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Metallic glasses are amorphous materials that have shown prospects in several applications including biomedical
due to their superior and unique mechanical, tribological, and bioactive properties. New functional coatings of
thin film polymorphic metallic glasses (Ti-Fe-Cu, Zr-Fe-Al, and Zr-W-Cu) were deposited by co-sputtering of
constituents from high purity (99.9%) targets. The thin film metallic glasses were deposited on stainless steel
316 L (SS316L) and titanium alloy (Ti) substrates. Co-sputtering offers tuneable parameters (pressure, power,
and time), which fosters high-quality polymorphic films of desired thickness and composition. Surface and
nanomechanical properties of the films, including surface morphology, structure, mechanical, and tribological
properties were investigated using SEM, AFM, XRD, XPS, nanoindentation, and scratch test. The coated sub-
strates exhibit uniform nanostructured films with surface roughness in the range of 1.5 to 7 nm. The XRD spectra
show a dominant amorphous glassy polymorphic feature on both substrates with crystallites size in the range of
65-108 nm. Nanomechanical characteristics of the films suggest high wear resistance with film adhesion strength
ranging between 624 - 2159 uN and 2273 - 2978 uN on SS316L and Ti substrates, respectively. Overall, these
polymorphic Ti-Fe-Cu, Zr-Fe-Al, and Zr-W-Cu nanostructured uniform films with low surface roughness and high
adhesion on SS316L and Ti substrates are potential functional surfaces for biomedical applications.

1. Introduction Pt, Cu, Mg, and Ti [11,12], in conjunction with other elements of high

glass-forming ability [13]. Zr-based BMGs and Ti-based BMGs have both

The need for a mechanically robust protective surface coating to
resist wear, corrosion, and even bacterial proliferation continues to
grow by the day. The engineering field has seen great evolution of ma-
terials and processes for critical applications. For example, nano-
structured metallic materials such as titanium [1,2], silver, copper, zinc,
etc. [3,4] have been reported to kill bacterial [5,6]. However, their
bactericidal efficacy tends to diminish with time due to corrosion, wear
and mechanical robustness of the nanostructure surface [7-9].

Bulk Metallic glasses (BMGs) are potential candidates for advanced
applications due to their mechanical robustness, enhanced corrosion
and wear resistance which emanates from their amorphous phase [10].
In the past two decades BMGs have been produced based on Zr, Au, Fe,

excellent mechanical properties and corrosion resistance. BMGs have
been used as orthopaedic and dental device materials, such as implanted
pins, screws, plates, nails, and dental implants [14]. Orthopaedic and
dental device materials are needed to survive in a harsh human body
environment for a long time. One of the problems of the current BMGs,
the limited diameter sizes restrain the design and types of biomedical
devices using BMGs [15,16]. One promising measure to solve the limited
components size of BMGs is a thin film form of Zr-based and Ti-based
BMGs [14]. The other problem of BMGs is the localization of defor-
mation within shear bands reporting a brittle-like failure behaviour
[17]. Kazuhiro Imai [18] also suggest that MGs as thin films onto the
substrate of biomedical devices can be a solution as the deformation
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mechanism of BMGs under compression, bending and cycle loading
gradually changes from brittle to ductile as thickness decreases from
bulk to sub-microns [19-22] due to lower shear band displacement.

Sputtering is an industry-viable PVD system with tuneable parame-
ters that fosters development of nanostructured thin film MGs by co-
deposition [12,23]. Zr-based thin film MGs have been reported to
have an improved mechanical and tribological properties [24], because
of geometrical confinement (short grain boundary conditions) and the
introduction of a crystalline phase [25], that have attracted much in-
terest in sporting equipment (golf clubs, tennis, etc.) cell phone cases,
spaceships, and medical devices [26]. Ti-based thin film MGs have also
been reported to exhibit good wear resistance [27] and excellent
biocompatibility [28] that are critical in biomedical and medical
devices.

Moreover, recent studies show that, ductility of MGs could be
improved by admixing a smaller proportion (< 50%) of crystalline phase
(i.e. polymorphous metallic glasses) [17]. Polymorphous thin film
metallic glasses (PTFMG) have not been reported extensively. Nano-
structured PTFMG are a new class of MGs that could foster innovative
properties beneficial in several industries.

