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Elastic-plastic properties of titanium and its alloys modified by fibre laser surface nitriding
for orthopaedic implant applications

Hadi Asgharzadeh Shirazi,! Chi-Wai Chan,? Seunghwan Lee!
"Department of Mechanical Engineering, Technical University of Denmark, Kgs. Lyngby DK-
2800 Denmark
’Bioengineering Research Group, School of Mechanical and Aerospace Engineering, Queen’s
University Belfast, BT9 SAH, UK

Abstract

Laser nitriding is one of the most promising approaches to improve wear resistance of Ti alloy
surfaces and may extend the use in orthopaedic implants. In this study, three types of Ti alloys,
namely alpha commercially pure Ti (“TiG2”), alpha-beta Ti-6Al-4V (“TiG5”), and beta Ti-
35.5Nb-7.3Zr-5.7Ta (“BTi”), were subjected to an open-air laser nitriding treatment. Essential
elastic-plastic mechanical properties including elastic modulus, hardness, elastic energy,
plasticity index, and hardness-to-elasticity ratio of the laser-treated Ti alloys were characterized
using nanoindentation experiment. The results showed that the elastic modulus, hardness and
elastic energy values of all Ti samples significantly increased in the nitrided layer compared to
respective bare substrates for all three Ti materials. Across different Ti samples, BTi sustained its
relatively lower elastic modulus, but presented comparable hardness, elastic energy, plasticity
index, as well as hardness-to-elasticity ratio in the nitrided layer compared to the other two Ti
alloys. Overall, amongst three medical grade Ti alloys in this study, Ti appeared as the most
appealing candidate for joint replacement applications even solely in view of mechanical
compatibility when combined with surface laser nitriding. Nevertheless, laser nitriding treatment
in this study tended to cause a residual compressive stress on all Ti alloys as displayed by cracks
developed in the nitrided layer and analyzed on BTi by X-ray diffraction (XRD) and further
nanoindentation tests.

Keywords: Fibre laser treatment; Orthopaedic implants; Elastic-plastic properties; Wear ability;
Nanoindentation.

1. Introduction

Titanium (Ti) and its alloys, particularly Ti6Al4V (Grade 5), have long been known as a
workhorse in bio-implant applications owing to their desirable combination of properties such as
biocompatibility, high specific strength to weight ratio, excellent corrosion resistance, modifiable
surface properties, high fatigue strength and good toughness [1-4]. In spite of these unique
features of Ti and its alloys, they have some critical problems like poor resistance to wear, which
prevents the applications for the parts where tribological stress is expected (i.e. contact motions
in joint implants). For instance, while Ti6Al4V alloys are widely used for joint replacement
prosthesis due to its excellent biocompatibility, they are either not used for bearing parts, e.g.



femoral head-acetabular cup pair because of excessive wear [2,6,7] or need further
improvements in femoral head-taper junction because of tribocorrosion [8,9]. Essential to solve
this problem is to improve the wear-resistance of Ti surfaces, and a number of different
techniques have been devised and applied for this purpose. Representative examples in the
techniques include thermal spraying [10,11], physical vapor deposition [12], ion implantation
[13], electrical treatments [14,15], chemical vapor deposition [16] to name a few. For more
detailed and comprehensive overview on the techniques, readers are directed to a few recent
review papers on this topic [2, 4, 16,17].

