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Abstract: Shape memory alloys are mainly used in medical devices and
surgical implants due to their biocompatibility. Machining these alloys into
intricate patterns can be challenging due to their poor thermal
conductivity which could lead to a poor surface finish. The poor surface
finish causes a release of toxic elements such as Nickel, leading to contact
allergies and thus deteriorating its biocompatibility. Using the right
cooling technology can help improve their machinability and overcome
issues related to surface integrity. The current study investigates the
effect of milling parameters (cutting-speed, feed rate, and depth of cut)
and different cooling strategies (flood coolant, cryogenic liquid nitrogen,
and a hybrid approach) on the surface integrity of F2063 Niss Tis4.4 shape
memory alloy. In addition, the effect of cryogenically treating the cutting
tool for further enhancement of surface finish was investigated. A
considerable modification on the milled surfaces was observed when using
the hybrid cooling/milling approach and cryo-treated tools in terms of
morphological, chemical compositional, crystallographic, and
microhardness. In addition, this modified surface had a noticeably
improved bioactivity due to enhanced hydrophobicity (with contact angle
92°) and surface topography (Ra: 341.69 nm), which favoured cell
adhesion and proliferation. The results indicate that the modified

Niss 6Ti44.4 alloy surface might be adequate for use in medical applications.

Keywords: Cryo-treated cutting tool; wet, cryo, and hybrid milling
environment; ASTM F2063 NissgTisgs alloy; surface roughness;

microhardness; bioactivity



1. Introduction
Over the last few decades, the productive collaboration among medical
science, material science, and engineering has been constantly
introducing some specific biologically compatible smart and/or novel
materials to deal with physical sicknesses such as heart disease or fracture
fixation/arthrodesis. One such category of lightweight smart biomaterials
is nickel-titanium (NiTi) shape memory alloy (SMA), which was also termed
“Nitinol” after the U.S. Ni-Ti-Naval Ordnance Laboratory. Nitinol is non-
cytotoxic, tough, corrosion-resistant, and capable of changing its shape
and operating at high temperatures. It is relatively less costly in
comparison to Gold-Cadmium SMAs [1]. The superior biocompatibility and
superelasticity of Nitinol amongst all SMAs make it suitable for use
comfortably inside the human body for different biomedical purposes. The
superelasticity of Nitinol in conjunction with high fatigue resistance makes
it appropriate for application in varieties of non-degradable/permanent
biomedical implants such as vascular stents, transcatheter heart valves,
neurovascular clot pullers, and atrial fibrillation devices. In orthopedic
applications such as osteotomy fixation and compression staples, unlike
other titanium and stainless steel alloys, Nitinol’s spontaneous recovery
from a contorted shape, mechanobiological characteristics, and low-
modulus (from its reverse phase transformation) enables a more uniform
load distribution over the implant and bone and thus minimize the stress
shielding of bone and chances of implant failure [2].
Nitinol exhibits phase transformation when subjected to a

considerable variation in temperature or stress. High temperatures lead



to cubic austenite with Young’s modulus ranging from 60 to 90 GPa,
whereas low temperatures to monoclinic martensite with Young’s modulus
ranging from 28 to 41 GP. However, Nitinol possessing relatively high Ni
content may have R-phase. The start of the austenitic and martensitic
phases is abbreviated as As and Mg, respectively, and similarly, their finish
phases are as Ar and My, respectively. Additionally, the martensitic phase
displays lower elastic modulus, magnetic susceptibility, and electrical
resistivity compared to the austenitic phase [3]. Biomedical implants have
complex shapes and designs. Acquiring these appreciable sizes and shapes
on Nitinol via traditional manufacturing techniques is often strenuous due
to its low machinability, substantial strain hardening, and deformation
resistance. Consequently, the developed stresses and high temperatures
during metal cutting induce the phase transformation in Nitinol. Moreover,
the precise conversion of titanium (Ti) alloys including Nitinol into the
desired form also depends on the proper selection of a suitable subtractive
manufacturing process, input variables, and cooling environment in both
traditional and non-traditional settings at both macro [4, 5] and micro-
levels [6, 7]. However, as concluded by a comprehensive recent survey [8],
in the case of traditional subtractive processing of nickel-titanium alloys,
extensive studies are urgently required where cooling conditions and the
cutting tools’ properties are significantly varied using advanced
approaches. In this relation, a previous study highlighted a considerable
role of low-temperature cooling agents (cryogenic coolants) such as the
health-friendly liquid nitrogen (LN;), as a potential cooling candidate for

eliminating the high machining temperatures and reducing cutting forces,



which could further lead to Nitinol’s phase transformation [9, 10].
However, this study presented only some preliminary findings. A recent
study also reported the use of chilled air cooling amid the micro-milling of
Nitinol, leading to an enhanced machinability in terms of improved phase
transformation and chip thickness [11]. However, no such successful study
in the case of macro-milling has been reported so far. Further, in the case
of cryogenic cooling environments [12], the cryogenic coolant exhibited
approximately 50 % liquid state when it hits the targeted spot, indicating
an improved rate of heat transfer chiefly in the sub-cooled boiling region
[13]. In this regard, the studies found that cryogenic coolant achieved a
higher heat-transfer coefficient of the order of 20,000 W/m?2K in
comparison to natural convection with an increased surface cooling rate
[14]. A study conducted on Nitinol 60, reported a high resistance against
corrosion and brittleness under cryogenic temperatures [15]. Also, it was
demonstrated in some studies on Ti-alloys that the manufactured surfaces
and cutting tools exhibited better surface integrity and lower tool wear,
respectively, with LN; compared to minimum quantity lubrication (MQL)
and dry machining conditions [16, 17]. This superiority of the potential of
LN, was further verified in some investigations on degradable implant Mg
alloys [18, 19]. However, since the present work aims at the non-
degradable implant biomaterials, based on the research gap noticed in the
previous research on cooling approaches incorporated while processing
such materials, it was observed that some recent literature emphasized
the frequent use of hybrid cooling/milling environments (simultaneous

application of more than one coolant) such as LN, and MQL, CO; snow and



MQL, cutting fluid and LN, [20, 21], bio-based nano lubricants blend
formulation comprising coconut oil, sodium dodecylbenzene sulfonate,
Cocamidopropyl betaine CAPB with 0.5% of Al,O3 nanoparticles [22], and
vegetable and mineral-based fluids (using MQL approach) [23] amid
different material subtractive processes. In this relation, concerning the
latest progress in achieving surface modification on metallic biomaterials
using non-traditional approaches [6, 7], a few recent studies hybridized
the cooling environment by combining the conventional cutting fluid and
LN, and found its greatest impact when used with cryo-treated cutting tool
in traditional milling of degradable magnesium (Mg) alloys AZ31B [24] and
AZ91D [25], and non-degradable Ti-6Al-4V alloy [26]. These studies found
that the untreated cutting tool displayed a better performance when used
with LN,, however, the cryo-treated cutting tool achieved superior
outcomes in association with a hybrid cooling/milling environment. The
fact of the remarkable performance of cryo-treated cutting lay in previous
studies that reported a noteworthy effect of cryogenic treatment on the
carbide cutting tool properties and performance, which can substantially
reduce the softening, wear, dissociation, and consequent plucking of
carbide grains, and deformation of the cutting tool amid machining [27,
28].

Previous literature projected cryogenic cooling assisted-traditional
machining as a superior material subtraction technique of Nitinol over
other cooling strategies. For instance, cryogenic machining induced a
significant improvement in surface microhardness, phase transformation

temperature, and strength of NisgTiso alloy [10], reduced the progressive



tool-wear amid turning of room temperature austenitic NisogTisg 2 alloy
[29], enhanced tool wear and changed the phase from austenite to B19'
martensite phase during machining of NigggTiso;1 alloy [30], and
substantially altered the austenite finish temperature of martensitic of
Nigg 9Tis0.1 alloy [31]. However, the employment of hybrid cooling/milling
strategies amid the machining of biocompatible Nitinol leading to
enhanced findings was rarely recorded [32]. Although the recent
investigations indicated the substantial incorporation of cutting tools
without any surface treatment amid dry, wet, and cryogenic machining of
Nitinol, to the authors’ knowledge, the inclusion of a cryo-treated cutting
tool in association with hybrid cooling-assisted machining of Nitinol has
not been reported till date. Consequently, the integration of a cryo-treated
cutting tool with the low-temperature cooling environments and its
succeeding influence on surface roughness, microhardness, and
biocompatibility is still unstudied. Moreover, a large number of recent
attempts in the above-mentioned comprehensive literature were noticed
amid the cryogenic turning of Nitinol, whereas very limited studies were
reported on the cryogenic milling of Nitinol. Hence, in the present context,
a closer glance at the literature on modern cooling methods and cutting
tool’s surface treatment conditions in the subtractive manufacturing of
Nitinol, however, reveals several research gaps. In this regard, the present
research addresses the need for the advanced processing of Nitinol with a
hybrid cooling strategy and cryo-treat cutting tool in the milling operation,
so far lacking in the scientific literature. Also, in two studies, the nitinol

surfaces machined by electric discharge machining (EDM) and zinc



powder mixed-EDM, were detected with a considerably enhanced
biological response of cells due to notably improved wetting behavior and
topography, leading to a better cell attachment and even differentiation
[7, 33]. However, studies outlining the enhanced bioactivity of traditionally
machined Nitinol are hardly available. Therefore, for bridging this gap,
this research reports an innovative experimental study on the end milling
of Nitinol with an untreated and cryogenically treated (cryo-treated)
cutting tool (end mill) amid wet, cryogenic, and hybrid cooling/milling
environments. The experiments were designed and executed using an Ly
orthogonal array. Further, the observed experimental findings were
analyzed and validated via statistical analysis and morphological study.
The later sections of the study incorporate a detailed analysis of the milled
surfaces of interest by field emission scanning electron microscopy
(FESEM), energy dispersive X-ray (EDS), X-ray diffraction (XRD), and
differential scanning calorimetry (DSC). The last two sections of the study
report a biocompatibility test of the milled surface of interest, followed by
a comparative morphological study of the cryo-treated cutting tool used in

different cooling/milling environments.

