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There is growing international interest in hard biocompatible thin film surface coatings to extend the lifetime of
medical implants. Parameters of the physical vapour deposition technique can be utilized to fine tune the
microstructure and resulting properties of the growing thin film surface by modifying the adatom mobility of the

Euzs?omxf;nble incoming species. This work investigates the evolution of high hardness and biocompatibility of sputter deposited
il}Illplants v beta-TizAu intermetallic thin film surfaces as a function of growth temperature and pressure. Titanium and gold

are sputtered in an optimised 3:1 ratio over glass and TigAl4V substrates at varying pressures of 0.3 to 1.2 Pa and
temperatures of 25 to 450°C. The microstructure and crystallinity of the deposited films improved with reduction
in pressure from 1.2 to 0.3 Pa but development of the p-TizAu intermetallic compound occurred at temperatures
above 350C. The density of the films also increased with reducing pressure, whereas improvement in their
columnar structure was observed with increasing substrate temperature. These microstructural changes caused
by adatom mobility variation, led to the emergence of superior mechanical surface hardness, reaching a peak
value of 12.5 GPa for films grown at 0.3 Pa and 450°C. All thin film surfaces were highly biocompatible with ion
leaching levels below 1 ppm, and films deposited at lower pressure exhibited much safer cytotoxic profiles
against L929 mouse fibroblasts. This work demonstrates the emergence of high hardness and biocompatibility in
TizAu thin film surfaces with potential as next generation medical implant coating materials.

1. Introduction

Titanium (Ti) and its alloys like TigAl4V are used extensively in the
manufacture of biomedical implants because of their excellent
biocompatibility and corrosion resistance, especially for the fabrication
of load bearing implants like total hip replacements (THR) and total
knee replacements (TKR) [1-3]. However, the poor wear resistance of
TigAl4V and the possibility of Al and V ion release can lead to premature
loosening of the implant and other greater health problems [4-7]. Such
failure of biomedical implant devices combined with prolonged life
expectancy, are leading to a continuous increase in the number of
reconstruction surgeries, which can be both high risk and painful for the
patient and place a heavy financial burden on healthcare providers [1].
Therefore, there is an urgent need for super hard biocompatible coating
materials to extend the service lifetime of Ti-based alloy implants [8,9].
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The addition of noble metals has been shown to improve the me-
chanical properties of Ti-based alloys while maintaining the excellent
biocompatibility of the individual elements [10,11]. The two most
commonly alloyed elements for biomedical purposes are silver (Ag) [12,
13] and copper (Cu) [14-17] and they have been shown to increase the
hardness of pure Ti by two fold [18-21]. They are also known for their
excellent antimicrobial properties by inhibiting the formation of mi-
crobial biofilms [16,17,22] in the vicinity of the implant insertion.
However, the prolonged presence of these materials within biological
medium can lead to excessive leaching of their ions which are found to
be extremely toxic to the host cells [23,24]. Gold (Au) is another highly
biocompatible element belonging to the same family as Ag and Cu [25]
and recent studies have found promising mechanical and biomedical
performance in an bulk alloy system derived by alloying Au with Ti
[26-29]. Compared to Ag or Cu, Au has a higher mass density, because
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of its higher valence electron density, which results in an increased bond
strength and in turn higher hardness, when alloyed with Ti [26]. Bulk
TiAu materials prepared by arc melting were observed to give a sharp
increment in mechanical hardness, reaching a peak value of 800 HV
(~7.85 GPa) for samples with a stoichiometric ratio of Ti:Au of 3:1. This
increase was assigned to the development of a super hard beta phase of
the TigAu intermetallic compound [26]. Karimi et. al. also found the
hardness of TiAu thin films to peak when the Ti:Au atomic ratio is
optimised to 3:1 and deposited at elevated substrate temperature,
correlating very well with emergence of the TigAu intermetallic [27].
TigAu exists in two phases: a and p, and the calculated lattice parameter
for the p-phase (~ 5.1 [D\) is larger, with Ti existing in 14-fold coordi-
nation, which results in very high density of the formed unit cell for this
phase of the TisAu intermetallic. Compared to §, the a-phase has a
smaller lattice parameter (~4.1 1°\), and Ti exists in only 12-fold coor-
dination [10,26] making the unit cell less dense. This difference between
the coordination of Ti and Au atoms within the tightly packed unit cell
presents a higher energy barrier for dislocation slipping within the lat-
tice system, resulting in higher hardness for the p-phase of TizAu
compared to its a-phase counterpart [26]. These factors lead to
enhanced hardness and low coefficient of friction for the p-TizAu
intermetallic, making it an ideal coating for orthopaedic implants [27].
Karimi et al. also proposed that preparing the p-TisAu structure in thin
film format will help to overcome the embrittlement issue arising
because of the Pugh criterion (B/G < 1.75) as seen for bulk material
samples [10,27,30]. The limited number of easy slip systems, larger
Burgess vector, restricted cross slips and inability to transfer slips across
grain boundaries, all make the TisAu intermetallic more brittle and
therefore more susceptible to cracking [10,27]. Von Mises yield crite-
rion requires a minimum of five slip systems for a grain to be subject to
deformation and become ductile, whereas TisAu belongs to the A15 type
lattice structure with reported slip activities along only three indepen-
dent slip systems. Therefore, depositing thin film coatings of the TisAu
system on an underlying substrate like TigAl4V, will reinforce the
integrity of the film. While the work of Karimi et al. presents mechanical
aspects of Ti-Au thin films, there is still a requirement to investigate the
biocompatibility of Ti-Au in thin film format and the resulting in-
terrelationships between mechanical and biological performance.

