HT-LPBF samples are predominantly austenitic at room temperature,
the presence of retained martensite is possible, despite their A; tem-
perature being lower than room temperature. The higher Ascompared to
the wrought samples, along with the less defined austenite-martensite
transformation peak, supports this assumption (see Fig. 5 and Table 2).

In [34] the effect of the building orientation (BD) and post-AM heat
treatments on the superelastic NiTi mechanical behavior was evaluated.
The microstructure of the material printed along the BD direction was
evaluated through Electron Back Scattered Diffraction (EBSD) revealing
the presence of martensite along the grain boundaries. This was attrib-
uted to compositional heterogeneities or to the presence of residual
stresses between adjacent grains. Additionally, a high level of kernel
average misorientation (KAM) was detected within the austenite grains
near the martensite regions. The KAM maps show a difference in the
crystal orientations of the adjacent measurement points, and their
magnitudes are typically correlated to the level of the residual plastic
strain existing in the tested samples: the higher the KAM values of the
microstructure the larger the magnitude of the residual strains caused by
the residual stresses [35].

Although the heat treatment significantly reduces the level of KAM
compared to the as-printed samples, some remain.

Unlike steels, NiTi in its austenite phase exhibits cubic symmetry,
making it hard and rigid. In the martensite phase, however, Nitinol
becomes less symmetrical, soft, and flexible [36]. Although martensite is
less hard than austenite, the presence of different phases plays a role in
reducing the material machinability.

The DSC data presented in Fig. 14 highlight two general trends: (i)
the wrought samples are marginally affected by machining in terms of A¢
regardless of the adopted cutting speed; (ii) the machined HT-LPBF
samples have Ay much higher than the one in the pre-machining con-
dition, nevertheless, a reduction of Ay at increasing tool wear is seen,
regardless of the adopted cutting speed.

The marginal Ay increase of the wrought NiTi samples before and
after machining is ascribed to their higher stability compared to the HT-
LPBF samples. Furthermore, it is worth noting that the wrought NiTi As
is always lower than the room temperature, meaning that the material
exhibits superelasticity even after machining.

On the other hand, the microstructural heterogeneity of the HT-LPBF
samples makes them more susceptible to plastic deformation induced by
machining, leading to an increase in Ax. When cutting with worn tools,
the significant heat generation promotes the material softening in the
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Fig. 12. Cutting forces vs. cutting time till the tool’s end-of-life at varying cutting speeds when turning wrought and HT-LPBF NiTi samples (error bars represent

standard deviation).

subsurface layers, hence reducing the amount of material that undergoes
the austenite-martensite transformation, which is responsible for the A¢
decrease.

Fig. 16 summarizes the SPD layer thickness data, showing that: (i)
the SPD layer thickness is higher at maximum wear than at minimum
wear, and (ii) the wrought NiTi samples have a thicker SPD layer than
the HT-LPBF ones. The tool-wear influence on the SPD layer thickness
can be ascribed to the increase in the cutting forces at increasing wear
(see Fig. 12). As wear progresses, the tool cutting edge becomes more
irregular and less sharp, leading to increased friction between the tool
and the workpiece. Overcoming this increased friction not only requires
greater cutting forces but also raises the cutting temperatures. While
higher temperatures, as mentioned earlier, tend to reduce the SPD layer,
the effect of increased cutting forces outweighs the temperature effect.
This exacerbates the cutting process, causing more severe material
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deformation and, consequently, a thicker SPD layer. Therefore, the
thicker SPD layer observed at the maximum wear stage can be attributed
to the combined effects of increased cutting forces and elevated tem-
peratures, both resulting from increased tool wear.

The above-reported considerations are supported by the observation
that twins consistently form under the highest tool wear conditions.
When the material is deformed, twins form and move, and upon stress
release, they typically dissolve, allowing the material to return to its
austenitic phase and regain its original shape. However, in machining at
the maximum wear stage, it was observed that these twins obstruct the
migration of martensite interfaces, thus stabilizing its microstructural
morphology (see Fig. 15) [37]. This may be because using a severely
worn tool introduces localized plastic deformations and residual stresses
into the material. Microstructural alterations caused by high stress or the
action of a worn tool—such as crystal defects, dislocations, or
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micro-cracks—can act as anchor sites for the twins, preventing them
from disappearing.

Wrought materials form a thicker SPD layer than HT-LPBF materials.
This is because, due to their finer microstructure (as shown in Table 2),
they are more susceptible to deformation induced by machining.