This work presents the surface and nanomechanical properties of
new Ti- and Zr-based nanostructured PTFMG fabricated by co-sputtering
on 316 L stainless steel (SS316L) and Titanium (Ti) substrates. X-ray
Diffractometer (XRD) was used to determine the thin films’ glassy
amorphous and polymorphic phases. X-ray photoelectron spectroscopy
(XPS) was used to obtain the elemental, composition and stoichiometry
of the films in accordance with the procedure suggested by Greczynski
[29]. To support the XPS elemental results, EDS measurements were
performed. Surface morphology, roughness, and microstructure of the
films on each substrate were measured by atomic force microscopy
(AFM) and Field emission scanning electron microscope (FESEM). Dy-
namic nanoindentation and nano-scratch examination were performed
to analyse the mechanical and tribological behaviour of the thin films as
the techniques have proven to be reliable for investigating surface
hardness, fracture toughness, stiffness and elastic modulus [30]. Depth
profiling dynamic nanoindentation test gives a much better estimation
of the elastic properties of the thin films compared to the quasi-static
indentation test. This is because the properties obtained from a
quasi-static test are usually affected by the properties of the substrate,
following the 10% rule of film thickness [31,32]. A shallow indentation
depth is also not ideal, as the film roughness can affect the properties
[32,33]. A solution to this problem is to obtain the storage modulus and
hardness as a function of indentation depth following the standard test
method outlined in ISO 14,577-4 [33,34], and to eliminate substrate
effect and get a good estimate of the Young’s modulus and hardness, a
common practice is to linearly extrapolate storage modulus and hard-
ness to vanishing contact depth [35]. Nano-scratch also provides good
tribology information [36,37]. The point at which the coating begins to
fail, break, or delaminate from the substrate (i.e., adhesive failure) is
known as the critical load (L.). L. is also described as the stress required
to remove a coating from a substrate [24] which can be regarded as the
adhesive strength of the film and in our study, this is the critical lateral
force (Lf). The variation of Lf on each substrate with individual ramping
loads; normal force (Nf) was examined in tandem with the deformation
behaviour of the film/substrate system. FESEM was used to observe the
deformation behaviour of the film. The film adhesion was discussed as a
measure of the Lf and FESEM observations.

2. Experimental procedure
2.1. Ti- and Zr-based thin film deposition

KJ Lesker PVD 75 magnetron sputtering system with 4 target sources
of 50 mm diameter was employed to deposit Ti- and Zr-based PTFMG

samples on SS316L stainless steel and polished Ti substrates. Details of
the PVD system and several trail samples on glass, stainless steel and
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polished Ti substrates are shown in the supplementary document. Before
film deposition, the substrates were cleaned with distilled water and
dried with an air gun. Sputtering target materials of Ti, Zr, Fe, Cu, W, Al,
Mg, Ta, Hf purchased from Maideli Advanced Material Co., Ltd were
selected based on their glass-forming ability, including incompatibility
of crystal structure and atomic size of the alloying elements [38], and
biocompatibility. The purity level of the sputtering targets was between
99.95% and 99.99%. To successfully obtain PTFMGs, three element
combination (Table S1 and S2 supplementary document) were selected
from the target materials based on their incompatible crystal structures
(BCC, FCC and HCP) and a co-sputtering principle (cluster + glue atom
model) [39,40], where the cluster is the base element (Ti-based or
Zr-based) and glue atoms are supplementary elements (Fe, Cu, W, Al,
Mg, Ta, Hf). Consequently, the cluster is major constituent of the
admixture and should have higher deposition power than the glue
atoms.

Deposition power of 150 W for the cluster target (Ti or Zr) and 50 W
for the corresponding glue supplementary elements at working pressure
of 10 mTorr and sputtering time of 60 min were applied. To maintain
uniformity of the films, the substrate was rotated at 10 rpm. The sub-
strate holder was fixed at a distance of 150 mm from the target and no
heating was applied to the substrate. The chamber was pumped for
vacuum environment until desired base pressure was achieved (< 2.0 x
10~% mTorr), followed by introduction of pure argon for processing. The
targets were pre-sputtered for 5 min to remove surface contaminants
followed by film deposition onto the substrates. Based on greatest
polymorphous composition (> 50% amorphous) and microstructural
uniformity of the films, one Ti-based and two Zr-based samples (Ti-Fe-
Cu: Sample ID 3; Zr-Fe-Al: Sample ID 5; and Zr-W-Cu: Sample ID 7) were
selected amongst the several samples shown in Table S2 for further
investigation (see Table 1). It is important to note that the film stoi-
chiometry, thickness and polymorphous composition (amorphous/
crystalline ratio) are a function of the deposition parameters, thus not
predefined. Consequently, the properties of the films in Table 1 are not
reported optimal values. Moreover, the substrates (SS316L and Ti) of
different roughness (14 nm and 4 nm) were chosen to obtain a surface
costing with the suggested range of roughness (< 10 nm) for effective
nanostructures bactericidal surfaces [41,42].

2.2. Ti- and Zr-based thin film characterization

The thickness of the films on glass substrate was measured using
DektakXT-Bruker stylus profilometer. A SCANASYST in air-Dimension
Icon (BRUKER) AFM operated in semi-contact mode with Silicon
Nitride cantilevers was used to characterize the surface morphology and
roughness of the films. FESEM (JOEL 7001F) with an acceleration
voltage of 5 kV was used to investigate the surface and microstructure of
the samples. Grazing incidence XRD measurements were performed
using Rikagu X-ray Diffractometer - powder high throughput, thin film,
Cu/Mo Smartlab to obtain the polymorphous (amorphous/crystalline)
composition of the films.