In our previous work [31], we have clearly shown that superior
mechanical hardness with excellent biocompatibility performance can
be achieved for Ti-Au thin film coatings by optimising atomic ratios and
thermal activation processes [27]. Thermal energy provided by in-situ
substrate heating was found to be more efficient than ex-situ heat
treatment in a tube furnace, to escalate the precipitation of the finely
dispersed p-phase from the supersaturated o-phase, which act like
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pinning sites resulting in precipitation hardening of the deposited TizAu
thin films [28]. However, there are many other deposition parameters
like substrate temperature, gas pressure, target to substrate distance,
substrate rotation speed, deposition angle, reactive gas pressure, target
power level etc. which can all significantly affect the morphology,
microstructure and performance of deposited thin films [32]. Prominent
among these are deposition gas pressure and substrate temperature,
which can be investigated using Thornton’s structure zone model (SZM)
which predicts the thin film texture with variation in these two key
deposition parameters, as shown in Fig. 1 [33-35]. This model catego-
rises deposited film textures and thus properties, to fall within one of
four zones: (i) zone 1, (ii) zone T, (iii) zone 2 and (iv) zone 3, based upon
the deposition pressure and homologous substrate temperature, which is
represented by the ratio of Tgyp/Tm, Wwhere Ty, is the melting temperature
of the deposited thin film and Ty, is the substrate temperature at which
the film is deposited. With variation in deposition pressure, the texture
of the deposited thin film is greatly affected which in turn leads to
changes in thin film properties. For example, Ti thin films were observed
to increase in surface roughness and electrical resistivity while the in-
ternal stresses shifted from tensile to compressive with increase in
deposition pressure [36]. Similarly, increase in substrate temperature
leads to enhancement of adatom mobility of the sputtered species
reaching the substrate surface, thereby enabling them to orient prefer-
entially. This results in organised growth which can be observed as
changes in the columnar structure and crystallinity of thin films, clearly
visible through characterisation techniques like SEM, TEM and XRD
[34]. Therefore, by using this method, mechanical properties of mate-
rials can also be tuned by controlling the thin film texture. Previous
studies have shown that TiN thin films deposited at elevated substrate
temperature exhibit higher hardness [37,38] while Al-Si-N thin films
have shown improved hardness when deposited at lower working gas
pressures [39].

Here we propose a method to enhance the mechanical performance
of biocompatible p-TizAu thin films by improving the crystallinity and
density through optimisation of key magnetron sputtering process pa-
rameters. We show how the combined effect of varying the substrate
temperature and deposition pressure can lead to the development of
super-hard and highly biocompatible TizAu thin film coating materials
suitable to extend the lifetime of next generation medical implant
devices.

' Deposition | Homologous Substrate | Predicted
pressure temperature zone
(Pa) (Tu = Tsun/Tm, where
Tm =1395°C)
Tu< 0.1 Zone 1
0.1<Ty>0.3 Zone T
<0.5
0.3<Ty>0.7 Zone 2
Tw> 07 Zone 3
Ty< 0.4 Zone 1
04<Ty>0.5 ZoneT
0.5<> 4
0.5<Ty>0.7 Zone 2
Ty> 07 Zone 3

Fig. 1. Thorntons structural zone model (SZM) showing different zones and variation in thin film texture with variation in deposition pressure and homologous
substrate temperature together with a table showing criteria to predict the zone of a thin film in Thornton’s Structural zone model (SZM).
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2. Materials and methods
2.1. Thin film deposition

Thin films of TizAu alloy were sputtered onto glass and Ti alloy
(TicAl4V) substrates using a NanoPVD deposition suite from Moorefield
Nanotechnology. Rectangular Ti alloy substrates (76 mm by 26 mm and
1 mm thick) were polished using SiC paper from P240 to P4000 on a
wheel polisher to a surface roughness of better than 40 nm, measured in
either direction using an Alicona infinity focus surface measurement
system. The polished Ti substates were then cut into three coupons
measuring 25 mm by 19 mm (1 mm thick) using a guillotine. These Ti
coupons were scrubbed, together with a set of glass slides (75 mm by 26
mm and 1 mm thick), using 1:5 Decon 90 agent, followed by ultrasonic
bath cleaning with DI water. The cleaned substrates were then rinsed
using IPA, acetone and a second ultrasonic bath before being blow dried
using a jet of nitrogen. The cleaned substrates were loaded on a substrate
holder within the sputtering chamber at a target to substrate distance of
100 mm. The chamber was loaded with 2-inch (50.8 mm) diameter
circular targets made from 99.999% pure Ti and Au with the Ti target
connected to a DC source, while the Au target was provided with an RF
power source to slow down its deposition rate. The chamber was then
evacuated to a base pressure better than 5 x 10~* Pa and the substrate
holder was rotated at a constant speed of 5 rpm.

To better understand the role of substrate temperature and deposi-
tion pressure, a full factorial design of experiment (DoE) was executed
where these two parameters were varied over four individual levels,
resulting in a total of 16 experimental conditions, as presented in
Table 1.

Samples deposited without any substrate temperature were desig-
nated as RT (room temperature). Substrate heating was provided by a
pair of halogen bulbs situated behind the substrate holder and a cali-
bration was performed to correlate the halogen heater set point (SP) to
the true temperature achieved on the substrate surface once it reached a
steady state. It has been reported previously that crystallinity of TigAu
starts to improve with substrate temperatures above 270C [27], there-
fore the DoE was set to explore temperature ranges above this particular
point. After the RT samples, the lower limit for substrate heating was set
at 275C (400SP), followed by an intermediate point of 350C (500SP)
and thereafter, the upper limit of 450C (600SP) was defined by the
heaters maximum set point. The deposition pressure of the system was
controlled by the Ar flow within the chamber during deposition and in

Table 1
Parameter levels for substrate temperature and deposition pressure with the
resulting film thickness and elemental composition achieved.

Sample Substrate Deposition Film Elemental
ID temperature (C) pressure (Pa) thickness composition
(nm) (at%)
Ti Au

Srr-3 RT 0.3 692 75.5 245
SrT-6 0.6 533 749 251
SrT-9 0.9 536 739 261
SrT-12 1.2 495 75.7 243
Sa7s.3 275 0.3 681 75.4  24.6
S275.6 0.6 676 73.8  26.2
Sa75.9 0.9 486 739 261
Sa75.12 1.2 485 746 254
S350-3 350 0.3 690 76.4  23.6
S350-6 0.6 571 739 261
S350-9 0.9 495 748  25.2
S350.12 1.2 527 76.3  23.7
S450-3 450 0.3 623 739 261
S4s0-6 0.6 593 75.3 247
S450-9 0.9 641 747 253
S450-12 1.2 482 76.4  23.6
Mean 575.3 749 251
Std Deviation 78.4 0.9 0.8
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our previous work a set pressure of 0.6 Pa (Ar flow of 10 sccm) was used
[31]. Therefore, for this work we explored the effect of varying depo-
sition pressure from 1.2 Pa (Ar flow of 20 sccm) down to 0.3 Pa, (Ar flow
of 5 sccm). The upper level of 1.2 Pa was set by the 4-level nature of the
experimental design, while the lower level of 0.3 Pa was the minimum
pressure at which a plasma could be maintained.