2. Research procedure

This section provides the details of experimental and measuring setups.
2.1 Experimental setup

According to recent research, some specific surface characteristics
such as topographic properties, wetting features, and thickness of the

surface’s topmost layer, of a medical implant, primarily ascertain its



functionality in a biological environment. Consequently, the implant and
cells’ interaction can be significantly impacted even by slight changes in
any of the above-mentioned surface characteristics [34]. Further, an
investigation outlined that at different levels of input variables, for
instance, depth of cut (ap), feed rate (f,), cutting-speed (V.), and cooling
environment (env), a machining process can significantly enhance the
topography and morphology of a biomaterial. The surface layers
experiencing plastic deformation along with the inclination of grooves and
ridges/valleys (toward the direction of machining) regulate the final
topography of the processed surface, and thus, manage the migration of
cell lines [26]. Further, a study revealed that even very small variations in
the Ni elemental composition of Nitinol with 55 weight % Ni, could lead to
noticeable changes in Nitinol’s overall behavior. For instance, a rise in Ni
content by 0.1 weight % could decrease the transformation temperature
by more than 100 °C and raise the austenite yield strength notably [35].
Therefore, considering such properties of Nitinol, its As temperatures,
when found between 0 °C - 20 °C, could lead to the display of
superelasticity even at human body temperature (37 °C) [7]. Therefore, in
the present research, attempts were made to achieve an enhanced milling-
induced surface modification on an ASTM F2063 Niss¢Tigs e alloy (Ni
55.6 %, Ti 44.4 %, C<0.02%, As:10-15 °C, annealed condition) workpiece,
procured from ALB Materials Inc, Henderson, USA, for biomedical
applications. Although a recent investigation reported a remarkable
modification of this workpiece material via non-traditional micro-electric

discharge machining using zinc powder [7], the traditional techniques are



still challenged. Hence, in the present work, 6 mm aluminum titanium
nitride-coated solid carbide end mill cutters (KYOCERA SGS/SER 1M Ti-
NAMITE) were used in untreated and cryo-treated conditions to perform
the required end milling operations for a predetermined cutting length of
50 mm on an MTAB XL CNC milling machine of bed size 360x132 mm.
The end mill cutter was 75 mm long with 4 flutes (flue length: 25 mm), 30°
helix angle, 3700 HV hardness, and 1100 °C thermal stability. Besides,
Zed-plus water-soluble conventional cooling medium was used as a cutting
fluid for wet cooling/milling (WME), whereas in cryogenic cooling/milling
(CME), LN, was used (at a temperature of -196 °C) with the assistance of
an ELGi SS02 compressor. Hybrid cooling/milling (HME) comprised the
concurrent use of cutting fluid and LNj.

Further, Fig. 1 (a) presents the deep cryogenic treatment (DCT) of the
cutting tool. In addition, based on the recommendations of the recent
literature [36, 37], the deep cryogenic treatment of the cutting tool was
preferred over the shallow type since the former outperformed the latter
in terms of superior hardness, thermal conductivity (assisting in a better
heat-dissipation), uniformity in the formation of 7-carbides, and thus
better cutting tool life. This process involved the holding (soaking) of the
cutting tool for 24 hours in a Cryogem-PS-34 container with a 1 °C/min
rate of ramping down/cooling (to avoid the development of microcracks as
a result of sudden cooling) up to -196 °C temperature in the atmosphere
of LN,. Once the cutting tool crosses the holding zone, its temperature is
ramped up to the tempering temperature at the same rate. Besides, with

the assistance of a recent review on the development of hybrid machining



setups [38], the present research demonstrates the experimental
configuration consisting of a milling machine, LN, dispensation
arrangement, compressor, computer system, and a close view of the
cutting tool with liquid coolant (cutting fluid) and LN, outlets in Fig. 1 (b).
The authors have used the same milling setup in two of their previous
studies performed on Mg alloy AZ31B [24] and Ti-6Al-4V alloy [26]. Fig. 1
(c) and (d) display the close look and top view, respectively, of the end mill
cutting tool. Additionally, the recent literature also reported a
considerable influence of direction, pressure, flow rate, and nozzle size
through which a liquid coolant finally achieves its dispensation on the
control of the generated high heat (due to friction among cutting tool,
workpiece, and chips), and thus on the produced surface quality [26, 39,
40]. Hence, in the present research, the nozzles carrying cutting fluid and
LN,, respectively, were set at specific positions/angles with a stand-off
distance of 15 mm away from the end mill’s periphery that influenced the
outcome most potentially during some preliminary tests. In the case of wet
milling, the nozzle face was towards the milling region at an angle of 120°
to the feed direction and 60° towards the horizon (to diminish the
resistance between the end mill rake and chips interface). Whereas the
nozzle faced the end mill at an angle of 90° to the feed direction and 30°
towards the horizon in the case of cryogenic milling (to substantially
decrease the heat at the end mill’s cutting edge). The details of the same

are shown in Fig. 1(e)-(h).
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tangential force (F,), and cutting direction, (e) Schematic display of
stand-off distance of nozzle-1 (N-1) and nozzle-2 (N-2) from cutting tool
periphery, (f) position of N-1, (g) hybrid cooling/milling environment
(HME), and (h) position of N-2

To observe the end milling process of the NissgTise4 alloy shape

memory alloy in the preliminary stage using the milling setup (shown in



Fig. 1), some pilot trial tuns were sequenced. This pilot experimentation
encompassed pre-decided ranges of input variables: cutting-speed (20-80
m/min), feed rate (0.050-0.275 mm/tooth), depth of cut (0.5-3.0 mm) with
the cutting tools (in untreated and cryo-treated forms) and cooling
environments (WME, HME, and CME). To discover the optimal levels amid
these pilot runs, L.27 experimental design with four factors (34!) fractional
factorial model was considered for each cutting tool type. Therefore, while
considering both untreated and cryo-treated end mill cutting tools, the
experimental design turned into a 2x 34! mixed fractional factorial design.
Also, when considering the L27 array coded in three levels (-1,0,1), the

levels of the fourth factor could be achieved as x, = (x; + xo + x3)

mod 3 - 1. The second-order response models are obtained through

ordinary least squares to the individual responses, also considering the
significance of the categorical input variables “cutting tool” and “env”, and
their interaction. The significance test is performed through the #test of
the regression coefficients. The normality of the residuals is tested through
the Shapiro-Wilk normality test, while the variance homogeneity is tested
through the Breusch-Pagan test. The significance level adopted is a = 0.05.
The statistical analysis was conducted using R language. The R packages
ggplot2, ggpubr, GGally, and olsrr were also used to perform the analysis
[26]. After conducting a series of pilot trial tuns, the input variables and
their levels, impacting the output variables most effectively, were chosen
for the final experimentations, and are shown in Table 1. Each experiment
was repeated 3 times and the average values were recorded.

Table 1 Input variables and levels



Levels

Input unit

-1 0 1
X
1 Cutting-speed (V) m/min 25 40 55
X mm/toot
» Feed rate (f,) h 0.075 0.15 0.225
X
3 Depth of cut (ap) mm 1.0 1.5 2.0
X
4+ Cutting tool - cryo-treated - untreated
x Cooling environment
5 (env) - WME HME CME

2.2 Measuring setup

After milling the samples, the measuring setup aimed to characterize
the surface features of the processed parts by measuring the several
output variables. Each measurement was conducted three times, followed
by their averaging to achieve better accuracy.

For this reason, Precise/TR110 Plus surface roughness (£;) measuring
equipment and Blue Star Ltd./ BSHT-FHV1-50 microhardness (MHD)
testing devices were used to measure the produced surface roughness and
microhardness of the milled surfaces, respectively. The roughness was
analyzed over each machined surface by running the device-probe on a
sampling length of 1 mm at three different sites, followed by the
calculation of their average. Whereas up to 500 gf load was applied for 15
seconds via a Vickers diamond-tool-indenter at three distinct places on the
machined sample, followed by obtaining the average value.