Among these techniques, laser remelting under nitrogen shielding (or laser nitriding) is one
of the most effective surface modification techniques to enhance the surface hardness and wear
resistance of Ti alloys by formation of TiN layer on the surface [18-22]. Unlike the TiN coating
or layer created by other conventional methods e.g. physical/chemical vapor deposition
(P/CVD), the TiN layer formed by open-air laser nitriding provides several advantages such as
high speed, cleanliness, short treatment time, high precision, controllable accuracy,
reproducibility and elimination of undesirable heating of the substrate thanks to the use of
automated fiber laser system [18-22]. Most importantly, in conventional treatment methods,
delamination of TiN coating from the substrate has long been a serious concern. Diffusion of
high purity N> into outermost region of the substrate under high pressure and energy, as well as
formation of the deep, hard nitrided-TiN layer (thickness of >50 um) that metallurgically bonded
with the substrate effectively help alleviate the delamination in fibre laser nitriding [19-22].
Notwithstanding these key advantages, only limited studies have been devoted to the
improvement of wear and corrosion resistance of Ti alloys via laser gas alloying with nitrogen to
date. Chan et al. investigated the effects of laser surface treatment on the antibacterial properties
[19], wear and corrosion resistance of commercially pure Ti (Cp Ti, Grade 2), Ti6Al4V (Grade
5) [20] and Ti-Nb—Zr—Ta TNTZ beta Ti [21,22] alloy implant materials. These studies indicated
that the laser surface treatment techniques significantly improved not only the wear and
corrosion resistance [20-22] but also anti-bacterial adhesion properties on the laser-treated
surfaces [19,22]. In order to extend the use of Ti in orthopaedic implants, however, appropriate
mechanical properties such as low elastic modulus (close to the human bones), sufficient
ductility and high strength, are further required [1]. Thus, the assessment of some relevant and
important mechanical properties of laser nitrided Ti alloys is of vital importance to facilitate
practical applications.

In this sense, the present study was undertaken to evaluate the mechanical properties of three
laser-nitrided Ti alloys, namely alpha Cp Ti (Grade 2), alpha-beta Ti6Al4V (Grade 5) and beta
Ti—Nb—Zr-Ta (TNZT) alloys, with an emphasis on characterization of elastic-plastic behavior
using nanoindentation measurement. A variety of beta Ti alloys with different properties has
been developed by controlling their non-toxic elements (Zr, Nb, Ta, Mo, Fe, etc.) [21-23].
Among various beta Ti biomaterials, the quaternary TNZT alloy was selected as it is one of the
most attractive classes owing to its lowest elastic modulus and superb long-term stability against
corrosion in biological environments, and is receiving rapidly growing interest in this field



[21,22]. In this sense, a particular focus was placed on the quaternary TNZT beta Ti to further
investigate its residual stress induced by laser nitriding on the mechanical reliability and
longevity of orthopaedic implant system. The findings of this paper are expected to provide
important insights in the field of laser surface nitriding and disclose that this type of surface
treatment can play a crucial role in the mechanical aspects of laser-nitrided Ti alloys.

2. Materials and methods
2.1 Materials

Three types of Ti alloys, namely commercially pure (cp) Ti (purity ~99.2%, Grade 2, Zapp
Precision Metals GmbH, Germany), Ti6Al4V (Grade 5, Zapp Precision Metals GmbH,
Germany), and TNZT B-Ti (Ti-35.5Nb-7.3Zr-5.7Ta, American Element, USA), were used for
experiments. Hereafter, the employed Ti samples are denoted as TiG2, TiG5 and [Ti,
respectively, for convenience. Before laser nitriding, TiG2 and TiG5 were prepared in disc-
shapes with dimensions of 30 mm in diameter and 5 mm in thickness. A 40 mm x 30 mm x 3
mm (thickness) rectangular-shaped BTi was also prepared from a larger flat plate. All specimen
surfaces were polished by a series of SiC sandpapers from 120 to 800 grit in accordance with
standard metallography procedure prior to laser procedure. Next, the specimens were cleaned in
ethanol bath for 10 min, rinsed in distilled water, and then blown-dried.