2.2. Thin film characterisation

The microstructure of the deposited thin films was characterised by
the X-ray diffraction (XRD) technique using a Rigaku Smart Lab 2 X-ray
diffractometer, equipped with Cu K, radiation, in parallel beam
configuration. The reflection patterns were collected between 260 values
of 10 and 80° and the peaks were indexed using the inbuild crystallo-
graphic data base and verified with files from the ICSD (Inorganic
Crystal Structure Database). The morphology of the sample surfaces and
cross section regions were analysed using high resolution images
generated by a MIRA 3 scanning electron microscope (SEM) from Tescan
systems, operating at 5 kV and a working distance of 5 mm from the e-
beam lens. Elemental composition of each sample was verified using an
Oxford instruments X-Max 150 energy dispersive X-ray (EDX) spec-
troscopy detector built within the SEM. Transmission electron micro-
scope (TEM) lamellar were prepared by focused ion beam (FIB) milling
using a FEI Helios Nano Lab 600 Dual Beam system, equipped with a
focused 30 keV Ga liquid metal ion source. TEM imaging was obtained
with a JEOL 2100F TEM operated at 200 KeV. Micro-analysis was ob-
tained at 200 KeV, 0.7 nA in scanning transmission operation using an
Oxford Instruments micros-analysis system. Hardness and elastic
modulus were measured by performing nanoindentation using a 3-sided
Berkovich tip made of diamond, employed within a Bruker-Hysitron
TI900-Triboindneter nanomechanical testing system. For each sample,
a set of 16 indentations in a 4 x 4 pattern was made, with 10 pm spacing
between each indent. Each indent was controlled to achieve a depth
around 10% of the total film thickness to avoid any effect form the
underlying substrate. Following the Oliver and Pharr indentation
method, the force-displacement curve was plotted for each indent and
the unloading curve was analysed to extract the required mechanical
data. The surface roughness and grain size of the films were estimated
using a Nanoveeco Dimension 3000 atomic force microscope (AFM) by
scanning a 15 nm sharp silicon tip in continuous contact mode over a
surface area of 3 x 3 pm.

2.3. Cell lines and culture reagents

1929 murine fibroblast cells were purchased from Deutsche Samm-
lung von Microorganismen und Zellkulturen (DSMZ - Braunschweig,
Germany). Cells were cultured in Dulbeccos’s Modified Eagle Medium
(DMEM), high glucose, supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 pg/ml strepto-
mycin, while incubated under humidified conditions at 37°C and 5%
CO2. L929 cells were grown as monolayer cultures, while when con-
fluency reached 80-90%, cells were sub-cultured for a maximum of 20-
25 passages, before new vials were used. All cell culture media and re-
agents [foetal bovine serum (FBS), antibiotics, trypsin, Phosphate Buffer
Saline (PBS)] were obtained from Biosera (Kansas City, MO, USA), while
for cytotoxicity assays, Resazurin sodium salt was purchased from Flu-
orochem (Derbyshire, UK).

2.4. Thin film extracts preparation

In order to obtain different thin film extracts, two distinct experi-
mental protocols were followed. Specifically, a first set of extracts was
prepared through immersion of thin film test samples into 6-well culture
plates containing 6 ml of DMEM media for 72 hours in a humidified
incubator at 37°C, 5% CO-. In addition, a slight agitation was applied to
the 6-well plates containing the samples for 5 seconds at the beginning
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and the end of the preparation period, in order to achieve sufficient ion
leaching rates in culture media, that were subsequently used for cyto-
toxicity experiments against L929 mouse fibroblast cells. Accordingly, a
second set of extracts from the same thin films was obtained following
an additional incubation period of 96 hours into DMEM media,
following the completion of the initial 72 hours leaching time. In addi-
tion to the thin film extracts, extracts derived from polished Cu and Ti
substrates were used as positive and negative control samples, respec-
tively, for the cytotoxicity experiments.

2.5. Biocompatibility characterisation of thin films against L929 mouse
fibroblast cells

The biocompatibility properties of the deposited thin films were
analysed by measuring their in-vitro cytotoxic effect and ion leaching
potential according to ISO 10993 standards. The process cycle for cell
viability assessment using the Alamar blue assay is shown in Fig. 2.
Specifically, L929 cells were plated at a density of 2000 cells/well into a
96-well culture plate and incubated overnight. The following day DMEM
culture media was replaced with extracts obtained from thin films
deposited on titanium substrates, following 72 and 168 hour ion
leaching periods. In each experimental condition, L929 cells were
exposed to both types of leached extracts for a total period of 72 hours.
In parallel, exposures of L929 cells to both Cu substrate derived and 10%
DMSO containing extracts were used as positive control conditions,
while negative control samples consisted of L929 cells exposed to pure
DMEM media (Blank samples) as well as extract leached from a blank Ti
substrate. Next, following completion of 72 hour incubations, 10 pl of
resazurin (1 mg/ml final concentration) was added in each well and the
cells were incubated for 4 hours at 37°C. Finally, absorbance measure-
ments were performed at 570 and 590 nm (reference wavelength) using
an absorbance plate reader (Labtech LT4500, UK). Cell viability levels
were calculated and expressed as a percentage of untreated (BLANK)
cells.

ITons leached from TizAu thin films and blank Ti and Cu substrates
into the extracts were measured using a Perkin Elemer Optima 8000
inductively coupled plasma optical emission mass spectrometer (ICP-
OEMS). A portion of the extracts prepared from these samples were
passed through the mass spectrometer and the results were compared
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against a set of calibrated standards containing 0.625, 2.5, 5.0 and 10
ppm of dissolved Ti, Al, V, Cu and Au.

3. Results
3.1. Structural and chemical characterisation

The elemental compositions of the TigAu thin films deposited at
varying substrate temperature and deposition pressure, measured using
EDX analysis are presented in Table 1, together with the film thickness
measured from the cross-section SEM images presented later in Fig. 4b.
The thickness of the films appears to be less affected by variation in
substrate temperature but varies strongly with change in deposition
pressure. For any substrate temperature, films deposited at 0.3 Pa reg-
ister film thickness above 650 nm, which decrease to mid-500 nm
thicknesses for 0.6 Pa and then reduces to the lower 500 nm or upper
400 nm range with further increase in deposition pressure to 0.9 and 1.2
Pa. It is well documented that the mean free path reduces at higher gas
pressure leading to increased probability of collisions between the target
species ejected and the Ar ions in the plasma. This leads to a reduction in
energy of the sputtered species causing its deflection from the deposition
area, resulting in reduced film thickness at higher gas pressures [40-42].

On the other hand, the elemental composition is seen to be much
more consistent throughout the design of experiment, irrespective of
deposition pressure or substrate temperature. Between deposition runs,
it was observed that change in deposition pressure shifted the atomic
composition of the TiAu films further from the required 3:1 ratio.
Therefore, those runs had to be repeated with slight adjustments in the
power levels of the individual targets to achieve the required composi-
tion. Therefore, in the final set of 16 samples, an average Ti to Au ratio of
74.9:25.1 at% is achieved, with a standard deviation of 0.90 at% be-
tween all 16 deposited samples. For any one individual sample the
maximum variation in elemental composition never deviates more than
1.4 at% from the required 75 at% Ti or 25 at% Au. From our previous
work [31], it was observed that the microstructure remains very similar
for variation in Au concentration up to 3 at% in the film, therefore the
small deviation of less than 1.5 at% observed in these samples is ideal for
comparison of structural, morphological, mechanical and biomedical
properties.