Further, the FESEM and EDS analyses were conducted via FESEM-
GeminiSEM 500, Zeiss to analyze the milled surfaces of interest to endorse

the results. Additionally, the application of a Rigaku-TTRAX III XRD setup



with CuKa radiation (A: 1.5406 A), continuous scan speed: 2°/ minute (26
range of 20°-120°), and collection of spectra at 0.01° step-size, was
included to study the crystalline phases of the machined surfaces of
interest. Moreover, the previous studies on the cryogenic machining of
Nitinol reported a substantial variation in the phase transformation
characteristics of the machined surface and subsurface [41]. Therefore, a
DSC (NETZSCH/STA 449 F3 Jupiter) facility was used in the range of 25
2C to 130 °C at a rate of 10 °2C/minute to qualitatively determine the
milling-induced phase transformation temperature of the surface of
interest weighing 94.2815 mg.

In addition, the measurements of the surface energy of the surface of
interest were conducted in terms of contact angle (CA), followed by the
application of the sessile-drop approach using a Drop Shape Analyzer
(DSA10, Kruss). A syringe tip with a suspended droplet of DI-water (1 pL),
was guided towards the surface of interest at three different sites until
they both experienced substantial contact and subsequently, snaps of the
droplet were clicked at 0.4-millisecond time intervals for 60 seconds. A
similar temperature and humidity ambiance was used during each test run.
Also, since the topography of a surface, for instance, surface roughness
[42], can remarkably impact the cell growth and proliferation rates on it,
the present study included the analysis of the same for the surface of
interest. For this reason, the mean roughness (R,), root-mean-square
roughness (£,), the maximum peak-to-valley height of roughness (&), and

mean peak-to-valley height of roughness (R,) profiles, were measured with



the assistance of Alicona-Mex software on Tescan-Vega3 scanning electron
microscope (SEM).

Further, to predict the biocompatibility of the finally produced
Niss 6Ti44.4 alloy surface, exhibiting the most improved surface roughness
and microhardness, cell adhesion and a morphological study were
conducted. This examination incorporated commercially pure titanium
(CpTi) and the adipose-derived stem cells (ADSCs) for the control and cell
adhesion assessment purposes, respectively. CpTi is frequently opted for
orthopedic and dental implant applications owing to its remarkable
biocompatibility [43]. In addition, ADSCs, which are conveniently obtained
from human fat tissue, are extensively adopted for investigating the
biocompatibility of numerous biocompatible materials used in orthopedic
applications [44]. Dr. Kimberly Cox-York from the Department of Food
Science and Human Nutrition, Colorado State University, CO, USA,
granted the human ADSCs from adipose tissue (in passage 4) for the
present research. The protocol for ADSC segregation from personals with
no health issues was approved by the Institutional Review Board of
Colorado State University, CO, USA. The first step of this segment of
experimentation consisted of the sterilization of CpTi and the obtained
Niss Ti44.4 alloy’s surface of interest with 70 % ethanol and a fifteen-minute
incubation. The next step comprised three successive rinses and a thirty-
minutes incubation with sterile phosphate-buffered-saline (PBS). The cells
were cultured in a suitable growth environment (temperature: 37 °C, CO,:
5%) comprising a-MEM Media (HyClone™) with 10 % (v/v) Fetal Bovine

Serum (FBS, Gibco) and 1% (v/v) penicillin/streptomycin (Corning) [45].



The finally chosen concentration for seeding the sterilized surfaces was
2.0 x 104 cells/mL. The cell adhesion along with the characterization and
morphological studies were executed using a fluorescence microscope
(Zeiss), nuclear stain 4 ° ,6-diamidino-2-phenylindole (DAPI, 300 nM,
Thermo Fisher Scientific), and a scanning electron microscope (JEOL
6500), respectively. The cells were cultured for 4 days on both surfaces,
followed by the freeing and a subsequent rising (with PBS) of the surfaces
at the end of the 4t day. A fifteen-minute incubation in 3.7 % formaldehyde
in PBS was used to fix the cells adhered to both surfaces, followed by three
successive rinses (5 minutes each) with PBS. The incubation was then
executed with 1% Triton X-100 (Fisher, 98 %) in PBS for 3 minutes, with
subsequent twofold rinsing with PBS [43]. The next stage consisted of
another five minutes of incubation (with dark surroundings) of both
surfaces in nuclear stain DAPI (300 nM, Thermo Fisher Scientific), with
successive rinsing and incubation in PBS up to the consequent imaging.
The images were captured by employing a fluorescence microscope (Zeiss).
In addition, the cleaved ADSCs on the surfaces were ascertained using the
Image] software by calculating the number of stained nuclei (DAPI). The
comprehensive information on the assay and fixation process is easily
accessible in the available supplementary materials [46]. At the end of the
4th day, the surfaces were released from the media and rinsed in PBS for
the required cell morphological characterization via scanning electron
microscopy (SEM). The next step included the positioning of the surfaces
in a primary fixative solution composed of 3% glutaraldehyde (Sigma), 0.1

M of sodium cacodylate (ACROS Organics), and 0.1 M sucrose (Fisher) in



DI (deionized) water for 45 minutes. Further, the surfaces were driven into
a buffer solution (fixative without glutaraldehyde) for 10 minutes. The later
stage consisted of their dehydration by exposing them to ethanol solutions
(35%, 50%, 70%, and 100%, respectively) for 10 minutes in each step, and
incubation in 100% hexamethyldisilazane (HMDS, Sigma) for 10 minutes.
At last, the HMDS was removed with successive drying, and SEM imaging
was conducted on the surfaces.
3. Analysis

This section presents a statistical study of the milling experimental
runs using WME, HME, and CME and untreated and cryo-treated cutting
tools. The latter part of this section demonstrates the morphological study
of the milled surface(s) and cutting tool(s) of interest. The following
subsections (3.1, 3.2, 3.3, and 3.4) of this section present the obtained

findings:

3.1 Statistical analysis
Table 2 presents the L27 experimental design results in terms of
average values of R, and MHD after three repetitions of each trial with the

untreated and the cryo-treated cutting tools.



Table 2 1L.27 experimental design and results

Output variables

Input variables

Trial Untreated cutting tool Cryo-treated cutting tool

run V. f, a, env R, MHD R, MHD
(m/min) (mm/tooth) (mm) (um) (HV) (pm) (HV)

1 25 0.075 1.0 WME 0.64 273.6 0.69 293.8
2 25 0.075 1.5 CME 0.39 314.2 0.81 277.4
3 25 0.075 2.0 HME 0.53 301.7 0.44 324.7
4 25 0.150 1.0 CME 0.49 306.5 0.97 268.9
5 25 0.150 1.5 HME 0.67 291.3 0.58 315.7
6 25 0.150 2.0 WME 0.77 261.4 0.83 284.8
7 25 0.225 1.0 HME 0.75 276.2 0.67 303.5
8 25 0.225 1.5 WME 0.91 248.6 0.89 271.6
9 25 0.225 2.0 CME 0.59 294 1.12 257.4
10 40 0.075 1.0 WME 0.51 288.9 0.53 307.6
11 40 0.075 1.5 CME 0.33 327.3 0.68 291.5
12 40 0.075 2.0 HME 0.45 312.6 0.31 340.3
13 40 0.150 1.0 CME 0.42 315.2 0.82 280.5
14 40 0.150 1.5 HME 0.55 300.3 0.4 329.3
15 40 0.150 2.0 WME 0.66 274.5 0.65 297.3
16 40 0.225 1.0 HME 0.63 285.4 0.51 316.7
17 40 0.225 1.5 WME 0.77 260.6 0.78 284.2
18 40 0.225 2.0 CME 0.51 304.9 0.93 269.8
19 55 0.075 1.0 WME 0.43 302.2 0.4 319.6
20 55 0.075 1.5 CME 0.28 339.5 0.56 302.4
21 55 0.075 2.0 HME 0.36 325.7 0.21 352.8
22 55 0.150 1.0 CME 0.34 327.9 0.7 292.5
23 55 0.150 1.5 HME 0.44 313.2 0.29 341.7
24 55 0.150 2.0 WME 0.52 290.4 0.49 308.3
25 55 0.225 1.0 HME 0.53 298.7 0.38 329.8
26 55 0.225 1.5 WME 0.64 272.4 0.61 295.5
27 55 0.225 2.0 CME 0.45 311.9 0.8 281.2




Table 3 presents the coded response model coefficients of the response R,
considering the numerical input variables in the coded scale and the
categorical variables. The model presents intercept, linear, quadratic, and
interaction coefficients, besides additive constants to change the milling
environment and cutting tool.

Table 3 Response model of R,

Term Estimate Pr(>|t|)
Intercept 0.8213 <2.00E-16 S
X -0.1197 <2.00E-16 ooy
X 0.1089 <2.00E-16 ooy
X3 0.0058 0.292
X2 0.0081 0.399
X2 -0.0044 0.641
X32 -0.0036 0.705
env HME -0.4006 <2.00E-16 etk
env WME -0.1689 1.89E-13 o
untreated cutting tool -0.3989 <2.00E-16 [
X1X -0.0108 0.113
X1X3 -0.0008 0.901
X2 X3 -0.0006 0.953
env HME: untreated cutting

tool 0.5233 <2.00E-16 o
env WME: untreated cutting

tool 0.3967 <2.00E-16 o5y
Ragi? 0.9725
Shapiro-wilk 0.8968#
Breusch-Pagan 0.7271#
# p-values

Signif. codes: 0 *** 0.001 **’ 0.01 ** 0.05 . 0.1 " 1

The reference milling environment is CME, while the reference
cutting tool is cryo-treated. To change the milling environment and/or
cutting tool, it is necessary to sum up the related constant.