The chemical composition and stoichiometry of the thin films were
studied using X-ray photoelectron spectroscopy (XPS) using a Kratos

Table 1

Film compositions, thickness, and roughness (Ra) of the co-sputtered nano-
structured polymorphous thin film metallic glass samples on SS316L and Ti
substrates. Note that the surface roughness of SS316L and polished Ti bare
substrates are 14 nm and 4 nm, respectively.

Sample  Film stoichiometry = Thickness (nm)  Roughness (nm) on each
ID substrate
S§S316L  Ti
3 TiszFe41Cuy2 190 7 3
5 Zr;1FesAlyg 298 3 2
7 ZrsgWs3;Cuyy 280 2 1.5
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Axis Supra with aluminium monochromatized Al Ka X-ray radiation (hv
= 1486.7 eV). analyser pass energy of 160 eV was used for wide survey
scans, and a pass-energy of 20 eV was utilized for high-resolution scans
of the O 1 s and Mo 3d regions to differentiate the sub-structure of the
spectral lines effectively. The spectra were acquired sequentially with
incidence angle of the gas cluster ion beam at an angle of 45° normal to
the sample. The size of the analysed sample area was 300 x 600 pm with
10 min per scan acquisition time. It is important to note the analysis was
done on several random areas (at least 3) on the sample surfaces for
affirmation of the compositions. After analysis, a 2 mm x 2 mm area of
the samples were sputter-etched for 60 s with 10 keV Ar1000+ to
confirm C and O are surface contaminants. Additionally, XPS measure-
ments of the samples were carried out without the charge neutralizer to
check for any shift or charging. Further experimental procedures are
described in detail in the supplementary document. For the quantifica-
tion, the CasaXPS© software version 2.3.19 PR1.0 was used with the
appropriate element sensitivity library for the Kratos instrument. All
peaks were fitted using a Shirley background, by using a 70% Gaussian/
30% Lorentzian peak shape.

EDS measurements were performed using Oxford Aztec STD X-act.
Versatility and high resolution across the magnification range of 5X -
300,000X of the JOEL 7001F to confirm the elemental composition of
the bulk.

The nanomechanical properties of the nanostructured PTFMG on
SS316L and Ti substrates were examined using a Hysitron TI 950
nanoindenter, with a Berkovich tip (radius 150 nm). The tip area
function of the Berkovich indenter was carefully calibrated on the fused
quartz with known reduced modulus (69.6 GPa + 5%) and hardness
(9.3 GPa + 10%). Continuous dynamic test (CMX method with peak
load 10,000 pN) can measure the mechanical property X (i.e., Young’s
modulus and hardness) continuously while indenting into the material
to get its depth profile. This was conducted on the samples with respect
to the film thickness (190 nm, 280 nm, and 298 nm) to obtain accurate
properties of the films. This was done under constant strain rate of 0.05 s
— 1 Five sections of nine indents were performed on random areas (at
least 100 um apart) of the film surface to obtain accurate undeniable
results. The dimension of each sample is 12 mm x 12 mm.

The tribology (wear resistance, fracture toughness, and film/sub-
strate adhesion ) of the samples were examined at different structural
states based on the cooperative shear model theory [43]. Nano-scratch
tests were carried out to evaluate the shear and wear resistance of the
PTFMG. Three pair scratches were performed at several areas on indi-
vidually coated substrates, with a space interval of 2 to 3 um to obtain
the mean critical loads with ramping load from 0 to 2000 pN, 0 to 3000
uN, and 0 to 5000 pN. This technique involves generating a controlled
scratch with a sharp diamond tip on a selected area. The sharp diamond
tip is used to induce a controlled scratch on the film surface under the
constant progressive load of 0.05 nm/s speed. The penetration depth of
the triboindenter diamond tip during scratching is a function of elastic
and plastic deformations of the individual PTFMG on SS316L and Ti
substrates [44]. The ramping load schemes were used to create 10 pm
scratch tracks. The tip was cleaned by performing an array of indents on
aluminium before and after each scratch to avoid effect of residual chips.
The length and the scratch tracks were examined under FESEM to
observe the plastic behaviour.