Alamar Blue cell proliferation assay

1. Extract preparation

A/
Thin films on Ti coupon
immersed in DMEM

2. Cell Seeding

96 well plate

3. Extract Exposure

4

—>

X 24 hours

72 & 168
X hours

4. Alamar blue reagent
exposure

—_

in X 4 hours /

5. Colorimetric Reaction

-m\

6. Absorbance reading

Wavelength 570-600nm

—

Fig. 2. Process cycle for measuring cell viability of L929 mouse fibroblast cells on exposure to extracts prepared from TizAu thin films using Alamar blue reagent.
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The effect of deposition pressure on the structural development of
TisAu thin films deposited on glass, for varying substrate temperatures is
shown in Fig. 3 (a-d). The purple reference line shows the expected peak
location (and all Miller indices in Fig 3a for reference) for the p-phase of
the TisAu intermetallic compound according to the ICSD database
(collection no: 58605). Samples deposited at room temperature (Sgr.6,
SrT.9 and Sgr.12) show very broad peaks which are indicative of their
nano-crystalline nature and are expected for thin films deposited
without substrate temperature due to reduced adatom mobility, in
addition to high deposition pressure which further reduces the energy of
incoming species due to collisions along their flight path [34]. However,
with decreasing deposition pressure from 1.2 to 0.6 Pa, a broad peak can
be observed to develop around 40 which becomes extremely well
defined with further reduction of deposition pressure to 0.3 Pa. The
broad peak appearing at lower adatom mobility has been observed
before [27,31] and is assigned to the coexistence of various Ti-Au in-
termetallics, all of which have one characteristic peak in the 20 region
between 36 to 42 [27]. However, the peak seen in the Sgr.3 sample is
located at 37.6, which is a very close match to the (111) plane of the
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a-phase of the TizAu intermetallic, suggesting development of the TizAu
intermetallic with decreasing deposition pressure. This improved crys-
talline quality at lower gas pressure results from the reduced number of
collisions between ejected species and gas particles in the plasma which
in turn increases the energy of the ejected species from the target [43,
44]. These higher energy ejected species in turn have higher probability
of migrating to nucleation sites when they reach the substrate surface,
resulting in better crystallization of thin films at lower gas pressure [45,
46]. Considerable improvement in crystallinity can also be seen with
increment in substrate temperature. Even the sample deposited at higher
deposition pressure (S27s5.12) has a clear peak positioned at 37.5, though
this peak belongs to o-TisAu. However, increment in adatom energy
brought by further reduction of deposition pressure for samples depos-
ited at 275C substrate temperature (Sz75.9 and Sg7s.6), is sufficient to
initiate development of the p-phase of the TizAu intermetallic,
confirmed by the presence of diffraction peaks located at 35.3, 39.6 and
74.6, representing the (200), (210) and (400) planes respectively. The
peak positioned at 37.4 suggests that some amount of a-phase is also
intermixed with the B-phase. While the intensity of this peak steadily
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Fig. 3. Diffraction patterns for TizAu thin films deposited on glass substrates at varying deposition pressure and constant substrate temperatures of (a) RT (b) 275C
(¢)350C (d) 450C, and (e) at varying substrate temperature and a constant deposition pressure of 0.3 Pa. (e) graph showing calculated crystallite size of TizAu thin

films deposited with varying deposition pressure and substrate temperature.
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decreases with reduction in deposition pressure, the intensity of the
(400) plane of the B-phase (74.6) increases with the same reduction in
pressure and suggests that with sufficient energy, the ejected species
favour the precipitation of the p-phase over the a-phase. For samples
deposited at 350C substrate temperature, formation of the 3-phase takes
place regardless of the deposition pressure, with peaks of the f-phase
intensifying with reduction in deposition pressure. Though the a-phase
is still present at higher deposition pressure (Sss0.12), it consistently
decreases in intensity with reduction in deposition pressure, for the
reasons explained before. With the reduction in deposition pressure, the
peak located at 39.6 representing the (210) plane of the f-phase also
reduces, indicating a shift from polycrystalline nature to preferential
orientation along the [100] family of planes. For thin film samples
deposited at a substrate temperature of 450, high intensity, single phase
B-TizAu with preferential orientation along the [100] family of planes is
observed, independent of deposition pressure.

Fig. 3 (e) compares the diffraction patterns of films grown at the
lowest deposition pressure of 0.3 Pa, at varying substrate temperatures
to clearly outline the stages of TizAu intermetallic development with
variation in deposition parameters. Increasing the deposition tempera-
ture increases the mobility of the adatoms while also reducing the sur-
face diffusion length, which ultimately builds up the adatom energy
[27]. Adatoms with enhanced energy can migrate more easily towards
lattice sites on the substrate surface, leading to the development of thin
films with better crystallinity, as seen with the development of prefer-
entially oriented p-TizsAu at 450C compared to strained a-TizAu ach-
ieved at room temperature deposition. Fig. 3(f) shows a comparison of
crystallite size calculated using Scherrer's equation, from the highest
intensity peaks in the diffraction patterns for the 16 samples [47]. The
nano-crystalline nature of the thin films deposited at room temperature
is clearly evident with crystallite sizes less than 3 nm, though the film
deposited at 0.3 Pa registers crystallite sizes around 27 nm due to the
formation of the a-phase. Increasing substrate temperature favours
formation of larger 18 nm crystals even at the highest deposition pres-
sure of 1.2 Pa. For the rest of the films deposited at 275 and 350C, the
crystallite size shows moderate variation in the range of 33 to 40 nm.
Samples deposited at a substrate temperature of 450C and at deposition
pressure lower than 0.6 Pa show the largest crystallite sizes of around 45
nm. Therefore, results thus far clearly show that formation, quality and
ratio of « and p phases of TigAu in the thin film and their crystallite size,
can be controlled by tuning deposition process parameters like gas
pressure and substrate temperature.