Further, Fig. 2 shows the mean plot of R, considering the interaction
between the cutting tool and the milling environment, whereas Fig. 3 (a)
presents the effects plot considering the numerical input variables and the

milling environments for the untreated cutting tool.
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Fig. 3 Effects plot of R, obtained with (a) untreated and (b) cryo-treated
cutting tool; Contour plot of R,obtained with (c) untreated cutting tool
amid CME and (d) cryo-treated cutting tool amid HME
Table 4 demonstrates the response model of MHD and Fig. 4 shows the

mean plot of MHD considering the interaction between the cutting tool

and the milling environments.

Table 4 Response model of MHD

Term Estimate Pr(>|t|)
Intercept 280.188 <2.00e-16 oot
X 12.2333 <2.00e-16 A
X -12.039 <2.00e-16 iy
X3 0.17222 0.5198
X2 -0.0778 0.8664
X2 -1.1444 0.0171 g
X32 0.7722 0.1007
env HME 48.9694 <2.00e-16 o
env WME 15.6778 <2.00e-16 it
untreated cutting tool 35.5333 <2.00e-16 toteh
X1 X, -0.775 0.0220 g
X1 X3 -0.0792 0.8087
X2 X3 0.86944 0.0658
env HME: untreated cutting
tool -63.244 <2.00e-16 ufui]
env WME: untreated cutting
tool -56.656 <2.00e-16 A
Ragi? 0.9955
Shapiro-wilk 0.6332#
Breusch-Pagan 0.8096#
# p-values
Signif. codes: 0 “** 0.001 “* 0.01 * 0.05 *.’ 0.1’ 1
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Fig. 4 Mean plot of MHD considering cutting tool and milling

environment interactions

In WME, the cryo-treated cutting tool showed better results. In general,
improved results were achieved with the cryo-treated cutting tool during
HME. Taking into consideration the best combination of cutting tool and
milling environment to achieve the highest microhardness results, Fig. 5
(a) and (b) show the effects plots of MHD varying the numerical input
variables with the untreated and cryo-treated cutting tool, respectively.
Fig. 5 (c) and (d) show the contour plots of MHD with the untreated and

cryo-treated cutting tools, respectively.
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Fig. 5 Effects plot of MHD obtained with (a) untreated and (b) cryo-
treated cutting tool; Contour plot of MHD obtained with (c) untreated
cutting tool amid CME and (d) cryo-treated cutting tool amid HME

Fig. 6 shows the pairs plot of R, and MHD considering the milling

environment and cutting tool in the color scale. The First column of plots

shows color identification of the milling environment and the scatter of the

two responses. In general, HME presented the highest MHD and smallest

roughness, followed by CME, and WME. The second column plots R, on a

horizontal scale, and the cooling environment on colored scale. The point

distribution is shown in the bottom with the bottom box considering the

untreated tool, and the upper box with the cryo-treated tool.
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3.2 Characterization of the surface milled by cryo-treated cutting
tool

In accordance with two previous studies [21, 47], the major cause of
considerable improvement in surface roughness and microhardness amid
CME and HME is hypothesized to be the temperature of the cooling
environment which is low enough not only to refine the grains but also to
induce strain hardening and thus, dampen the cutting temperature and
thermal softening, via rapid cooling. However, WME, with a cooling
environment of relatively high temperature, might have caused increased
regional softening, resulting in thermal smearing, and thus, poor surface
quality. In this regard, Fig. 7 presents the FESEM images of the top and

front views (at different magnifications) of the two surfaces produced by



the cryo-treated cutting tool during HME (Fig. 7 (a), (b), and (c)) and CME

(Fig. 7 (d), (e), and (1)), respectively.
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Fig. 7 (a) and (d) Top view at 1.50 KX, (b) and (e) top view at 10 K X,
and (c) and (f) front view at 400 x of the surfaces produced by cryo-



treated cutting tool amid HME and CME, respectively; (g) EDS plot of
the surface produced amid HME

Additionally, the literature also records a noticeable effect of the
cutting-speed on the phase transformation of Nitinol [41]. Therefore, the
HME-milled Niss¢Tigq4 alloy surface of interest was further analyzed by
XRD for a basic crystalline phase determination with the help of the peak

appearances, indicating the phases present. The X-ray diffractogram of the

HME-milled surface is displayed in Fig 8.
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Fig. 8 XRD diffractogram of the HME-milled Niss ¢Tig4 4 alloy

surface

Besides, to qualitatively ensure the phase transformation
characteristics at the HME-milled surface, the DSC response of the same

was obtained and is displayed in Fig. 9.
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Fig. 9 DSC response of the HME-milled Niss Ti44 4 alloy surface
3.3 Investigation of the bioactivity of HME-milled surface

This section includes a brief study to examine the possible bioactivity
of the modified NissgTise 4 alloy surface. For this reason, the wetting,
topographic, and biocompatibility characteristics of the modified
Niss Ti44.4 alloy surface were further investigated.

The enhancement in wettability of the modified Niss ¢Ti44.4 alloy surface
is displayed in Fig. 10 (a). The circle-fitting profile was used for getting the
CA values to fit. The CA measurements were observed with an average
value of 92 ° as soon as the pre-determined time of 60 seconds was over.
On the other hand, the three-dimensional images showing the roughness

measurements can be seen in Fig. 10 (b).
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Fig. 10 (a) Static water CAs with respect to time and (b) three-dimensional recreated

view for modified Niss gTisq 4 alloy surface

Additionally, the biological properties of the modified NissgTigq.4
alloy surface were validated by a short-term biocompatibility study. Cell
adhesion and morphology were investigated on CpTi and the Niss gTigs.4
alloy surface produced by the cryo-treated cutting tool during HME. Since
osteogenic differentiation gets considerably influenced by the initial stem
cell adhesion, the functional performance of the implant is also affected
[46]. Hence, the present study focused on the Niss gTi44.4 alloy’s capability
to promote the adhesion and spread of ADSCs by presenting the
fluorescence, SEM, and graphical images via Fig. 11 (a), 11 (b), and 11 (c),

respectively.
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Fig. 11 (a) Fluorescence microscopic images demonstrating ADSCs
stained with DAPI (blue) after 4 days of cell culture on both surfaces, (b)
SEM images (at 1000x magnification) of ADSCs on both surfaces after 4
days of cell culture, and (c) Cell count per area after 4 days of ADSCs
culture. No noticeable distinction in cell count could be noted between
the surfaces. The outcomes were statistically analyzed using the Tukey
test at a 5% significance level

3.4 Morphological study of the cryo-treated cutting tool
In this work, since the untreated end mill cutting tools encountered

relatively more wear than the cryo-treated ones, a total of three cutting

tools were successfully used in untreated conditions and two in cryo-



treated conditions to finish all the experimental trials. The cryogenic
treatment of carbide cutting tools generally enlarges the particle size and
refines the grain structure, thus, improving their thermal conductivity.
Consequently, an intensified heat dissipation is reported, which must be
the plausible reason for the better functioning of the cryo-treated cutting
tool than the untreated one [26]. Also, both the low temperature cooling
approaches (HME and CME) profoundly reduced the cutting tool wear and
thus minimized the geometrical alteration of the workpiece. Therefore,
this section of this paper focuses only on the morphological study of cryo-
treated cutting tools used amid HME and CME.

The cutting tool generally experiences high heat while processing
titanium alloys due to their low thermal conductivity, very high hardness,
and strength [26, 48]. Moreover, the end mill cutting tool often encounters
severe thermal shock and dynamic heat flux in every rotation. The notable
alterations at the cutting edge temperature act in close association with
the rapid heating and cooling of the same. Also, the heat transfer is not
smooth via work-specimen and chip amid chip-formation, leading to an
increase in the total amount of heat faced by the cutting tool [49]. As
reported by a research, about 10% of the overall heat produced is
experienced by the cutting tool [50]. Consequently, when compared with
HME, in the case of CME, the cryo-treated cutting tool must have
experienced temperature fluctuations of higher magnitude, leading to
developing greater thermal stresses, incurring inevitable cracking (normal
to the cutting edge), followed by wear. In addition, in a milling process,

the temperature change that reduces the hardness [51] and induces



thermal cracking, might be aggravated mainly in the presence of water-
based conventional fluids [49] and cryogenic cooling [26] as well. Hence,
based on these facts, both the cutting tools noted with striking wear, are

shown in Fig. 12.
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Fig. 12 FESEM images (1000 x) showing the worn-out and damaged
regions (by breakage) on the cutting edges of the cryo-treated cutting
tool used in (i) HME and (ii) CME at the optimized setting of input
variables

4. Discussion
This section further discusses the results observed in the previous
subsections 3.1, 3.2, 3.3, and 3.4 of section 3 in the following subsections

4.1, 4.2, 4.3, and 4.4, respectively:

4.1 Statistical response

In Tables 2 and 3, it can be observed that there is a significant
statistical difference between the milling environments and cutting tools,
besides the interaction between both. The linear effect of V. and f, (x; and

X;) are statistically significant. There is no quadratic or interaction effect



of the numerical input variables. The R, model presents good data
variability accounting, with 0.9725 of explained proportion. The
assumptions of normality of the residuals and homoscedasticity of the
response cannot be rejected, considering the Shapiro-Wilk normality test
of the residual and the Breusch-Pagan test, respectively. In the wet milling
environment, both cutting tools presented similar results. Both CME and
HME were reported to exhibit lower surface roughness values compared
to WME, possibly due to the controlled plucking and smearing action as a
result of lower temperature cooling environments [52].