3. Results and discussion

The nanomechanical, tribological and surface properties, including
composition, phase, morphology, stoichiometry, and film thickness of
Ti- and Zr-based samples are discussed. As shown in Table 1, the
thickness and surface roughness of the PTFMGs were all under 300 nm
and 10 nm, respectively. As expected, the films are generally rougher on
the SS316L substrate than the polished Ti substrate due to the higher
surface roughness of the bare SS316L (14 nm for SS316L and 4 nm for
polished Ti).
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3.1. Film properties

Fig. 1 shows XPS spectra of the Ti- and Zr-based PTFMG samples on
SS316L and Ti substrates. The analyses show that the samples contain
C, O, alongside the Ti-Fe-Cu, Zr-Fe-Al, and Zr-W-Cu. The C and O are
surface contaminants adsorbed from the atmosphere, and no trace of
these elements was observed after lightly etching the films. EDS spectra
(see Fig. S3 in the supplementary document) confirms the elemental
composition of the films. Due to the bulk effect of EDS, the substrates
were detected in the EDS spectra as shown in Fig. S3. Therefore, the
stoichiometry and composition of the three films were extracted from
XPS as shown in Table 1.

Fig. 2 shows the high resolution XPS spectra of Ti 2p, Fe 2p, Cu 2p, Zr
3d, W 4f, and Al 2p for the co-sputtered Ti-Fe-Cu, Zr-Fe-Al, and Zr-W-Cu
on SS316L and Ti substrates. All XPS spectra are charge referenced to the
Fermi edge cut-off which is set at 0 eV in all valence band spectra (see
Fig. S5 of the supplementary document). The binding energies (BE) of O
1sand C1 sareset at 530.0 eV and 285 eV, respectively. The Zr 3d core
level (see Fig. 2a) is located at approximately 182.2 eV and 184.6 eV that
corresponds to ZrOs [45]. The W spectrum was separated into two
spin-orbit doublet peaks (see Fig. 2b) corresponding to metallic and
oxide of W. While the W 4fs/» and W 4f;,5 peaks located at BE of 37.8
and 35.6 eV are ascribed to W®*oxidation state, the W 4fs 2 and W 4f; 5
peaks at 33.0 and 31.0 eV are typical W metal [46,47].The Cu 2p core
level (see Fig. 2c) spectrum was fitted at 932.6 eV, which is assigned to
Cu (0) [48]. The Fe 2p core level (see Fig. 2d) was fitted at 710 eV from
the main Fe 2p3/2 peak which reflects Fe-oxygen bond (oxidation state
Fe®") [49,50]. The Al 2p core level spectrum (see Fig. 2e) has a main
peak located at 72.1 eV, denoting the presence of metallic aluminium
[51]. The Ti 2p core level spectrum (see Fig. 2f) was fitted with two
peaks with BEs of 458.5 eV and 464.2 eV which corresponds to Ti 2p3/2
and Ti 2p1/2 respectively, denoting Ti-oxygen bond (oxidation state
Ti*") [52,531.

Fig. 3 shows XRD pattern of Ti-Fe-Cu (a,b), Zr-Fe-Al (c.d) and Zr-W-
Cu (e,f) PTFMG on SS316L and Ti substrates. The XRD pattern of the Ti-
based (Ti-Fe-Cu) PTFMG shows a broad hump with about 55% amor-
phous characteristics on both substrates. Fe and Ti (Table 2) were
identified as the major elements of the crystal phase (crystallites) on
both substrates, respectively. This may be a substrate effect since Fe and
Ti are constituents of the crystalline substrates (S5316 and Ti), respec-
tively. The percentage of amorphous/crystalline characteristics of the
polymorphic metallic glass thin films was deduced from the XRD soft-
ware DIFFRAC.EVA V6 using the following equations:

Global area — Reduced area

A h = 1 1
%Amorphous Global area x 100 (€8]

% Crystallinity = 100 — %Amorphous 2)

The Zr-based (Zr-Fe-Al and Zr-W-Cu) PTFMGs, showed broad XRD
spectra on SS316L and Ti substrates. Zr-Fe-Al (Fig. 3c,d) demonstrates
polymorphic properties with amorphous (crystalline) phase proportion
of 76% (24%) and 67% (33%) on SS316L and Ti substrates, respectively.
Fe and Zr3Fe (Table 2) were identified as the primary contributor to the
crystal phase (crystallites) on both substrates, respectively. The crys-
tallite of Fe appears to be pronounced on the SS316L substrate for ,
which may be a joint effect of the presence of Fe in the film ternary and
SS316L, thus, substrate effect. The XRD of Zr-W-Cu in (Fig. 3e,f) displays
72% (28%) and 74% (26%) of amorphous (crystalline) phase proportion
on the SS316L and Ti substrates, respectively. Both Cu and W were
identified as the crystallites on both substrates.

It is important to note that in addition to the glass forming ability,
incompatibility of crystal structure (hexagonal close packing-HCP, body
centred-BCC, face centred-FCC) and atomic size discourages vitrification
and promote the formation of predominant amorphous phase [59]. In
this study, the co-sputtered Tis;Fes4;Cuyo, Zry1FesAlyg and ZrsgWsiCugg
matrix featured from unique structure combination of HCP (Ti, Zr) - BCC
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Fig. 1. XPS spectra of: (a) Zr-W-Cu, (b) Zr-Fe-Al, and (c) Ti-Fe-Cu nanostructured polymorphous thin films metallic glasses on SS316L and Ti substrates.