2.2 Fibre laser nitriding treatment

The laser nitriding process was carried out using an automated continues wave (CW) laser
system (SPI Lasers UK Ltd, UK). Briefly, after cleaning and drying the samples, they were
irradiated with the fibre laser beam with wavelength of 1,070 nm and spot size of 100 um via an
array of pre-set parameters e.g. laser power of 40 W, scanning speed of 25 mm/s and shielding
with high purity N> at 5 bar in an open-air condition. More detailed parameters with regard to the
laser nitriding procedure can be found in recent papers [19-22]. Figure 1 shows a gold-coloured
TiN surface created on one of sample; ‘dark-bluish’ colour on top of the image is possibly
indebted from a thicker oxide at the edges of laser-treated area [20].
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Figure 1. An optical micrograph for the surface of laser-nitrided BTi specimen.



2.3 Sample preparation for nanoindentation tests

In order to investigate the mechanical properties of samples along cross-section, test
specimens were cut into two halves perpendicularly through the centerline. Each subsection of
samples was initially molded in cross-section view. Afterwards, cross-sectional surfaces were
polished with SiC sandpapers in sequence (320, 500, 1000 and 4000) and finally polished using
1 um and 3 pum diamond suspensions to achieve the smooth surfaces needed for nanoindentation
experiments.

2.4 Nanoindentation measurements

Nanoindentation measurements were performed using a Berkovich indenter (CSM
Instruments, Peseux, Switzerland), applying a maximum normal load of 50 mN with constant
rate of 100 mN-min’'. At least 50 indentations were carried out on each specimen at a room
temperature of 23 °C and the averages with standard deviations (SD) of the tests are reported.

During the nanoindentation tests, a high-precision gauge continuously monitors the values of
load and displacement. These load-displacement data can deliver a set of important mechanical
properties as described below.

2.4.1 Elastic modulus and hardness

Following one cycle of nanoindentation, the load and the displacement of both loading and
unloading steps obey power-law relations as follows [24,25]:
P=ah™ In the Loading phase (1a)
P = a(h - hf)m In the Unloading segment (1b)
where P and /4 denote the load and the displacement, respectively; Ay is the depth of residual
impression when the indenter is completely removed from the sample (after unloading). a1, a, m
and m are the empirical fitting parameters. In order to obtain the elastic modulus and the
hardness of the alloys from nanoindentation tests, the method of Oliver and Pharr was employed
[26,27]. In this method, the initial slope of the unloading curve, S, is defined as the contact
stiffness and can be calculated as:

dP m-1
S= [E = am (hy, — hy) )

in which 4, is the maximum penetration depth (see Figure 2).
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Figure 2. A schematic of the interaction between Berkovich indenter tip and specimen
(Pmax=maximum applied load; Anm=maximum depth; A-~contact depth and A/~final depth).

The elastic modulus of the test sample can be then calculated based on Sneddon relationship
as [24]:
1 1-v? 1-v?

i 3
E, E TTE ®)

where £ and E; indicate the elastic moduli of the sample and the indenter, respectively; E.
denotes reduced elastic modulus; v and v; represent Poisson’s ratio of the sample and the
indenter, respectively;

The hardness can be also obtained as:

P m ax

A, “4)

where Puax 18 maximum applied load and Ac denotes the projected area of the indented
impression. Details on the relationship in the equations (1) to (3) are found in the references [26-
28].

H =

2.4.2 Elastic-plastic behavior and wear resistance
Plasticity index is a key parameter of the material corresponding to its elastic-plastic
behavior in response to external stresses and strains. This term can be extracted from load-
displacement curve as below [29,30]:
. . Ay
Pty ddex =7 )
Here, A; and A4; indicate the plastic work and elastic energy, respectively. 41 is equal to the
enclosed area between loading and unloading curves and A» is the area encompassed by

unloading curve. It is worth noting that the term of (41+A42) represents the total mechanical work

done by the indenter during nanoindentation.

Besides the plasticity index, the elastic recovery, defined as Ax/(41 + A2), is also an
indication of materials energy corresponding to loading. It particularly signifies how much
energy is released from the material after being loaded.