Further, it is evident in Fig. 2 that with CME, the untreated cutting tool
obtained the lowest roughness, whereas, with HME, the cryo-treated
cutting tool produced the lowest roughness. Possibly, the thermal
properties of the CME did affect the surface roughness of the workpiece
while being processed with the untreated cutting tool. Also, the moderate
temperature of HME credibly cooperated well with the enhanced
characteristics of the cryo-treated cutting tool. These observations might
be supported by some recent studies where the optimal cutting
temperature aided in maintaining the cutting tool’s hardness, minimizing
the chances of shape deterioration and thus reducing surface roughness
[53]. Also, the controlled temperature in the milling zone (as a result of
CME and HME), could credibly decrease the thermal and mechanical
loading, leading to the development of less deformation region, and thus
enhanced surface quality [9]. Further, in Fig. 3 (a), it is indisputable that
cutting-speed presents a negative effect on roughness, while the feed rate

shows a positive effect on the same. Confirming the significance of the test



presented in Table 3, the cutting depth effect can be neglected. These
observations confirm CME as the best milling environment when milling
using the untreated cutting tool. Additionally, Fig. 3 (b) presents the
effects plot considering the numerical input variables and the milling
environments for the cryo-treated cutting tool. The effects of the numerical
input control variables are similar to the ones detected with the untreated
cutting tool. However, the cryo-treated cutting tool performs the best amid
HME. As the feed rate rises, the roughness is expected to increase due to
the geometrical periodic effect and some uncut surfaces during the
material removal process. However, the rise in the cutting-speed can
result in the reduction of friction and temperature due to the increase in
material subtraction, entailing in the increase of roughness. The presented
model of R, depicted in Table 3 can be selected according to the milling
environment and cutting tool type, and further, the best ones can be
selected. Fig. 3 (c) shows the contour plot of R, when selected the
untreated cutting tool and CME. Fig. 3 (d) shows the contour plot of R,
when selected the cryo-treated cutting tool and HME. The discussed
influence of the numerical input variables may be confirmed as the lowest
roughness levels were achieved with the highest cutting-speed and lowest
feed rate, for both considered combinations of cutting tool-milling
conditions. The low levels of feed rate and depth of cut and high level of
cutting-speed in association with cryogenic treatment of cutting tools,
often lead to the improved performance of cryo-treated cutting tools even
at high machining-temperatures, resulting in enhanced surface finish [54].

Moreover, the contending lubricating properties of CME and HME, in the



case of untreated and cryo-treated cutting tools, were another possible
reason that could notably protect the cutting tool against friction and
abrasion, enhancing the surface quality [53]. However, the higher levels
of feed rate and cutting depth demand a higher amount of power and
cutting forces, which possibly resulted in higher surface roughness.
Therefore, the obtained findings are found in compliance with one of the
previous studies [26].

Besides this, as per the observations noticed in Table 4, the same input
variables and levels that were significant in the case of R, were found
significant in the case of MHD too, however, with the changed sign. When
roughness increases it is expected that the microhardness decreases, as a
rough surface will have less resistance to the indenter penetration. The
linear effect of V. and f, (x; and x;) are statistically significant. The
quadratic effect of feed rate is also statistically significant. The MHD
model presents good data variability accounting, with 0.9955 of explained
proportion. The assumptions of normality of the residuals and
homoscedasticity of the response cannot be rejected, considering the
Shapiro-Wilk normality test of the residual and the Breusch-Pagan test,
respectively.

Further, it can be noticed in Fig. 4 that with CME, the untreated cutting
tool achieved the highest microhardness, while with HME, the cryo-treated
cutting tool attained the highest microhardness. The optimal cooling
temperatures amid CME and HME, while working with the untreated and
cryo-treated cutting tools, respectively, possibly prevented the decimation

of plastic deformation, leading to improved microhardness [55]. Another



possible explanation for the increase in the same is improved twinning in
the Nitinol workpiece’s microstructure (after successful machining) that
raises the grain boundaries [56]. The CME and HME-induced cooling
effects could possibly regulate the subsurface thickness (by limiting the
plastic deformation), and could thus diminish the development of twinned
martensite, resulting in enhanced microhardness [30].

The statistical tests performed and summarized in Tables 3 and 4
primarily focus on the effects of the cooling environment and cutting tool
type. In Fig. 2 and 4, the clusters of points distributed around each average
point are the experimental observations. However, the average points in
the plots only reflect the change regarding the effects of the environment
and cutting tool. For each one of the 6 combinations of tool and
environment, there are 9 observations that represent distinct
combinations of V, f,, and a,. Therefore, the spread among these points is
natural due to the change in cutting conditions. It is necessary to
understand that irrespective of the variation in input variables, the
analysis in Tables 2 and 4 assures that the studied effects of the cooling
environment and cutting tool are statistically significant, which means that
higher than the experimental error.

Additionally, in Fig. 5 (a) and (b), the cutting-speed presents a positive
effect on microhardness, while the feed rate presents a negative effect on
microhardness. Cryo-treated cutting tool during HME induced the highest
microhardness. In Fig. 5 (c) and (d), the discussed effect of cutting-speed
and feed rate are confirmed, and the highest microhardness is attained

with the lowest feed and highest cutting-speed levels. The cryo-treated



cutting tool attained higher R, and lower MHD possibly due to an
additional increase in its hardness and reduction in cobalt binder B-phase
when used during CME (-196 °C), resulting in the rise in brittleness [27].
Thus, during the interaction with the CME-induced hardened surface, the
brittle cryo-treated cutting tool would be prone to disintegrate carbides,
followed by severe wear or breakage due to a large amount of cutting
effort and consequently deteriorate the surface quality. Hence, the
damaged cryo-treated cutting tool is expected to rub against the surface,
leaving feed marks behind and obtaining higher R, This finding is in
agreement with a recent study [25]. Further, among all the input variables,
although the rise in feed rate had a negative effect on the output variables,
it was adequately regulated amid HME with both untreated and cryo-
treated cutting tools, displaying the potential cooling, and lubricating
action of HME. LN, does not seem to alter the existing characteristics of
the cutting fluid, but it did improve the overall cooling and lubrication
when used together with the milling process. This outcome could be
supported by a previous study, where a significant reduction in the
resistance between the tool and chip interface was hypothesized as an
outcome of the improved cooling and lubricating action of hybrid cooling,
leading to plough the surface with a force of higher in magnitude than the
cutting force [21]. Further, in comparison to CME, HME exhibited a better
lubrication effect, which could be explained in terms of the axial depth of
cut, used in the present study. While considering the axial depth of cut,
the end mill helix is more susceptible to the adherence of removed chips

followed by catastrophic failure, the produced surface would possibly be



subjected to higher cutting forces and thermal loading [26]. Hence, the
enhanced surface characteristics of the HME-milled surface once again
confirm its superior performance. Generally, milling with high cutting-
speed, low feed rate, and depth of cut considerably reduce the energy
required for the chip-formation (plastic deformation) and thus heat and
mechanical loading. Consequently, the subsurface layer’s thickness also
gets decreases and hence possesses a relatively less number of twinned
martensite structures (oriented in distinct directions) [53]. In Fig. 5, the
cutting-speed was noticed with a positive linear effect on roughness, while
the feed rate presented a negative linear effect on the same, with
statistical significance. The effects of cutting tool and milling environment
levels were also found to be statistically significant. In addition, reduced
feed rate and depth of cut enable the formation of thinner chips and thus
facilitate their easy removal, resulting in the decreased magnitude of the
cutting force. Also, the deformation hardening might have occurred in the
Nitinol workpiece, since its austenite phase possibly changed to a
martensite phase due to the notable cooling effects of CME and HME,
leading to a considerable increase in the microhardness [55].