(Fe, W), and FCC (Al ,Cu). This combination also fosters high strength
and stiffness (due to HCP and BCC) with good ductility (due to FCC)
[60]. This will be substantiated by the nanomechanical test of the film
reported in Section 3.2.

Fig. 4 shows AFM and FESEM images of the co-sputtered thin film
MG samples (Ti-Fe-Cu, Zr-Fe-Al and Zr-W-Cu). The morphology of the
films on the two substrates varies slightly with no visible crack or defect
having AFM surface roughness ranging between 1.5 nm to 7 nm. This
nanoscale roughness could benefit bactericidal efficacy, [42] and thus, a
functional nanostructured surface coating. It is important to note that
the higher roughness observed for the films on SS316L is because
SS316L (14 nm) is rougher than polished Ti (4 nm) as mentioned earlier.

3.2. Nanomechanical and tribological properties

3.2.1. Modulus and hardness

As per depth profiling dynamic measurements, linear regression line-
fitting (extrapolation) with zero intercepts on the y-axis (best-fit value of
intercept = — 0.013 mN/nm) was used to estimate the elastic modulus
and hardness of the films at shallow depths [61]. This was executed
according to the testing standard (ISO 14,577-4) [34] which also cor-
responds to the elastic region and the maximum estimate of the inden-
tation hardness as no plateau is observed [33]. Therefore, the film-only

property was obtained. Please note that the loss modulus in our exper-
iments was significantly smaller than the storage modulus. Therefore,
the phase angle & between the stress and strain is close to zero, and the
elastic modulus that can be stated as E = E'/cos(8) is close to the reported
storage modulus.

The hardness H is determined from the maximum load (Pmax)
divided by the projected contact area (Ac):

H = Pmax/Ac 3

Five sections of nine indents were performed on random areas (at
least 100 um apart) of the film surface to obtain accurate undeniable
results. Note that the area of the samples is 12 mm x 12 mm. The elastic
modulus and hardness were estimated from the mean of four consistent
indents over the film surface.

Table 3 shows the Young’s modulus (E) and surface hardness (H) of
the bare substrates, the Ti- and Zr-based metallic glasses. Generally, the
bare SS316L and Ti substrates have higher Young’s modulus [62,63],
than the as-deposited PTFMGs (Table 3) which is beneficial to limit bone
stress shielding [64]. Moreover, the PTFMG exhibit higher surface
hardness (0.7 — 4.3 GPa) than bare SS316L (1.7 — 2.2 GPa) and Ti (3.3 -
3.7 GPa) [65-67], This affirms that surface coating could improve me-
chanical functionality of a material [68,69] especially with MGs. Also,
the E and H values of the as-deposited PTFMGs are closely matched with
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Fig. 2. Representative high resolution XPS spectra of (a) Zr 3d, (b) W 4f (c) Cu 2p (d) Fe 2p, (e) Al 2p, and (f) Ti 2p, for the co-sputtered Ti-Fe-Cu, Zr-Fe-Al, and Zr-W-

Cu nanostructured polymorphous thin film metallic glass.

other studies; Tis0ZrioCusePdis , ZrggCuyeAlg, ZrsoCusg, and
Zr42Cu42Al7Y5 (Tablc 3)

3.2.2. Ramping force nano-scratch (Tribology and wear)

The wear resistance, fracture toughness, and film/substrate adhesion
properties of the as-deposited polymorphous thin film metallic glass is
evaluated in this section as a function of lateral force (Lf) and lateral
displacement (dL) with applied ramping force (Nf ; 0 to 5000 uN) as
shown in Table 4. A sudden increase (burst) in the lateral force (Lf) while
performing a scratch at any ramping Nf section is a result of film failure/
delamination [73]. If the hardness of the substrate is substantially
greater than that of the film, the indenter exceeding the film thickness
onto the substrate (substrate effect) with visual evidence can also be
characterised by a burst [73]. The corresponding Lf (i.e. of the burst) is
known as the adhesive strength of the film [74,24]. Moreover, where
there is no burst, the corresponding Lf of the peak Nf (i.e. 5000 uN)
without visible breakage or delamination from substrate as a function of
lateral displacement (dL) and depth travelled also characterises film
adhesive strength and fracture toughness.

According to Burnett and Rickerby’s analysis, the film/substrate
work of adhesion can be estimated to have a very high value of 1KJ/m?
from

2
Lo =T [ @

where L, is the critical load, d_ is the track width, E is the film’s Young’s
modulus, t is the thickness of the film, and W is the work of adhesion
[75].