3.2. Surface and cross section characterisations

SEM surface images of TigAu thin films deposited on glass at varying
substrate temperature and deposition pressure are presented in Fig. 4
(a). For samples deposited at room temperature, the thin film surface
exhibits extremely fine powdered texture, which is expected from the
quasi-crystalline nature of the thin metallic films. Within this row, some
random surface features are visible when the deposition pressure is
reduced to 0.3 Pa, corresponding with the emergence of a sharp peak in
the diffraction pattern seen earlier. With increment in substrate tem-
perature to 275C, the film deposited at 1.2 Pa depicts circular dome
shaped features with larger separation between grain boundaries. With
reduction in deposition pressure to 0.9 Pa, two different zones are
visible: a smooth glass like zone and clusters of small circular grains. The
emergence of this clearly distinctive zone corresponds with the XRD
pattern which shows coexistence of a and f§ phases of the TisAu inter-
metallic at these deposition parameters. With further reduction in
pressure to 0.6 and 0.3 Pa, coverage of circular grains increases drasti-
cally and represents the continuous growth of the p-phase with reduc-
tion in pressure. When the substrate temperature is increased to 350C,
smooth versus grainy distinction is clearly visibly even at the highest
deposition pressure of 1.2 Pa and again the coverage of the circular
grainy phase increases with reducing deposition pressure. For the films
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deposited at the highest substrate temperature of 450C, circular grains
give way to form angular edges and sharp facets, signifying development
of well oriented good quality p-TigAu crystals, as also shown by the XRD
pattern for this sample. But with further reduction in deposition pres-
sure, grains revert to dome shaped with extreme densification of the
film.

Thornton's SZM predicts the texture and microstructure of thin films
by classifying them into four zones, according to their deposition pres-
sure and the homologous substrate temperature (Tgyp/Tr,), which is the
ratio of the substrate temperature (Tgyp) to the melting temperature (Ty,)
of the alloy under test [34]. From the Ti-Au phase diagram the melting
point of TisAu alloy is known to be 1395C [27,48], and can be used
together with the substrate temperatures of RT (25C ambient), 275, 350,
and 450C used in this experiment to calculate their homologous sub-
strate temperature values of: 0.01, 0.19, 0.25 and 0.32 respectively. By
comparing the SZM prediction criteria given in Fig. 1, we can see that
samples deposited at the lowest deposition pressure of 0.3 Pa can tran-
sition between different zones with a smaller increase in the homologous
temperature compared to those grown at deposition pressures higher
than 0.5 Pa [34]. Therefore, it can be said that S4s5¢.3 belongs to zone 2,
S350-3 and Sp7s.3 belong to zone T and the rest of the thin film samples
belong to zone 1 of the SZM. Thin films deposited at low substrate
temperature and high deposition pressure fall into zone 1 and depict
open voided structures with an amorphous nature. At high deposition
pressures, the collision rate between sputtered particles and gas particles
is high, which results in low angle oblique incidence of sputtered target
species. When combined with low substrate temperature, which leads to
low mobility of adatoms on the substrate surface, the resulting structure
is amorphous in nature.

The change in the texture of the film becomes even clearer when its
cross section is analysed using SEM, as shown in Fig. 4(b). The open
voided and broken pillar like structure is evident for films deposited at
the highest deposition pressure of 1.2 Pa without substrate temperature
(Sr1.12)- For films deposited at room temperature, a reduction in depo-
sition pressure brings significant change to the film texture, transition-
ing from a columnar pillar like structure at 0.6 Pa to extremely dense
glass like at 0.3 Pa. With increase in substrate temperature, a better
columnar structure starts developing even for the films deposited at 1.2
Pa and further improvements in column formation can be seen with
reduction in pressure to 0.9 Pa. Thin films deposited at 0.6 Pa are on the
border of transitioning to zone T of the SZM and therefore depict some
characteristic traits of this zone, like well-formed and denser columns
with flat surfaces. These surface features are a result of increase in
substrate temperature which enhances thermally driven diffusion on the
substrate surface, together with reduction in deposition pressure which
leads to higher energy of the incoming sputtered species. Better surface
diffusion leads to denser packing of columns with a smoother film sur-
face. Samples deposited at the lowest deposition pressure of 0.3 Pa and
homologous substrate temperature of 0.32 (S450-3), transition into zone
2, marked by denser and wider columns. Because of the increase in
substrate temperature, surface and grain boundary adatom diffusion
leads to broadening of the columns and subsequent reduction of voids
between them. The higher energy of incoming species promotes signif-
icant crystallographic development of columns in the preferred orien-
tation, which is in total agreement with the XRD results seen earlier for
this sample.

Too gain a deeper understanding of the effects of deposition pressure
and substrate temperature on the underlying columnar structure, thin
film samples deposited from the four extreme corners of the DoE matrix
(SRT-3, SRT-125 S450-3 and S4s0.12), were FIB milled and imaged under a
TEM. Brightfield images of these samples are presented in Fig. 5 (a)
while their darkfield counterparts are available in supplementary data 3.
Fig. 5 (a) shows that even at room temperature, samples deposited at
lower pressure (Sgr.3) show the presence of tall columnar structures
extending through the film thickness, supporting the crystalline nature
of films at lower deposition pressure seen in the XRD patterns earlier. On
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Fig. 4. (a) Surface images of TizAu thin films deposited on glass substrates with increasing deposition pressure (moving horizontally, left to right) and with
increasing substrate temperature (moving vertically, top to bottom). (b) Cross section images of TizAu thin films deposited on glass substrates with increasing
deposition pressure (moving horizontally, left to right) and with increasing substrate temperature (moving vertically, top to bottom).
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Fig. 5. (a) Brightfield TEM images of samples Sgr.3, SrT.12, S450-3 and S4s0.12 showing development of columnar microstructure with decreasing deposition pressure
and increasing substrate temperature. Elemental depth profiles of (b) S450-3 and (c) S450-12) developed from EDX analysis of TEM cross sections.

the other hand, the amorphous nature of sample Sgr.12, also seen earlier
in diffraction patterns, is yet again supported by the absence of any
visible grain features under TEM analysis. However, with increase of
substrate temperature, even the film deposited at higher deposition
pressure.

(S450.12) shows clear development of columnar features. One inter-
esting observation for all four samples is the merging of the columnar
features into a continuous band at the film-substrate interface. This
parallel band decreases in size with increasing temperature and crys-
tallization and appears to be weakest for sample S450.3, where the film
crystallization is observed to be strongest with well-defined and densely
packed columns.