Apart from this, it could be observed in Fig. 6 that for the untreated
tool, the distribution of points confirms CME as the best one to achieve the
lowest roughness, followed by HME, and WME. For the Cryo-treated tool,
the best roughness results are achieved with HME, followed by, WME, and
CME. Following, the points plot for Ra, in the second column, it is
presented the Person correlation coefficient between the two outputs. The

general correlation presented in grey is negative and higher (-1 would be



a perfect negative correlation), which means that microhardness
decreases with the increase of roughness. Harder surfaces present high
resistance to superficial integrity changes. The negative correlation is also
significant when observed in each environment, with more prominence in
CME, followed by HME, and WME. Above the correlation coefficients it is
shown density plots first overlaid, and above all separated in distinct
panels by the environment. As can be observed, HME presented
asymmetric distribution with the highest probability in smallest roughness
values, CME also presented asymmetric distribution with the highest
probability in smallest roughness values but not so accentuated as HME,
and WME presented a symmetric distribution, with the highest probability
in intermediate roughness results. The third column presents MHD on a
horizontal scale. At the bottom point plots are presented. For the untreated
tool, the distribution of points confirms CME as the best one to achieve the
highest MHD, followed by HME, and WME. For the Cryo-treated tool, the
best MHD results are achieved with HME, followed by, WME, and CME.
Above it is presented the overlaid density plots. HME presented
asymmetric distribution with the highest probability in the highest MHD
results, CME presented symmetric distribution with the highest
probability in intermediate MHD results, and WME presented asymmetric
distribution with the highest probability in small MHD results. Above
overlaid density plots it is presented scatter plots with regression lines
considering each environment. The significant negative correlation
between MHD and roughness is confirmed. Above scatter plots the density

plots for MHD are depicted considering each environment individually.



The last column shows density plot panels considering combinations of
environment and Cutting tool type. At the left column, it is plotted the
results for the Cryo-treated tool. It is confirmed that HME presented the
lowest roughness and highest MHD, followed by WME, and CME when
using the Cryo-treated tool. When considering the untreated tool CME
presented the lowest roughness and highest MHD, followed by HME, and
CME. Generally, the metals being machined are susceptible to getting
plastically deformed as a result of work-hardening of the surface. However,
the cooling environment determines the volume of this plastic deformation.
In the case of highly elastic NissgTigs 4 alloy, its excessive sensitivity
towards machining-induced thermal stresses, large strain rate, and ensued
phase transformations are some of the main issues complicating its
traditional machining. This further adversely affects the cutting tool by
increasing tool wear, formed built-up-edge (BUE), chip adhesion, and
minor chip breakage. The consequent detrimental effects of the same are
often witnessed on the cut surface as grain deformation, tearing, cracks,
lay patterns, feed-marks, and slip-zones [57]. Also, since the workpiece
surface would experience a notable rise in hardness with the decrease in
the machining environment ‘s temperature (during HME and CME), a
greater cutting force would need to be exerted by the cutting tool, leading
to more damage to the workpiece surface. Further, when considering the
data selected by each milling environment type, the correlation between
the two responses remains high. The fourth column shows the box plots
considering the two cutting tool types and three milling environments, for

both responses. For each response, the three boxplots on the left are with



the cryo-treated cutting tool, while the three on the right are with the
untreated cutting tool. It is evident that with the cryo-treated cutting tool,
the lowest roughness and highest microhardness are achieved during
HME, while using the untreated cutting tool, CME ensures the lowest
roughness and highest microhardness. The general mechanism of LN,
dissociating the cutting tool from the chip involves a gas or fluid cushion
effect, simultaneous lubricating action, and LN,’s low viscosity and non-
adhering properties. The LN,-assisted lubrication forms steady films that
decrease the feed and frictional forces, and the thickness of the secondary
deformed layer (within the chip microstructure) [26]. Thus, CME must
have induced the highest hardness (causing the least adherence) to the
Niss 6Ti44.4 alloy surface due to its lowest temperature by dominating its
thermal softening. Whereas HME possibly achieved a hardness value lying
somewhere between CME and WME (lower than CME and higher than
WME), due to the presence of both cutting fluid and LN,. Similarly, the
Niss 6Ti44.4 alloy surface credibly experienced an adherence that was lesser
than WME and higher than CME. The models of R, and MHD presented in
Tables 3 and 4, respectively, are initially based on CME and cryo-treated
cutting tools. To change the cutting tool and milling environment, it is
necessary to add the related constants. The two best combinations of the
categorical input variables are the untreated cutting tool with CME and
the cryo-treated cutting tool with HME. Using a cryo-treated cutting tool,
when changing the milling environment from CME to HME, it achieves a
decrease of 0.406 pym in R, and an increase of 48.97 HV in MHD. When

changing the cutting tool from cryo-treated to untreated under CME, a



decrease of 0.398 pym in R, and an increase of 35.53 HV in MHD, were
noticed. Therefore, comparing these two cutting tools and milling
environment combinations, the cryo-treated cutting tool and HME

presented the best performance in the end milling of Niss ¢Tis4.4 alloy.

4.2 Cryo-treated cutting tool-induced surface characteristics

As noticed in Fig. 7 (a) and (d) at 1.50 Kx magnification, the surface
produced during HME appears to have very nominal feed marks in
comparison to the surface produced during CME. However, the presence
of visible feed marks on the CME-milled surface is a sign of the cryo-
treated cutting tool’s weaker performance as a result of considerable wear
and damage. On the other hand, HME could substantially decrease the
cutting temperatures, and thus, saved the end mill cutting edge from
quicker melting and wearing, which further helped in retaining a better
cutting tool’s geometry resulting in reduced feed marks. Additionally,
both surfaces were observed with no thermal cracking, which possibly
validates the favorable effect of a low-temperature cooling environment on
the machined surfaces. As displayed in Fig. 7 (b) and (e) at 10 K X
magnification, the milling-induced plastically deformed surfaces were
observed on both the HME and CME-milled surfaces, respectively.
Additionally, the HME and CME-induced plastically deformed layers with
varying depths are also evident in Fig. 7 (c) and (f) at 400 X magnification.
The deeper depth of the CME-induced layer compared to the HME-induced
layer points towards the severe plastic deformation on the surface and sub-

surface milled under the lowest temperature (-196 2C). In contrast, the



HME-induced layer appeared to have a lesser depth compared to the CME-
induced layer, possibly due to the phase transformation (austenite vs
martensite) during distinct cooling environments of milling, and also as a
result of a comparatively warm cutting temperature, which could recover
a considerable amount of plastically deformed zone. Additionally, the CME
can cause the deformation in Niss gTi44 4 alloy in the martensite phase (due
to the extremely low temperature of LN;), leading to a fairly high density
of deformation twins, and therefore, this might be the credible reason why
the plastic deformation was noticed with a deeper layer depth than the
HME-induced layer [56]. However, a review article outlined the supportive
influence of this plastically deformed layer, consisting of nano-crystalline
and work-hardened surfaces, on the fatigue and wear resistance of the
machined specimen. According to the Hall-Petch relationship and Zenner-
Holloman equations, the low temperature of the cutting environment can
substantially regulate the surface deformation by effective refinement of
grains and the consequent yield strength. Therefore, the improved
subsurface microhardness values (shown in Table 2) noticed in the case of
CME and HME, are possibly the result of smaller grains due to the high
density of twins [41]. Also, as observed by another study, the surface finish
in martensitic phase machining is often inferior to the austenitic phase one,
and hence, the relatively poor surface quality observed on CME-milled
surface (possibly due to martensitic phase) in the present research falls in
agreement with this study [58]. Moreover, based on a previous study, the
plastically deformed or affected layer could be further divided into a

refined and transition layer and could be identified and located in Fig. 7



(c) and (f). These layers possess different thicknesses, appearances, and
mechanical and thermal properties, as a result of various process input
variables such as feed rate, cooling medium, speed, cutting tool geometry,
and depth of cut [59], nonetheless, the meticulous study of the same does
not fall in the current scope of this research. However, the HME-induced
layer was preferred due to its lesser thickness (noticed by visual
inspection) and better uniformity compared to the CME-induced layer, and
hence, was further analyzed with the assistance of EDS examination.
Although the HME-milled surface characteristics are substantially
different from the CME-milled surface, some of their features might be
closely connected or common since HME also contains approximately 50 %
LN,, however, the same will need to be validated in the extended detailed
studies. The EDS plot (Fig. 7 (g)) exposes the existence of various elements
on the HME-milled surface. The considerable oxide content might induce
a nickel-free protective film on this milled surface and might thus,
substantially enhance the corrosion resistance and biocompatibility of the
same [60]. Besides, the presence of the oxide in the recast layer is
attributed to a strong barricade, substantially restraining the corrosion
and discharge of harmful Ni ions into the blood flow [61]. The oxide layer
formed on the machined surface can substantially delay corrosion in the
existence of a corrosive environment by retarding and obstructing the
electron migration for electrochemical reactions. Hence, this Niss¢Tigs.4
alloy’s implant surface might substantially regulate the metallic ion
movement to the human body, and might thus augment the cytotoxicity

and resistance to the resultant inflammations [62]. Moreover, a study



reported that in comparison to an untreated cutting tool, a cryo-treated
cutting tool can induce better uniformity and thickness to the oxide layer
[24]. Additionally, the sharp peak of titanium content might point towards
the increase in its amount on the milled surface as a result of degraded
titanium from the cutting tool surface during its wear. The present
research has already discussed a considerably positive influence of high
cutting-speed on surface roughness and microhardness in previous
sections.