In addition to the aforementioned properties, there are two other parameters, namely H/E;,
and HP/E,? that can be addressed to correlate with the anti-wear capabilities of materials. H/E,
represents materials’ ability to resist elastic strain to failure and therefore, the higher value may
indicate the better wear resistance of a material [30,31]. FH°/E,? (sometimes referred to as yield
pressure) [30] indicates the materials’ resistance to plastic deformation in loaded contact, and
subsequently the higher H°/E,? ratio reflects the higher resistance to plastic deformation [32].

2.5 X-ray diffraction

The phases of the BTi surfaces were identified by X-ray diffraction (XRD) using Cu Ka radiation
(at 0.15406 nm). The residual stresses near the surface region of the laser-nitrided layer were
also determined via the well-established XRD “sin’y” method [33]. All residual stress
measurements were repeated at three different rotation angles (¢) of 0°, 90° and 180° in order to
calculate the residual stress tensor. According to the “sin’y” method:

1+4+v v
eht = ——ons M —270y (6a)
dhkl —d
hkl _ 9P 0
€¢'¢ = d—o (6b)
hkl

where g4, represents lattice strain for one specific hkl plane; £ and v are elastic modulus and

Poisson’s ratio of the crystal at 4kl respectively; and dj is unstressed d-spacing. If the Eq. (6b) is
substituted into Eq. (6a), new form of the d-sin’y formula will be available as:

1+v ] v
d&‘,'if, =dy “E oSt 2P — 2d, EUH (7
Therefore, taking a linear graph of d versus sin’y into consideration, o;; can be readily obtained
from the slope of the line fitted to diffraction data.

3 Results and Discussion

In an effort to have a comprehensive understanding on the elastic-plastic behavior of three
types of Ti alloys in orthopaedic implant applications, an array of essential mechanical
properties, including hardness (H), elastic modulus (E), elastic energy, and plasticity index of the
alloys, was characterized by means of nanoindentation measurements.

3.1 Elasticity and Hardness

As the first step, the load-displacement curves were acquired from three Ti samples along
nitrided layer, Heat Affected Zone (HAZ), and bulk substrates, and the mean and SD values of
the elastic modulus (£) and the hardness (H) of all three Ti alloys are presented in Figure 3. The
full load-displacement curves and representative indentation images are presented in the
Supplementary Information as Figure S1 and Figure S2.
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Figure 3. (a) The elastic modulus and (b) the hardness values at three different zones for all used
Ti alloys.

As can be clearly seen from this figure, elastic modulus and hardness were in the order of
nitrided layer > HAZ > substrate for all three Ti samples. Relative order of the mechanical
properties between the Ti samples, however, showed a strong dependence on the region and on
whether they being elastic modulus or hardness. For instance, elastic modulus was in the order of
TiG2 > TiGS5 > BTi in all three regions. Hardness also showed the same trend in the nitrided
layer. In contrast, the relative order of hardness in HAZ segment was BTi = TiG5 > TiG2.
Moreover, hardness in substrate region was TiG5 > Ti > TiG2. TiG2 and TiGS5 exhibited larger
elastic modulus values than BTi, probably because of the large percentage of a-phase contained
in these samples, and the presence of B-stabilizing elements such as Nb is most likely the first
reason for the lower elastic modulus of BTi [1,30,34]. On the other hand, BTi showed higher
value of hardness compared to TiG2 in substrate region. This is possibly from the large amount
of Nb in BTi compositions; Nb is known to exhibit higher hardness than Ti by ~40% [30].
Further, the elastic modulus and the hardness of nitrided layers depend on mainly two factors,
namely the volume fraction and crystallographic orientation of TiN dendrites [20-22,35].
According to our previous studies [4-6], TiG2 showed a higher volume fraction of dendrites than
TiGS5 and BTi. Additionally, the relatively inhomogeneous distributions of TiN dendrites in the
nitrided layer with much larger thicknesses was the main reason of the higher elastic modulus
and hardness variation in the nitrided layers of TiG2 and TiG5 in comparison to BTi.