The critical values of Lf (i, ii, iii) with corresponding dL at the indi-
vidual ramping Nf for uncoated and coated substrates (see Table 4) are
used to describe the film’s tribology properties. These critical values are
obtained for the bare and coated samples with the same nano-scratch

conditions to characterise substrate effect/contact and thus, deduce
film only property. Therefore, the tip of the indenter can be said to have
reached the substrate at any of the scratch tracks when the Lf of the film
> Lf of the substrate at the corresponding dL of the substrate (see
Table 4). This can be referred to as substrate contact. Beyond this point,
the film/substrate bond is tested further as a function of shear strength.
Except for Zr-Fe-Al deposited on SS316L, the indenter tip did not get to
the substrate despite their film thicknesses (190 nm — 300 nm). This is
due to their high strength and wear resistance.

It is important to note that the extended track characterised by white
rectangular boxes seen in Figs. 4-7 are mainly on the last scratch tracks
(5000 pN) results from the instrument’s limitation at or beyond Lf 2000
uN. Hence, the graph represents only a 10 ym normal distance corre-
sponding to the scratch tracks, excluding the boxed area.

Fig. 5 represents the nano-scratch patterns (tracks with corre-
sponding graphs) of the bare substrates as a standard/control to un-
derstand substrate effects and estimate the tribology of the PTFMG-
coated substrates. The peak lateral force (Lf) with the corresponding
lateral displacement (dL) at the individual ramping Nf as shown in
Table 4 is the reference for substrate effect/contact on the PTFMG-
coated samples. The progression of the Lf on the bare substrates in-
dicates more opposition to ramping on SS316L than on polished pure Ti.

Moreover, wider and shallow tracks are seen on SS316L as there was
no recovery from the tip-induced deformation after unloading. On the
other hand, deep and narrow tracks are observed on Ti as the material
recovered from the tip-induced deformation after unloading. This
demonstrates that SS316L and pure Ti are hard/strong substrates with a
large plastic and elastic region respectively, the impact of these attri-
butes on the co-sputtered PTFMGs is displayed by the FESEM micro-
graph of the individual samples on SS316L and Ti substrates.

Fig. 6 represents the Lf patterns (tracks with corresponding graphs)
of nano-scratched Ti-Fe-Cu PTFMG on SS316L and Ti substrates for Nf
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Ti substrates.

Table 2

Size of the crystallites for the identified crystalline phases and the corresponding
PDF card number with database reference to describe the polymorphous phase
of the PTFMGs.

Sample Substrate  Crystallites size (nm)  PDF card number Ref
SS316L 82 01-081-8770 Fe [54]

Ti-Fe-Cu  Ti 108 04-003-5531 Ti [551]
SS316L 97 01-081-8770 Fe [54]

Zr-Fe-Al  Ti 94 04-008-0947 Zr3Fe  [56]
SS316L 65 04-013-4520 Cu [571

Zr-W-Cu Ti 85 04-002-1279 W [58]

2000, 3000, and 5000 uN. The Ti-Fe-Cu PTFMG shows excellent adhe-
sion and fracture toughness on both substrates. Moreover, the Lf of the
SS316L coated substrate is lower than on the Ti substrate (1921 pN <
2629 uN see Table 4) though more material is eroded off the Ti substrate.
This is due to higher surface hardness (2.9 GPa for SS316L and 0.7 for
Ti), thus resistance to penetration on SS316L than Ti. Furthermore, the
ability of the film to resist breakage and delamination from the sub-
strates is due to good film/substrate adhesion with large plastic and

elastic region. This depicts high strength, wear and shear resistance
[18].

Additionally, it is essential to note that substrate was not reached at
any of the scratch tracks on the film with reference to Table 4 (Ti-Fe-Cu-
coated SS316L Lf 1921 pN, dL8.9 um and Ti Lf 2629 pN, dL8.5 pm
compared to bare SS316L Lf 2554 uN, dL8.6 um and Ti Lf 3014 uN, dL8.3
um), which further affirms high strength, wear, and fracture resistance.
This is a resultant effect of dense atom packing and the amorphous/
crystalline phase of Ti-Fe-Cu PTFMG which emanates from the unique
ternary combination of cubic structure (HCP, BCC, and FCC). This
ternary Ti-Fe-Cu exhibits higher strength compared to other Ti-based
MGs such as TigpZr;oCusePdis (2100 pN) [76]. Ti-Fe-Cu has shown a
potential for sustainable surface coatings that can endure progressive Nf
up to 5000 pN.

Fig. 7 represents the Lf patterns (tracks with corresponding graphs)
of nano-scratched Zr-Fe-Al PTFMG on SS316L and Ti substrates for Nf
2000, 3000, and 5000 pN. The film has relatively good adhesion, and
fracture toughness on Ti substrate as high Lf with no breakage or
delamination is observed at any point. On the other hand, beyond 4.1 dL
of the last scratch track, brittle fracture followed by delamination of the
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Fig. 4. AFM and FESEM micrographs of (a) Ti-Fe-Cu, (b) Zr-Fe-Al, and (c) Zr-W-Cu thin film metallic glass on SS316L and Ti substrates. Inset shows roughness (Ra)

values of each film. .