Further, Fig 8 (b) exhibits the bigger view of the higher peak appearing
in Fig. 8 (a). In both the views of Fig. 8, the presence of parent-ordered
cubic (B2) austenite crystal structures is evident. The only diffraction that
appeared is reflecting the austenitic phase and is observed by the (101)
plane at 42° (26). Some of the main reasons for observing the phase
transformation in Nissgligs s alloy is its comparatively low phase
transformation temperature. The induced stresses and excessive
generated heat amid a machining process notably tailor the workpiece’s
active phase, resulting in a noteworthy variation in the mechanical and
thermal properties of the machined surface [30]. Therefore, Niss¢Tigs.4
alloy might be subjected to a stress/low temperature-induced martensite
phase or can remain or be restored in the austenite phase, depending on
the temperature of the cooling environment and generated heat amid
machining [16]. The cooling environments used during machining, having
temperature values below the M; temperature of the NissgTigs 4 alloy
specimen, tend to deform the specimen in its martensitic phase during the

machining process. However, the B2 austenite phase detected by the XRD



is probably the reverse-transformed phase from the deformed martensite
phase as a result of heating back to room temperature (26 2C) as soon as
the particular milling operation run got over. A temperature higher than
the Af (10-15 2C) can easily induce the transformation of deformed
martensite into austenite, which is responsible for the disappearance of
the martensite phase from the XRD diffractogram [56]. Also, the
appearance of only austenite displays an agreement with a few previous
studies that did not necessarily observe the martensite peaks on each type
of machined Nitinol samples such as dry, preheated, MQL, and cryo-
machined, but did witness the distinctive austenite peaks in each case [16,
30, 31]. Moreover, a common challenge faced in the phase identification
of low-temperature machined Nitinol samples is the peak-broadening,
which is also evident in both Fig. 8 (a) and (b) where only a few narrow
and long peaks could be observed [31]. However, a subsequent detailed
study will be required in the future to investigate the effect of HME on the
phase transformation of Niss gTiss.4 alloy.

Besides, as depicted in Fig. 9, the latent heat of transformation for this
surface could not be accurately measured in any of the heating or cooling
processes due to the unique trend of the obtained plot. Moreover, no
noticeable phase transformation was observed in the DSC thermogram
with the applied temperature range. The possible reason for the DSC
response showing only one phase with no alteration, in the presence of the
reverse-transformed austenite phase, was also noticed by the XRD
diffractogram. Hence, the indication of no phase transformation or the

absence of the martensite phase in the DSC thermogram confirms the



finding depicted in the XRD plot (Fig. 8). Also, the consistency in the DSC
response implies that the deformation present in the HME-milling-induced
layer could substantially decelerate martensite transformation in that zone.
The crystal structure of this surface credibly had a high density of
vacancies and dislocations, resulting in the suppression of the volume of
material subjected to transformation. A somehow similar trend was
noticed by some previous research also, however, those were the cases of
severe plastic deformation where the cooling curve almost hid the
martensitic transformation [56, 63]. Additionally, the modified Niss ¢Tigs.4
alloy surface was detected with a 17.44 % higher microhardness value
(276 HV) compared to the as-received Niss Tig4.4 alloy surface. Hence, all
the improvements observed in the HME-milled NissgTisgg 4 alloy surface
characteristics via FESEM, EDS, and XRD can be interpreted as a

substantial modification.

4.3 Bioactivity of HME-milled surface

In continuation of this study, as shown in Fig. 10 (a), the revealed
results of wettability ascertained a noticeable hydrophobicity of the
modified NissgTig4.4 alloy surface (> 90 ° CA), indicating its considerable
affinity towards the blood (as a result of decreased adherence and
stimulation of platelets) and controlled potentiality to liberate a drug at
the intended site [64]. A rise in wettability is generally noticed with an
increase in the formation of hydrogen bonds due to the reaction of
hydroxyls with water molecules [65]. Hence, the credible reasons for the
observed hydrophobicity are the favorable characteristics of the topmost

surface layer (modified layer), such as adequate types and number of



chemical compounds, metallurgical properties, and geometrical features
including thickness. This finding might be compared with a recent
investigation reporting an improved hydrophobicity on an EDMed Nitinol
surface [66], suggesting a competent efficiency of the present traditional
subtractive manufacturing process when employing the combination of
cryo-treated cutting tool and HME. Further, in the presence of an inferior
quality surface finish, the Ni element may get released from the Nitinol
surface into the blood, forming harmful compounds (toxic) and disrupting
the evenness of protective oxide content in the topmost surface layer. In
this relation, as shown in Fig. 10 (b), the present study noticed the average
numerical value of surface roughness R, = 341.69 nm, with R, = 398.22
nm, R, = 3.02 pym, and R, = 2.14 pm on the modified Niss¢Tigs 4 alloy
surface, suggesting its use in cardiac stent application as surface
modifications of the order of nanoscale are preferred to regulate the
cellular movements [42]. Hence, this surface is expected to favor
satisfactory cell adhesion, along with proliferation and growth. Whereas
the Niss 6Tigg 4 alloy surface having a R, value lower than 341.69 nm might
lead to cell peeling off due to a relatively frail adherence [67].

Further, Fig. 11 (a) reveals similar initial ADSCs adhesion and growth
on both surfaces after 4 days of cell culture, which confirmed that the
surface milled with cryo-treated cutting during HME favored the initial cell
adhesion and growth like CpTi. As stated in the previous sections, the
considerably improved topographic features are mostly responsible for
fostering improved cell proliferation with adequate cell-cell contact.

Additionally, a similar initial ADSCs spread on both surfaces is evident in



Fig. 11 (b), which again validated the non-toxicity and biocompatibility of
the HME-milled surface in the initial phase. The initial cell attachment,
proliferation, and spreading are decisive for the implant’s long-term
sustainability and permanence and can vary with the change in biomaterial
surface characteristics [68]. Besides, Fig. 11 (c) shows no considerable
distinction in cell count between both surfaces. These results indicate that
the HME-milled NissgTi44.4 alloy surface promotes similar cell adhesion
and proliferation as CpTi, demonstrating that this surface is
cytocompatible and promotes cell growth. Additionally, according to Fig.
11 (b), some flatter ADSCs were noticed on the CpTi surface, depicting cell
adherence to the CpTi substrate. Whereas a more three-dimensional shape
of ADSCs was observed on the HME-milled surface, signaling an assisting
physiological attachment. Moreover, in comparison to the smoother cells
with certain cellular extensions evident on the CpTi surface, the HME-
milled surface was found with the presence of uneven-shaped cellular
extensions, appearing to be in a mature state to promote proliferation and
differentiation. Thus, the substantial improvements in wetting features,
topographic properties, and in vitro biological response can altogether
claim that the modified NissgTigs 4 alloy surface exhibited promising
adequacy of its geometrical characteristics desirable for mechanical

interlocking with cells at the micro-level.

4.4 Morphological features of the cryo-treated cutting tool
Fig. 12 demonstrates the wear progression primarily in terms of
chipping (chip-flow damage), abrasion grooves (along chip-flow direction),

and BUE (adhesion/welding). In Fig. 12 (i), although some parallel



abrasion grooves are evident at the top surface, they are not deep enough
to cause a major fracture. Further, some of the small chips adhered to
some abrasion grooves along with relatively high thermo-mechanical and
cyclic stresses [41], which might have also triggered the chipping at the
time of pulling off. Since cryogenic cooling promotes the regular formation
of tubular chips and opposes the development of lengthy and snarled ones
[69], the cutting tool used amid HME plausibly experienced more chipping
(due to more cutting tool-chip contact area) than the one used during CME.
The sticking or welding of chips on the cutting tool in both Fig. 12 (i) and
(ii) confirms the adhesion wear. However, it is found less in the case of
CME due to the lowest temperature effect (minimizing the melting of
chips). This finding can be attributed to a previous study [69]. Besides,
HME'’s temperature possibly provided the steady state and most durable
wear characteristics of the cryo-treated cutting tool, implying its profound
influence against sudden tool wear. Therefore, based on such observations
and the visual inspection of Fig. 12, it could be hypothesized that a more
favorable work hardening took place in the case of HME, leading to
relatively less wear than CME.

Further, as shown in Table 2, the cryo-treated cutting tool achieved
increased roughness and reduced microhardness values amid CME. The
possible reason for this poor performance of the cryo-treated cutting tool
during CME is the further increase in its brittleness and hardness (since
the cryogenic treatment of this cutting tool had already increased its
brittleness and hardness) as a result of experiencing the extremely low

temperature (-196 °C) of CME. Moreover, this increased hardness and



brittleness of the cryo-treated cutting tool during CME must have resulted
in the cutting edge breakage and damage at several places, as shown in
the FESEM image of Fig 12 (ii). However, in Fig. 12 (i), the cryo-treated
cutting tool used in HME, exhibits considerably less wear through
breakage but more via chipping, thus less change in the cutting tool’s
geometry than CME. Additionally, the higher levels of feed rate and cutting
depth contribute to higher cutting tool wear. These observations are in
strong agreement with some previous findings [24, 53]. Therefore, this is
the credible reason why the poor surface finish was reported in the case
of milling the difficult-to-cut NissTise4 alloy by the cryo-treated cutting
tool during the lowest-temperature cooling environment (CME), since the
damaged/worn-out cutting edge of the tool displays more rubbing action
(due to aggressive wear) than cutting action on the surface, and thus,
deteriorates the overall surface integrity. However, the cooling
temperature of HME was noticed to be favorable for the improved
functioning of the cryo-treated cutting tool, and thus, less cutting-edge
breakage was observed (in the case of higher feed rate and cutting depth)
compared to CME. Hence, a considerable role of the cooling environment

in subtractive manufacturing could be witnessed.