3.2 Elastic energy and plasticity index



The elastic energy and plasticity index, corresponding to elastic and plastic energy
dissipations during nanoindentation, are also useful parameters that can gauge the elastic-plastic
behavior of biomaterials. The elastic energy indicates how much energy is released from a
material after being loaded. In addition, plasticity index often reflects the intrinsic plasticity of a
given alloy [36]. Figure 4 displays the elastic energy and plasticity index values of three Ti
samples in different zones, namely nitrided, HAZ and bulk substrate.

(a)

0.5
BBTi BTiG5 BTiG2

0.4

03

Elastic energy

0.2

0.1

Nitrided layer Substrate

(b)

BBTi BTiGS BTiG2

0.8

0.6

Plasticity index

0.4

0.2

Nitrided layer Substrate

Figure 4. (a) The elastic energy and (b) the plasticity index values of three Ti samples along the
nitrided, HAZ, and bulk substrate regions.

As expected, the elastic energy (Figure 4 (a)) was inversely proportional to plasticity index
(Figure 4(b)) as it is defined as (1 - plasticity index). For all three Ti samples, the elastic energy
value was the highest in the nitrided zone, while it decreased upon moving toward HAZ, and
then bulk substrate. Accordingly, the plasticity indices were the lowest for the nitrided zone, yet
the highest for bulk areas. Across different Ti samples, BTi and TiG2 exhibited higher values of
plasticity index than TiGS5 in bulk substrate, indicating their larger intrinsic plasticity and hence
high ductility and good workability at room temperature compared to TiGS5. However, the
plasticity index values of all three types of Ti materials in the nitrided layer were statistically



comparable, which indicates that the difference in the plasticity of the top-most layer nearly
disappears after laser nitriding. Figure 4 also discloses that laser nitriding resulted in higher
resistance to loading, but lesser ductility on the surface nitrided regions of all three Ti alloys.
Since typical bio-implants used for bone replacement are not exposed to pronounced plastic
strains [36], the reductions in plasticity index in laser-nitrided surface areas are not considered as
a serious challenge in orthopaedic field.

3.3 Hardness-to-elasticity ratio, H/E, and H/E,?

In addition to elasticity modulus, hardness and elastic energy/plasticity index, the ratio
between hardness and elasticity, namely H/E,, is another mechanical parameter that deserves
attention. Recently, H/E,, together with H3/E,?, has received increasing interest because of its
potential relevance to tribological properties, in particular wear resistance [37-40]. Traditionally,
hardness has been considered as the primary parameter to explain wear resistance, but it cannot
account for that many elastomers with low elasticity modulus also display excellent wear
resistance. Several previous studies have reported that H/E,, or often H/E,? as well, are better
correlated with wear properties than H alone, especially for some layered materials [37-40]. The
values of H/E, and H*/E,? for the three Ti samples are presented in Figure 5.

(a) (b)
0.1 0.1
@mBTi WTiG5 BTiG2 mBTi mTiG5 mTiG2

0.08 0.08

0.06 0.06

H/E,
H3/Br2

0.04 0.04

0.02 0.02

0 0

Nitrided layer HAZ Substrate Nitrided layer HAZ Substrate

Figure 5. (a) H/E, and (b) H3/E,? values of three Ti samples along the nitrided, HAZ, and bulk
substrate regions.