In order to understand the elemental nature of the band observed at
the film-substrate interface, an EDX depth profile was performed as a
line scan through the thin film cross-sections during the TEM imaging of
samples S450.3 and S4s50.12 (represented by blue arrows in Fig 5a) and the
results for each element are presented in Fig. 5 (b) and (c), respectively.
Both images are very similar in nature showing three distinctive zones,
moving from left to right through: TigAl4V substrate, TizAu thin film and
Pt injection. The substrate region is characterised by elevated Ti and Al
levels as expected from a TigAl4V substrate, while vanadium presence
was below detection limits. Al undergoes a sharp decline approaching
the film-substrate interface, at which point Ti and Au increase to their
peak levels. Au maintains a consistent value throughout the film thick-
ness, while Ti counts are observed to be slightly higher near the film-
substrate interface and gradually reduce towards the film surface. This
reduction is indicative of diffusion of Ti taking place across the film
interface and could be corelated to the continuous band observed in this
region in the TEM images (Fig 5a). Au and Ti counts both drop at the film
surface and are replaced by the Pt injection, which is an artefact of the
FIB/TEM procedure. The total film thickness measured from the line
scans of S450.3 and S4s0.12 are around 640 and 510 nm respectively and
match very closely to the values measured from the SEM cross section

method, reported in Table 1.

As explained above, varying deposition pressure and substrate tem-
perature leads to variation in surface roughness of the deposited TizAu
thin films and this variation was measured using an AFM by rastering a
sharp silicon tip over a 3 x 3 pm surface area. The AFM scan images for
the thin films, shown in Fig. 6 (a), give an estimate of the largest surface
feature size, while variation of colour gives an estimate of the uniformity
of film surface roughness. For samples deposited at the lowest pressure
of 0.3 Pa, the sputtering species encounter fewer Ar ions during their
flight path which reduces interspecies collisions in the transition path
from the target to substrate, leading to higher energy of the bombarding
species, making the resulting surface flatter. The flatness of the surface
improves with increasing substrate temperature, which is explained by
the increased energy for surface and grain boundary diffusion. On the
other hand, films deposited at higher pressure, in the absence of suffi-
cient substrate temperature, tend to form typical zone 1 amorphous or
quasi crystalline structures with smoother glass like surfaces. Contrary
to these two extremes, samples deposited at an intermediate deposition
pressure and substrate temperature (within blue rectangle in Fig 6a)
show higher surface roughness. This is because films deposited at in-
termediate pressure ranges have improved crystallinity when compared
to films grown at higher deposition pressure which are known to be
amorphous. However, because of the relatively high number of Ar ions,
interspecies collisions are still not reduced enough to promote flatter
film surfaces, resulting in more pronounced surface roughness for the
films deposited at intermediate pressure ranges. The film deposited at
the highest substrate temperature (450C) and lowest deposition pressure
(0.3 Pa) exhibits the best uniformity of surface features as indicated by
the uniform colour and the lowest grain feature heights for that sample.

Fig. 6(b) gives the quantified value of mean surface roughness values
measured from the AFM scans in Fig. 6(a). It can be clearly seen that
samples deposited at room temperature and 450C report the lowest
surface roughness values, which reduce further with decrease in
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Fig. 6. (a) AFM surface profiles of TizAu thin films deposited on glass substrates with increasing deposition pressure (moving horizontally left to right) and with
increasing substrate temperature (moving vertically from top to bottom). Blue rectangle highlights TizAu thin films deposited at intermediate pressure and substrate
temperature. (b) Bar chart showing mean surface roughness measured from AFM scans in Fig 6a using Gwydion software.

deposition pressure. Whereas the films deposited at intermediate sub-
strate temperatures exhibit higher surface roughness, which is again
observed to reduce with decreasing deposition pressure. The combina-
tion of surface roughness and grain height gives an estimated variation
in the grain size with deposition parameters. So, from the XRD, SEM and
AFM results, it can be concluded that the p-TigAu film with the most
preferential orientation, densest columnar structure, smaller grain fea-
tures and smoother surface roughness is formed when deposited at the
highest substrate temperature of 450°C and the lowest deposition
pressure of 0.3 Pa.

3.3. Mechanical characterisation

Fig. 7(a) shows a schematic representation of the nanoindentation
process corelated to various regions of the generated load-displacement
curve, while Fig. 7(b) displays the load displacement curves of four of
the Ti3Au thin film samples: SRT_g, SRT-12; S450.3 and S450_12, ShOWiIlg the
effect that the deposition parameters have on the interaction taking
place between the indenter tip and the thin film surface. For the sake of
comparison, all of these curves are taken from samples deposited on
glass substrates and these indentations are all made at a constant load of
1100 pN with a load dwell and unload time duration of 10 seconds each.
These curves do not show any sudden shift of displacement along the x-
axis, commonly known as “staircase phenomenon” or displacement ex-
cursions [49,50]. These phenomena are recorded if the indenter tip in-
teracts with surface contamination, or different phases or oxide layers
which differ in mechanical properties from the main underlying film
[51]. Samples deposited with in-situ substrate temperature are not
prone to oxidation and thorough cleaning of the samples ensures that no
surface contaminants are present. While different phases of the TizAu
intermetallic exist, if these discontinuities do not separate from each
other when under load, they can still support the continuous progression
of the indenter tip into the film, which will result in smooth and event
free load displacement curves, as seen in Fig. 7(a) [52].

At the peak of the load, the indenter tip travels a maximum inden-
tation depth in excess of 80 nm through sample Sgr.12 (black curve in
Fig 7b) and analysing the unloading curve shows that the resulting
contact depth is 68 nm, with a reduced elastic modulus (Er) of 91.5 GPa
and mechanical hardness (H) of 4.76 GPa. However, sample Sgr.3 (red
curve), deposited at the lowest deposition pressure of 0.3 Pa, shows a
marked improvement in film hardness, offering more resistance to tip

penetration for the same load, with maximum displacement just above
60 nm. This translates to a contact depth of 46 nm with values of Er and
H of 115 GPa and 7.96 GPa respectively. Samples S450.12 and S4s¢-3 (blue
and green curves), deposited at higher substrate temperature, present
load displacement hysteresis, getting thinner with reduction in deposi-
tion pressure, clearly showing the improvement in mechanical perfor-
mance with increasing substrate temperature and decreasing deposition
pressure. Contact depths extracted from their unloading curves decrease
from 36.9 to 35.8 nm, while mechanical hardness increases from 10.8 to
11.9 GPa with reduction in deposition pressure from 1.2 to 0.3 Pa. The
area under the P-H curve represents the work done by the indenter tip to
create a plastic deformation within the thin film surface and the hys-
teresis in this curve is caused by the elastic recovery of the unloading
curve, which depends heavily upon the nature of the thin film [53,54].
Depositing thin films at lower deposition pressure and higher substrate
temperature leads to higher adatom mobility and better grain boundary
diffusion resulting in denser and better crystallised thin films, as evident
from the SEM and XRD results earlier. Films with better crystallization
undergo less elastic recovery or reduced mechanical hysteresis caused
by plastic deformation, i.e. they become stiffer and harder [54]. While
the P-H curves are helpful to understand and compare the mechanical
performance of individual indents, to narrow down optimised substrate
temperature and deposition pressure to achieve TizAu thin film coatings
with peak mechanical performance, the average values of elastic
modulus and hardness are analysed next.