Table 3
Young’s modulus (E) and surface hardness (H) of the bare substrates (SS316L
and Ti), and Ti- and Zr-based metallic glasses.

Sample SS316L substrate Ti substrate
Ref
E (GPa) H (GPa) E (GPa) H (GPa)
Bare 210 1.7-22 120 3.3-37 [62-67]
TiszFeq1Cuypn 747 £84 29+ 75.0 = 0.7 + This
1.0 8.3 0.8 work
Zr;1FesAlye 93.6 + 4.3+ 93.8 + 3.4 + This
10.4 1.2 5.1 0.5 work
ZrsgW31Cuyq 90.8 £9.6 1.8%+ 89.6 + 1.3+ This
0.9 4.9 0.4 work
TisoZr10CuzePd14 80 - 80 5.5 [64]
Zr46CuseAlg 96.4 - 96.4 - [70]
ZrsoCuso 84 - 84 - [71]
Zr4oCusAl;Ys 84.6 - 84.6 - [72]
Table 4

Critical values of Lf (i, ii, and iii) with the corresponding dL for the individual
ramping Nf (2000, 3000, and 5000 uN) scratch track on the bare substrates and
PTFMG-coated substrates as reference for substrate contact/effect.

Sample Notations  SS316L Ti
Nf (uN)
2000 3000 5000 2000 3000 5000
i ii iii i i iii
Lf (uN) 778 1226 2554 687 903 3014
Bare subtrate dL (um) 6.6 9.2 8.6 7.2 9.5 8.3
Lf (uN) 770 317 1921 800 1718 2629
TiFeCu- dL (um) 9.4 9.8 8.9 9.6 9.1 8.5
coated
Lf (uN) 471 813 624 629 1349 2978
ZrFeAl- dL (um) 9.6 9.4 4.1 9.5 9.1 8.3
coated
Lf (uN) 612 1065 2153 471 778 2261
ZrWCu- dL (um) 9.4 9.2 8.7 9.7 9.6 8.6
coated

Zr-Fe-Al PTFMG from the SS316L substrate at adhesive strength of 624
uN occurred. This low adhesive strength may be due to soft substrate
effect of SS316L as reported for Zr-Cu-Al-Ni thin film MG-coated SS316L
elsewhere [77-79]. Moreover , substrate effect may not be the only
reason for the low adhesive strength of the Zr-Fe-Al PTFMG as the very
small amount of Fe and higher Al (glue atoms) in the stoichiometry
(Zr71FesAlyg) could have an effect [39,40]. Consequently, this weak
adhesion observed for Zr-Fe-Al PTFMG on SS316L can be attributed due
to the softer substrate and stoichiometric ratio of the glass forming el-
ements. More research would be conducted to observe the effect of

stoichiometric ratio on the adhesive strength of the Zr-Fe-Al PTFMG
admixture on SS316L substrate.

In contrast, the Lf of Zr-Fe-Al on Ti substrate is consistent and pro-
gressive up to 2978 uN. The substrate was not reached with reference to
Table 4 (Zr-Fe-Al-coated Ti Lf 2978 uN, dL 8.3 um compared to bare Ti Lf
3014 uN, dL8.3 um), hence no burst. This corresponds to the strong
adhesion of Zr-based thin film MGs on hard substrate as reported by
Marimuthu et al. [77]. Therefore, Zr-Fe-Al appears to have stronger
adhesion on Ti substrate than SS316L due to higher substrate hardness
(3.7 GPa vs 2.2 GPa), respectively [65-67].

Fig. 8 represents the Lf patterns (tracks with corresponding graphs)
of nano-scratched Zr-W-Cu PTFMG on SS316L and Ti substrates for Nf
2000, 3000, and 5000 uN. The film exhibits excellent adhesion and
fracture toughness on both substrates as no crack, burst or delamination
was observed. Although a drop in Lf is observed at dL 7.7 um on SS316L
substrate, film delamination and breakage did not occur. This might
have resulted from surface roughness as encircled in the FESEM image.
Moreover, the small shear-band spacing of Zr-W-Cu PTFMG on SS316L
substrate depicts better tribological properties (higher shear and wear
resistance), thus, good film plasticity as compared to previous studies
[18,80]. This is also substantiated by the higher Lf 2159 uN compared to
ZI‘5()CL13()A110Ni10 (1900 ;,lN), Zr50Cu35Al7Nb5Pd3 (1806 HN) and
ZI‘55C113()A17Nb5Pd3 (1664 }.IN) [18,80]