According to this figure, the values of H/E, and H’/E,? showed the highest values in the
nitrided layer and gradually decreased upon shifting to HAZ, and then bulk substrate for all three
Ti samples. Meanwhile, the relative order of H/E, and H3/E,? across different Ti samples was
highly dependent on the region of the samples. Both parameters were close (H/E,) or statistically
similar (H/E,?), except for TiG2’s H3/E,? where had higher value, in remelted layer for all three
samples. TiG2, however, clearly exhibited smaller values for both H/E, and H*/E,? compared to
BTi and TiG5 in HAZ and base substrates. Between BTi and TiGS5, both parameters were
comparable to each other in HAZ, but those for TiG5 were distinctively higher than BTi in base
substrates. As it is obvious from the figure, the H/E, and H*/E,? values increased upon laser
nitriding for all three types of Ti samples. This is, in fact, consistent with the significant
improvement of wear-resistance of TiG2 [20], TiG5 [20], and two different types of BTi samples



[19, 22] that were observed in previous experimental studies. However, the question of whether
the experimental wear properties are better correlated with H/E or H alone across different
samples cannot be readily discussed as the experimental conditions for wear properties of
different Ti materials were widely different in the previous studies [37-40].

Instead, it is interesting to compare the present study with a similar study by Kiimmel et al
[40]. In that study, a surface treatment process was carried out to improve the poor tribological
properties of Ti6Al4V and the values of hardness, elastic recovery, H/E, and H’/E,? were
determined by means of nanoindentation. According to their results, the values of hardness,
elastic recovery, H/E, and H*/E,? were; (i) for near laser-treated surface: 8 GPa, 35%, 0.06 and
0.03; (ii) for bulk: 4 GPa, 20%, 0.03 and 0.004 respectively. The hardness value of HAZ was
also measured ~ 4.2 GPa. On the other hand, the present work showed that the values of hardness
in three different zones of the laser-treated surface, HAZ and bulk substrate of TiG5 (Ti6Al4V)
were determined 9.74 GPa, 5.56 GPa and 4.10 GPa respectively. Comparing our result with Ref.
[40], it is obvious that the employed laser treatment in the current paper led to the higher values
of hardness in both laser-treated and heat-affected zones. The values of the elastic energy for
both laser-treated surface and bulk in our work were about 40% and 22% respectively, where
were close to [40]’s elastic recovery outcomes. H/E, and H*/E,? values of the present paper were
obtained 0.07 and 0.05 for the remelted layer; 0.04 and 0.007 for the bulk substrate, reflecting
better anti-wear ability of the laser surface modification process exploited in this work compared
to Ref. [40].

Another important subject related to H/E; is that previous studies have shown that there can
be a mathematical relationship between plasticity index and H/E, in various materials. The

relationship has been approximated as following function [41,42]:
H
pty  adec =1-7() ®)
T
The significance of this equation is that there is a universal relationship between the two
quantities across different materials and experimental conditions. In order to verify this
relationship, the values of plasticity index from the present study were plotted as a function of

H/E, in Figure 5. As expected, a fit of our experimental data confirmed an inversely linear
relationship between plasticity index and H/E, with a slope () of ~-5.2 for all three Ti samples.
Figure 6 indicates that this relationship is valid not only for different materials, but also for
different regions of Ti samples upon laser nitriding.
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Figure 6. The mathematical relation between plasticity index and H/E, ratio for three Ti alloys
1.e. (a) TiG2, (b) TiGS5 and (c) BTi. The lines are a linear fit of the experimental data.

3.4 Residual stress in nitrided zone: a case of pTi

Overall, screening of the fundamental elastic-plastic mechanical properties of the three Ti
samples suggests that BTi appears most appealing for orthopaedic implant applications; it is
intrinsically lower in elasticity modulus, before and after laser nitriding (Figure 3a), yet
comparable in hardness, elastic energy, plasticity index, as well as hardness-to-elasticity ratio
compared to the other Ti samples (Figures 3b-5). In addition, TNTZ BTi has no toxic elements
that its superior biocompatibility adds more value as bio-implant materials.

Despite the improvement of mechanical properties of Ti materials by laser nitriding, the
occurrence of cracks in the nitrided layer remained as an outstanding problem [20]. This was
attributed to either too much energy input or too long interaction time in CW of laser nitriding
treatment [20]. Even without laser nitriding treatment, cracks were reported in some recent
studies on other types of BTi too [43,44]. In coatings, residual stress is another parameter that has
a critical influence on the mechanical properties of materials e.g. elastic-plastic behavior, fatigue,
fracture, corrosion and wear [45-47]. The cross-sectional micrographs for all three laser-nitrided
Ti alloys are depicted in Figure 7.