Reduced elastic modulus from nanoindentation of the TigAu thin film
samples deposited on glass substrates with varying deposition pressure
and substrate temperature are shown in Fig. 7 (c). Reduced elastic
modulus accounts for elastic deformation taking place on the test ma-
terial and the indenter tip material without the need for Poison's ratio,
thus easing the analysis of the results [11]. TigAu thin films despotised at
room temperature, report an increasing trend for reduced elastic
modulus from 92+2 to 105+1.5 GPa, when the deposition pressure is
reduced from 1.2 to 0.3 Pa. Increasing the substrate temperature to 275
and 350C, leads to a reduction in elastic modulus in the intermediate
deposition pressure range of 0.9 to 0.6 Pa, before it increases again for
the lowest pressure of 0.3 Pa, reaching 12243 and 108+2 GPa respec-
tively. One factor responsible for this dip in elastic modulus at inter-
mediate pressures could be the surface roughness of these particular
films deposited at 275 and 350C. In previous sections it has been
explained that thin films deposited at intermediate substrate
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Fig. 7. (a) Schematic of the nanoindentation process corelated to various regions of the generated load-displacement curve. (b) Load-displacement curves for TizAu
thin film samples at four extremes of the DoE, showing effect of deposition parameters on the interaction of the indenter tip with the film surface. (c-f) Plots of
variation in reduced elastic modulus (Er) and mechanical hardness (H) of TizAu thin films deposited on glass and Ti substrates with varying substrate temperature
and deposition pressure.

temperature and deposition pressure depicted a rise in surface rough- nature behaves like a large number of defects uniformly distributed in
ness and many earlier studies have observed a reduction in elastic the film, while the open void structure results in a lack of clear grain
modulus with increment of surface roughness due to the indenter size boundaries and together they weaken the material system [11,34].

effect [55,56]. Samples deposited at the highest substrate temperature These conditions improve with denser and better crystallized thin films,
of 450C, report elastic modulus values higher than 120+4 GPa and when the deposition pressure is lowered to 0.3 Pa, which is reflected in

continuously increase with reducing deposition pressure reaching a an improvement of hardness. With increase in substrate temperature to
peak value of 149+4 GPa for films deposited at 0.3 Pa. 275 and 350C, the hardness values rise from 7 to 10 GPa when the

Curves for mechanical hardness of the TisAu thin film samples deposition pressure is reduced from 1.2 to 0.3 Pa. This increase in
deposited on glass substrates (Fig 7e) present better distinction between hardness can be explained by the emergence of super-hard p-phases of
the samples deposited at varying substrate temperatures. Samples TisAu, which exist in denser atomic coordination and lead to formation
deposited at room temperature show hardness values lower than 5 GPa of shorter atomic bonds resulting in higher hardness [26,27]. The
and improve slightly to a value of 7.94+0.5 GPa when deposited at the presence of the a-phase, evidenced by the SEM and XRD results, also aids
lowest pressure of 0.3 Pa. XRD patterns showed that thin films deposited the improvement in hardness as it acts like a secondary phase defect
at room temperature and high pressure are quasi-crystalline in nature, particle in the p-TisAu matrix, increasing the resistance to dislocation
with coexistence of multiple Ti-Au intermetallics. Quasi-crystalline movement in the thin film. When the substrate temperature reaches
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450C, the hardness value jumps to 10+0.7 GPa for films grown at a
deposition pressure of 1.2 Pa, and continues to increase with further
reduction in deposition pressure, reaching a peak hardness value of 12.5
+1 GPa at a deposition pressure of 0.3 Pa. Material systems can be
hardened by increasing the dislocation energy barrier through
increasing the density of point/line defects, precipitation of super hard
intermetallic phases, densification of columnar structures, increasing
the grain boundaries by size reduction, or increasing the solute/secon-
dary phase density within an alloy matrix [11,57,58]. It can be seen in
Fig. 7(e) that increasing the substrate temperature leads to higher
hardness in these intermetallic thin films, as the increase in adatom
mobility and inter-grain diffusion leads to better crystallization of the
super-hard B-TigAu phase, as seen from the XRD patterns and calculated
crystallite sizes in Fig. 3. Similarly, the improvement in hardness value
with decrease in deposition pressure is also very evident in Fig. 7(e), as
the decreasing deposition pressure causes densification of the films and
flattening of the surface, as proven from the SEM images and AFM
feature size measurements in previous sections. It is known that smaller
grain sizes report larger internal grain boundaries, which increase the
resistance to dislocation propagation, making the resulting thin films
harder [59]. Therefore, by optimising substrate temperature, better
crystallization of super-hard p-TigAu can be achieved, whereas deposi-
tion pressure can be used to control the grain size by regulating the grain
boundary diffusion and the packing density of the columnar features of
these thin films.

Reduced modulus values measured for TisAu thin films deposited on
TigAl4V substrates with varying substrate temperature and deposition
pressure are presented in Fig. 7(d). Samples deposited at room tem-
perature report the lowest modulus values, starting from 65+4 GPa for a
deposition pressure of 1.2 Pa and then steadily increasing to 101+11
GPa when the deposition pressure is reduced to 0.3 Pa. It can be seen
from Fig. 7(d) that most of the thin films deposited on Ti-based sub-
strates report slightly higher elastic modulus values, when compared
their glass counterparts in Fig. 7(c), which can be related to the higher
elastic modulus of the underlying TigAl4V substrate (114GPa) compared
to the glass substrate (73GPa) [60,61]. During nanoindentation, sub-
strate effects on hardness measurement can be minimised by limiting the
indentation depth to 10% of the film thickness, but because of its larger
field of interaction, elastic modulus is more easily affected by the stiff-
ness of the underlying substrate, even at these limited indentation
depths [61]. In earlier works, TizAu intermetallic thin films were re-
ported to have higher elastic modulus of around 200 GPa [11,27] which
can be linked to the higher elastic modulus of the Si substrates (172GPa)
used in those studies [61]. The lower elastic modulus of TizAu thin films
coated over TigAl4V substrates is favourable for the development of knee
and hip implants, to aid the reduction of the stress shielding effect,
which can cause poor bone re-growth and lead to costly reconstruction
surgery [62].