On the other hand, Zr-W-Cu PTFMG on Ti substrate seems more
ductile as the eroded material follows a malleable manner (folded
pattern to the side and front without breakage). A close examination of
the scratch tracks reveals ductile deformation due to the shear bands and
dominant smooth interior scratch patterns [81].The substrate was not
reached at any of the scratch track on film with reference to Table 4
which further suggests great wear, fracture, and shear resistance with
peak Lf 2273 uN compared to other Zr-based thin film MGs. This is a
resultant effect of dense atom packing and the polymorphic phase of
Zr-W-Cu thin film MG on both substrates. This interesting tribological
properties of Zr-W-Cu PTFMG on SS316L and Ti substrates show a great
potential Zr-based thin film MG for sustainable coating.

Table 5 shows the adhesive strength (peak Lfs for Nf 5000 uN) and
coefficient of friction (COF) of the co-sputtered PTFMGs on the indi-
vidual substrates. Apparently, the thin films are stronger on Ti substrate
as compared to SS316L. The COF was obtained as a function of the peak
Lf (iii) ratio to the corresponding Nf. The COF recorded for the indi-
vidual Ti and Zr-based thin film MGs is relatively low (< 0.6) and closely
matched with earlier nano-scratch studies for Ti- and Zr-based thin film
MGs (see Table 5).Since the tip geometry (radius 150 nm) can be
expanded to 200 nm while in action [82], it can be said that the PTFMGs
exhibited high strength (i.e. large dL) and fracture toughness (i.e. high Lf
). The elastic recovery characterises this after deformation/expansion
(in length as shown by the arrows on the FESEM images) and resistance
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Fig. 6. Nano-scratch patterns: lateral force (Lf) for individual ramping normal force (Nf) for Ti-Fe-Cu PTFMG on (a) SS316L and (b) Ti Substrate.
to depth penetration without failure of the films by the tip with respect roughness of the substrate. These tribological properties, avail great
to dL. benefits as sustainable surface coating for Ti and SS316L substrates with
Overall, less material was scratched off PTFMG-coated Ti compared respect to industrial and biomedical applications.

to PTFMG-coated SS316L substrate. This shows that the film’s wear
resistance on Ti substrate is excellent and higher than on SS316L sub-
strate and this can be attributed due to the higher hardness and low
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Fig. 8. Nano-scratch patterns: lateral force (Lf) for individual ramping normal force (Nf) for as-deposited Zr-W-Cu PTFMG on (a) SS316L and (b) Ti Substrate.

4. Conclusions motivation behind surface engineering/coating which avails the benefit
of sustainability. TisyFe41Cuyg, Zry1FesAlys, and ZrsgWsCuy; PTFMGs
The need for mechanically robust functional materials is the (< 300 nm thick) were developed on medical grade SS316L and Ti
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Table 5

Film Adhesive strength (FAS) and coefficient of friction (COF) of the PTFMG on
SS316L and Ti substrates and COF of Ti-and Zr-based thin film MGs. COF of Zr-
Fe-Al on SS316L was not calculated as delamination occurred before the
reaching the maximum scratch distance (dL).

Sample FAS (uN)/(MPa) COF

Ref

SS316L Ti SS316L Ti

Ti-Fe-Cu PTFMG 1921 2629 0.38 0.52 This work
Zr-Fe-Al PTFMG 624 2978 - 0.59 This work
Zr-W-Cu PTFMG 2159 2273 0.43 0.45 This work
Zr-based MGs - - 0.37-0.53 [83]
Ti-based MGs - - 0.19-0.67 [84,85]

substrates by co-sputtering of selected glass forming elements having
incompatible crystal structures (HCP, BCC, FCC). The surface and
nanomechanical properties including surface morphology, microstruc-
ture, mechanical, and tribological properties of the films were investi-
gated. Homogeneous nanostructured films with low surface roughness
of less than 10 nm, and no visible cracks were obtained. The unique
combination of crystal structures of the constituents produces poly-
morphic phase (> 50% amorphous) thin films, which fosters nano-
mechanical properties with high strength, stiffness, and fracture
toughness. The adhesion of all the films on both substrates was excellent,
with film adhesive/tensile strength over 2000 uN/MPa except for Zr-Fe-
Al (624 uN/MPa) on SS316L substrate. The imbalance amount of Fe and
Al in the film is suggested as the cause of low adhesion strength of
Zr71FegAlye film on the SS316L substrate. The PTFMGs have relatively
low coefficient of friction (< 0.6) which is desirable property for mini-
mising wear. It is concluded that the polymorphic properties of metallic
glass thin films have shown strong nanomechanical and tribological
properties suitable for applications requiring mechanically robust
functional materials. Subsequent study will be performed to examine the
biocorrosion and bactericidal efficacy of these polymorphic nano-
structured thin film metallic glass coatings for biomedical application.
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