11



(@) (b)

A Z Laser-nitrided area | Dendrite structure
Gy T A \ Laser-nitrided area

Needle phases

oot T

-
5 “y

Figure 7. The cross-sectional microscope images for laser-nitrided (a) TiG2, (b) TiGS5 and (c)
BTi alloys; (d) the presence of perpendicular crack in nitrided layer of BTi sample. It should be
noted that cracks were observed from all three Ti samples, and the one in (d) is chosen only as an
example.

As can be seen from Figure 7d, crack appeared on the Ti sample surfaces after laser nitriding
(e.g. a few cracks across the whole of BTi laser-nitrided layer can be observed). Similar cracks
were observed in the laser-nitrided surfaces of both TiG2 and TiG5 too (data not shown). There
are mainly two possibilities for the formation of the cracks [48]; firstly, if the semi-brittle layer is
subjected to excessively high lateral tensile residual stresses, it may relax itself by forming
tensile cracks perpendicular to the interface. Secondly, if the layer is exposed to critically high
compressive stresses, relaxation can take place by creation of a regular pattern of shear cracks.
The residual stresses of thin layers may be normally variable in the range of 0.1-3 GPa in
compression, and up to 1 GPa in tension [48]. Figure 7 shows that the cracks were developed
perpendicularly from the boundary of TiN and bulk zones to the sample surface. Considering the
direction of stress and resultant strain, it is reasonable to propose that the residual stress in the
nitrided layers is predominantly tensile stress.

As BTi is the most attractive Ti material as bio-implant applications as given above, we have
selected BTi as the sample to perform XRD to verify the hypothesis on residual stress. The
measurement relies on the shifts in the position of the diffraction peaks when the specimen is
tilted by angle of  in a specific ¢ angle. Thus, the magnitude of the peak shift, if it occurs at all,
corresponds to the magnitude of structural change, and in turn, the residual stress according to
Eq. (7). If there are no shear strains in the surface region of specimen, the d spacing would
change linearly with sin’y. Figure 8 demonstrates the d spacing measurement as a function of
siny for the nitrided layer of BTi alloy accompanied by the XRD patterns on the TiN (2 2 0) and
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Ti B-phase (2 2 0) with different inclination angles for three ¢ angles i.e. 0°, 90° and 180°. The
linear behavior of d-sin®y (Figure 8(b-c)) indicates a homogeneous stress. Moreover, the positive
slope in this plot reflects that the residual stress in the nitrided layer is tensile. Shifting the central
peak of the XRD pattern of BTi specimen with different inclination angles to the right direction
further supports that the observed tensile residual stress in the nitrided layer.
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Figure 8. (a) The XRD pattern on the B-Ti (2 0 0) plane of BTi specimen with different
inclination angles; and the plots of d versus sin®y for (b) TiN (2 2 0) at 26 ~62°and (c) B-Ti (2 0
0) at 20 ~82° for BTi specimen.

The calculations were carried out by tracking two TiN peaks (2 2 0) at 26 ~62°, and the Ti

B-phase (2 2 0) at 20 ~82°. These peaks were opted based on the XRD profile of both untreated
and treated BTi parts with well-identified peaks shown in Figure 8.
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Figure 9. The XRD patterns obtained from laser treated and untreated zones of BTi alloy.

It was attempted to select the peaks of TiN and Ti with high 20 as well as isolated peaks in
the specific range to prevent misunderstanding with neighbor peaks after being shifted. For both,
the residual stresses were equal to 507.3 + 48.0 MPa (for TiN peak) and 695.9 = 27.0 MPa (for
Ti peak).