It is important to note that the present results are not inconsistent
with those related to the Ay results. Although severe plastic deformation
is evident in the images in Fig. 15, it does not necessarily mean that all
deformed grains have transformed into the martensite phase [38].

Fig. 17 shows that: (i) the HT-LPBF samples consistently have
smoother surfaces than the wrought ones, and (ii) increasing the cutting
speed always leads to rougher surfaces. The smoother finish of the HT-
LPBF samples can be attributed to their lower SE (see Table 2), which
reduces elastic recovery after the cutting tool disengagement from the
machined surface, leading to a less pronounced surface roughness
compared to the wrought material. It should be noted that the effect of
SE prevails over the status of the tool, which wears out more when
cutting the HT-LPBF samples (see Fig. 9).

The wrought NiTi exhibits higher elastic recovery after the cutting
tool disengagement, contributing to an increase in the heights of the
peaks, and hence increasing the surface roughening. In Ref. [39], a
comparison between cryogenic ultrasonic vibration-assisted turning
(CUVAT) and ultrasonic vibration-based turning (UVAT) was per-
formed, finding that CUVAT, which combines ultrasonic vibrations with
cryogenic cooling, produces a more complex and isotropic surface
texture with deeper dimples. Specifically, the latter finding was induced
by a more intense elastic recovery provoked by a temperature reduction
favored by cryogenic cooling.

When considering the effect of the cutting speed on the surface fin-
ish, it is likely due to the higher temperatures that develop in the cutting
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zone at increasing cutting speed, leading to more material thermal
softening and plastic deformation, which contribute to increased surface
roughness.

5. Conclusions

This study focused on the tool wear analysis when machining Ni-rich
NiTi alloy, manufactured by conventional methods and laser powder
bed melting followed by heat treatment. Fundamental differences in
transformation temperatures, microstructures, and hardness between
these two manufacturing approaches were highlighted. The major
findings are:

- Microstructure and superelasticity:

The DSC and nanoindentation analyses reveal that the wrought NiTi
samples exhibit higher hardness and superelasticity than the HT-LPBF
NiTi ones, which have larger grains and less stable austenite phases.
The HT-LPBF samples show higher Arand contain precipitates of various
natures, while the wrought NiTi samples have TiC inclusions.

- Tool-wear and Cutting Forces:

The HT-LPBF NiTi samples exhibit a faster decline in the tool life,
particularly at the lowest adopted cutting speed. Adhesive wear and BUE
formation were reduced at the highest cutting speed, likely due to the
shorter contact time between the tool and workpiece, which limits
material adhesion.

Cutting force measurements show an increase over time, especially
at the highest cutting speed. However, a discrepancy was noted between
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the cutting forces and the degree of tool wear in the HT-LPBF samples;
despite similar cutting forces being registered regardless of the NiTi
manufacturing method, the tools that machined the HT-LPBF NiTi
samples exhibited more consistent wear.

- Surface integrity after machining:

In the case of the HT-LPBF samples, machining causes Ay to shift to
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higher values, indicating a significant impact on SE. On the other hand,
the wrought NiTi samples exhibited a minimal change in Ay, suggesting

greater stability.

The thickness of the SPD layer is influenced by cutting speed, with
the highest speed producing thinner layers due to reduced strain hard-
ening. The wrought NiTi samples generally exhibit a thicker SPD layer
than the HT-LPBF ones, especially as the tool wear progresses, under-
scoring the differing responses of the two materials to machining
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stresses.

- Surface finish after machining:

Regardless of tool condition or cutting speed, HT-LPBF samples
consistently achieve smoother surfaces than wrought NiTi, primarily
due to their lower SE. When using fresh tools, surface roughness is
reduced by 54 % and 28 % for HT-LPBF samples at cutting speeds of 50
m/min and 80 m/min, respectively, compared to wrought NiTi alloy.
However, increasing the cutting speed results in rougher surfaces for
both materials at the minimum wear stage.

- Implications for Workability and Applications:

The differences observed between the NiTi alloy produced by HT-
LPBF and conventional methods have significant practical implica-
tions. Conventional methods provide advantages in terms of hardness
and stability of transformation temperatures, making them more suit-
able for applications that demand high mechanical performance and
consistent thermal behavior. In contrast, additive manufacturing tech-
niques like LPBF offer greater flexibility and customization options but
require further optimization. Although post-processing heat treatments
can enhance mechanical properties and durability, continuous refine-
ment is needed for these techniques to achieve the performance levels of
conventional methods.
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