5. Conclusions and scope

The present study milled Niss6Tise4 alloy with the assistance of an
untreated and cryo-treated coated end mill with three distinct cooling
mediums and presented promising findings for biomedical applications.
Based on the experimental, statistical, and surface characterization

studies, the following conclusions could be summed up:



[0 The applied modeling and optimization approach achieved the
optimal combination of lubri-cooling environment and cutting tool
type, leading to observing the optimal levels of cutting conditions
improved surface roughness (£;) and microhardness (MHD) results.
Hybrid milling environment (HME) combined with the cryo-treated
cutting tool, Vo = 556m/min, f, = 0.075 mm/tooth, and a, = 1 mm
provided the best R, and MHD outcomes.

[0 The obtained models of R, and MHD presented high data variability
accounting, with 0.9725 and 0.9955 of the proportion of variability
explanation concerning the input variables’ levels.

0 As a result of the FESEM, EDS, XRD, DSC, and wettability analyses,
the HME-milling-induced plastically deformed layer obtained by the
cryo-treated cutting tool, exhibited superior surface roughness (0.21
pm), and microhardness (352.8 HV), uniformity, thickness (60.76
pm) and hydrophobicity (CA: 92 °).

00 The noteworthy wetting, topographic, and in wvitro biological
responses displayed by the modified Niss ¢Ti44.4 alloy surface might
be a promising candidate for Niss ¢Tis4.4 alloy orthopedic implants.

00 The presence of a notable amount of oxide on the HME-milled
surface, as demonstrated by the EDS results, might suggest an
improved corrosion resistance of this surface.

00 The present study conducted the DSC analysis with a positive range
of temperature. However, a negative range of the temperature can

be incorporated in the extended study and the effect of the same on



the phase transformation in the sample of interest can be
investigated in future research.

00 The biocompatibility investigation in the present research assessed
a short-term biological response of the HME-milled surface
produced by a cryo-treated cutting tool and observed satisfactory
cell adhesion and growth. However, a longer biocompatibility study
will need to be executed to investigate the long-term biological
responses of this surface.

[0 The HME-milled Niss ¢Tigs.4 alloy surface was observed to be as good
as CpTi owing to its noteworthy biocompatibility. However, a longer
in vitro study will need to be conducted in the future to investigate
the osteogenic activity properties of this surface.

[0 The present study presented a brief investigation of the cryo-treated
cutting tool wear that occurred amid HME and CME. Future studies
are strongly encouraged to fully address a detailed investigation of
the wear rate and wear mechanism amid each cooling/machining
environment.

00 The subsequent future experimental study needs to investigate the
effects of cutting forces since the input variables can directly
influence the same, leading to potential variations in the surface and

cutting tool characteristics.
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Fig. 3 Effects plot of R, obtained with (a) untreated and (b) cryo-treated
cutting tool; Contour plot of R,obtained with (c) untreated cutting tool
amid CME and (d) cryo-treated cutting tool amid HME
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Fig. 5 Effects plot of MHD obtained with (a) untreated and (b) cryo-
treated cutting tool; Contour plot of MHD obtained with (c) untreated
cutting tool amid CME and (d) cryo-treated cutting tool amid HME
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Fig. 7 (a) and (d) Top view at 1.50 Kx, (b) and (e) top view at 10 K X,
and (c) and (f) front view at 400 x of the surfaces produced by cryo-



treated cutting tool amid HME and CME, respectively; (g) EDS plot of
the surface produced amid HME
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Fig. 11 (a) Fluorescence microscopic images demonstrating ADSCs
stained with DAPI (blue) after 4 days of cell culture on both surfaces, (b)
SEM images (at 1000x magnification) of ADSCs on both surfaces after 4
days of cell culture, and (c) Cell count per area after 4 days of ADSCs
culture. No noticeable distinction in cell count could be noted between
the surfaces. The outcomes were statistically analyzed using the Tukey
test at a 5% significance level
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tool used in (i) HME and (ii) CME at the optimized setting of input
variables



Table

Table 1 Input variables and levels

. Levels

Input unit 1 0 1
X
1 Cutting-speed (V) m/min 25 40 55
X mmy/toot
» Feed rate (f,) h 0.075 0.15 0.225
X
3 Depth of cut (ap) mm 1.0 1.5 2.0
X
4+ Cutting tool - cryo-treated - untreated
x Cooling environment
5 (env) - WME HME CME




Table 2 1.27 experimental design and results

Output variables

Input variables

Trial Untreated cutting tool Cryo-treated cutting tool

run Ve f, ap env R, MHD R, MHD
(m/min) (mm/tooth) (mm) (um) (HV) (pm) (HV)

1 25 0.075 1.0 WME 0.64 273.6 0.69 293.8
2 25 0.075 1.5 CME 0.39 314.2 0.81 277.4
3 25 0.075 2.0 HME 0.53 301.7 0.44 324.7
4 25 0.150 1.0 CME 0.49 306.5 0.97 268.9
5 25 0.150 1.5 HME 0.67 291.3 0.58 315.7
6 25 0.150 2.0 WME 0.77 261.4 0.83 284.8
7 25 0.225 1.0 HME 0.75 276.2 0.67 303.5
8 25 0.225 1.5 WME 0.91 248.6 0.89 271.6
9 25 0.225 2.0 CME 0.59 294 1.12 257.4
10 40 0.075 1.0 WME 0.51 288.9 0.53 307.6
11 40 0.075 1.5 CME 0.33 327.3 0.68 291.5
12 40 0.075 2.0 HME 0.45 312.6 0.31 340.3
13 40 0.150 1.0 CME 0.42 315.2 0.82 280.5
14 40 0.150 1.5 HME 0.55 300.3 0.4 329.3
15 40 0.150 2.0 WME 0.66 274.5 0.65 297.3
16 40 0.225 1.0 HME 0.63 2854 0.51 316.7
17 40 0.225 1.5 WME 0.77 260.6 0.78 284.2
18 40 0.225 2.0 CME 0.51 304.9 0.93 269.8
19 55 0.075 1.0 WME 0.43 302.2 0.4 319.6
20 55 0.075 1.5 CME 0.28 339.5 0.56 302.4
21 55 0.075 2.0 HME 0.36 325.7 0.21 352.8
22 55 0.150 1.0 CME 0.34 327.9 0.7 292.5
23 55 0.150 1.5 HME 0.44 313.2 0.29 341.7
24 55 0.150 2.0 WME 0.52 290.4 0.49 308.3
25 55 0.225 1.0 HME 0.53 298.7 0.38 329.8
26 55 0.225 1.5 WME 0.64 272.4 0.61 295.5
27 55 0.225 2.0 CME 0.45 311.9 0.8 281.2




Table 3 Response model of R,

Term Estimate Pr(>|t|)
Intercept 0.8213 <2.00E-16 Aok
X -0.1197 <2.00E-16 ook
X 0.1089 <2.00E-16 ook
X3 0.0058 0.292
X2 0.0081 0.399
X2 -0.0044 0.641
X32 -0.0036 0.705
env HME -0.4006 <2.00E-16 ook
env WME -0.1689 1.89E-13 HoAk
untreated cutting tool -0.3989 <2.00E-16 Hook
X1 X, -0.0108 0.113
X1X3 -0.0008 0.901
Xy X3 -0.0006 0.953
env HME: untreated cutting

tool 0.5233 <2.00E-16 oAk
env WME: untreated cutting

tool 0.3967 <2.00E-16 ook
Ragi? 0.9725
Shapiro-wilk 0.8968%#
Breusch-Pagan 0.7271#
# p-values

Signif. codes: 0 *** 0.001 **’ 0.01 ** 0.05 ‘.’ 0.1 "1

Table 4 Response model of MHD

Term Estimate Pr(>|t|)
Intercept 280.188 <2.00e-16 HoAk
X 12.2333 <2.00e-16 xRk
X -12.039 <2.00e-16 Hork
X3 0.17222 0.5198
X2 -0.0778 0.8664
X2 -1.1444 0.0171 *
X32 0.7722 0.1007
env HME 48.9694 <2.00e-16 HoAk
env WME 15.6778 <2.00e-16 HoAk
untreated cutting tool 35.5333 <2.00e-16 HoAk
X1X, -0.775 0.0220 *
X1 X3 -0.0792 0.8087
X2 X3 0.86944 0.0658
env HME: untreated cutting

tool -63.244 <2.00e-16 HoAk
env WME: untreated cutting

tool -56.656 <2.00e-16 K

Ragj? 0.9955



Shapiro-wilk 0.6332#
Breusch-Pagan 0.8096#

# p-values
Signif. codes: 0 “** 0.001 “**’ 0.01 * 0.05 ‘.’ 0.1 ‘"1