Previous researches in literature revealed that the mechanical properties of materials,
including elastic modulus, hardness and load-displacement curve of thin layers, could be
influenced by different types of residual stresses [45-47]. To elucidate the affecting extent of
residual stresses on the experimental data measured by nanoindentation test, a zigzag pattern was
chosen from the surface of laser treated BTi to the position far away from HAZ-bulk boundary
placed in the bulk zone. Figure 9 manifests load-displacement curves, elastic modulus and
hardness values in the different laser-nitrided regions of BTi in accordance to chosen zigzag
pattern.
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Figure 10. (a) Load-displacement curves and (b) £ and H trends vs. depth caused by indenting
from the nitrided zone to bulk substrate of BTi alloy; (c) the optical micrograph of a residual
indentation at three different areas of laser-nitrided BTi.

As shown in this figure, the elastic modulus and hardness display a decreasing trend from
the nitrided region to the base metal substrate. In particular, the elastic modulus and hardness in
the nitrided region were much higher than those in the bulk substrate. The increases in the elastic
modulus and the hardness directly enhance the stiffness and the wear resistance of material
components, which will be further discussed below. Figure 10a was also an obvious proof on the
improvement of stiffness and the strength of BTi alloy modified by nitriding laser treatment.
However, focusing on the substrate region (bulk zone in Figure 10b), it is noticeable that the
values of elastic modulus and hardness kept reducing as well as that load-displacement kept
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shifting to right (higher depth value) even in this region alone, before they reached the stable
status. We propose that this trend may be ascribed to the existence of the residual compressive
stress in substrate generated after laser nitriding. As a counter-action of generating the residual
tensile stress in the nitrided zone, the structure (bonding atoms) at HAZ-bulk boundary can be
rather compressed, and as a result, the indenter could penetrate less into this part compared to the
zone far away from the boundary in the bulk in which the intensity of residual stress decreased.
In other words, laser nitriding treatment appears to have caused a residual compressive stress on
the BTi substrate; however, further technical investigations in this field are necessary to verify
such assumptions. This is critically important because one of the main factors leading to
mechanical damages is residual stresses, playing a significant role in the mechanical
performance and reliability of material covered by thin layer [46,47].

Conclusion

The improvement of wear resistance by laser-nitriding treatment has been verified in many
recent studies [3-7]. However, concomitant changes in mechanical properties upon laser nitriding
have been less studied and understood to date. In this study, the elastic-plastic behaviors of laser-
nitrided Ti samples were characterized and compared by employing Cp Ti (TiG2), Ti6Al4V
(TiGS) and 35.5Nb-7.3Zr-5.7Ta BTi alloy. The conclusions drawn from this study include;

1. For all three types of Ti samples, the elastic modulus, hardness and elastic energy values
significantly increased in the nitrided layer, followed by HAZ compared to bulk substrate.

2. Accordingly, the plasticity indices indicated less ductility on the surface nitrided regions
of the three Ti alloys after laser nitriding.

3. Among the three types of Ti materials studied, fTi appeared the most appealing choice
for joint replacement applications due to the higher mechanical compatibility (e.g. lower elastic
modulus) and yet comparable in terms of hardness, elastic energy, plasticity, and hardness-to-
elasticity ratios compared to TiG2 and TiGS. Absence of toxic elements in 35.5Nb-7.3Zr-5.7Ta
BTi alloy is additional merit for this material as bio-implant material.

4. Nevertheless, cracks developed in the nitrided layer after laser nitriding treatment in this
study is an outstanding problem. Investigation by X-ray diffraction (XRD) and further
nanoindentation tests on BTi sample suggests that a residual compressive stress might be
responsible for the cracks.
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Figure S1. Representative indentation images of three Ti samples
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Figure S2. Load-displacement curves for all three laser-treated Ti alloys in the three different
zones of (— solid-line) laser-nitrided, (----- dash-line) HAZ, and (..... dot-line) bulk substrate.