The hardness results of the thin films deposited on TigAl4V substrates
are shown in Fig. 7(f) and follow a similar pattern to the ones seen for
glass substrates (Fig 7e). For films grown at room temperature, the
hardness increases from 4.6 to 6.4 GPa with reduction in deposition
pressure from 1.2 to 0.3 Pa, and this trend shows step increases in values
from 7.8 to 9.5, 8.1 to 9.8 and 10.8 to 11.7 GPa, when the substrate
temperature is subsequently increased to 275, 350 and 450C, respec-
tively. For films deposited on TigAl4V substrates, a peak hardness value
of 11.7+1.3 GPa is achieved when the deposition pressure is reduced to
0.3 Pa and the substrate temperature is set to 450C. One significant
difference in the results for thin films deposited on Ti-based substrates, is
the larger error bars on the data points when compared to their glass
counterparts. On TigAl4V substrates, the size of the error bars increases
between 2 to 8 times for elastic modulus results and 2 to 4 times for
hardness results when compared to the results on glass substrates. Pre-
vious works have demonstrated that an increase in surface roughness
leads to widening of the scatter for data measured using the nano-
indentation method [55,63-65]. Even though theTigAl4V substrates
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underwent a rigorous polishing process to achieve a surface finish better
than 40 nm, they are still much rougher when compared to glass sub-
strates with roughness values lower than 2 nm. Despite the larger error
bars, the mean values for elastic modulus and hardness on both substrate
types are in very good agreement with each other.

The peak hardness values of 12.5 and 11.7 GPa achieved for TizAu
thin films deposited at a substrate temperature of 450C and deposition
pressure of 0.3 Pa on glass and TigAl4V alloy substrates, respectively, are
in good agreement with our previous work on thermal activation of Ti(;.
0AU(y) films with in-situ (11.9 GPa) and ex-situ (12.3 GPa) heat treat-
ment [31] as well as the results of Karimi et al. on crystalline -TizAu
thin films (10.4 to 12.1 GPa) [27]. These hardness values are ~1.5 times
higher than that achieved by Svanidze et al. for bulk p-TizAu alloys
prepared by arc melting (~7.85 GPa) [26] and over 3 times higher than
the hardness of TigAl4V (3.9 GPa) [66] and CoCr (3.7 GPa) [67] alloy
ball heads currently used in most metal hip implants. Moreover, the
hardness values of the TizAu thin films achieved in this work are also
comparable to that of state-of-the-art implant materials such as oxidised
zirconium (Oxinium), which is known to have a surface hardness value
over 2 times higher than CoCr but can be susceptible to accelerated wear
if the oxidised surface gets damaged and reveals the relatively soft un-
derlying zirconium alloy [68].

3.4. Biocompatibility results

The biocompatibility of the TizAu thin films deposited on TigAl4V
substrates was analysed by preparing their extracts (as described in
materials and methods 2.4), to test the leaching potential and the
cytotoxicity of these leached elements on the host cells, see Fig. 8(a). It is
worth mentioning that all obtained extracts were used undiluted, in
order to explore the maximum rate of any potential cytotoxic effect of
the TizAu thin films against L929 mouse fibroblasts. Data analysis
revealed that almost all tested extracts made from these thin films
showed excellent biocompatibility, possessing a safe cytotoxic profile
against L929 mouse fibroblasts over an incubation period of 72 hours,
see Fig. 8(b). Viability levels were slightly affected, appearing between
80 to 90% when compared to untreated (Blank) samples (green and blue
dashed lines in Fig. 8(b)). Such response was not only observed
following exposures with extracts obtained from 72 hours of ion
leaching, but also after incubations with extracts obtained from pro-
longed 168 hour ion leaching periods. Only two samples, Sy75.9 and S4s0-
12 caused a decrease of cell viability values between 70 and 80% after
exposures with extracts from 168 hours of ion leaching, but according to
ISO 10993 standards are still considered as biocompatible [69,70]. On
the other hand, although sample Sgr.12 did not cause a significant
decrease of 1929 cell viability levels (above 85% when compared to
Blank samples) after exposures with extracts obtained from 72 hours of
ion leaching, incubations with extracts derived from 168 hours of
leaching, induced a 30% reduction of cell viability levels. Lower sub-
strate temperature and higher deposition pressure, as in the case of
sample Sgr.12, leads to the formation of a broken columnar structure
with larger voids (zone 1 texture), which in turn increases the surface
area available for ion leaching, ultimately resulting in decreased rates of
cell viability [34,71,72]. In addition, blank Ti substrates also recorded
strong biocompatibility and were shown to further stimulate L929 cell
viability levels, a response also observed in exposures with Sy75.12,
S350-12, S450-6 and S4s0-12 €xtracts obtained following 72 hours of ion
leaching (Fig. 8(b)). In contrast, both exposures with Cu substrates and
10% DMSO derived extracts had a strong cytotoxic effect, resulting in a
dramatic increase of cell death rates. The toxicity of Cu ions in
mammalian cells originates from oxidative damage and breakage of
DNA bonds which leads to cell apoptosis [14]. In summary, it can be
observed that TigAu thin films deposited at higher substrate temperature
and lower pressure tend to exhibit a safer cytotoxic profile when
compared to those deposited at lower substrate temperature and higher
pressure.
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Fig. 8. (a) Schematic of the biocompatibility characterization process flow (b) Cytotoxic effect of extracts leached from TizAu thin films deposited on Ti substrates at
varying substrate temperatures and deposition pressures, against L929 mouse fibroblast cells, following 72 hours of exposure, compared to negative (untreated
(BLANK) and Ti substrate) and positive controls (Cu substrate and 10% DMSO). (c) Morphological changes of L929 mouse fibroblast cells following 72 hours of
incubation with a Cu substrate (positive control), Ti substrate (negative control), SRT-3 and SRT-12 TizAu thin film extracts, obtained after 168 hours of ion leaching.
Images were acquired using an inverted Kern microscope with attached digital camera and 10X lens.

Moreover, we have observed differences in L929 cell morphology
following exposure with material extracts, see Fig. 8(c). Specifically,
incubations with Cu substrate extracts obtained from 168 hours of ion
leached media caused cell shrinkage and death of L.929 mouse fibro-
blasts, resulting in confluency reduction. In contrast, the cell shape and
morphology of L929 cells following incubations with Ti substrate ex-
tracts and Sgr.3 extracts were not altered, confirming their safe cytotoxic
and biocompatible nature. Interestingly this pattern of cell shape and
morphology as well as density of L929 cells, was also observed in in-
cubations with Sgr.12 samples, although associated with the lowest cell
viability rates (approximately 70%), when compared to those of the
other tested TizAu thin films.

Next, the ICP-OEMS assay was employed in order to measure the
average level of ions leached from each of these samples, when
immersed in DMEM for 72 and 168 hours for extract preparation pur-
poses. Four calibration solutions, with known ion concentrations of
0.625, 2.5, 5 and 10 ppm for Ti, Au and Cu, were prepared. In the case of
extracts obtained from Cu substrates (positive control), an ion concen-
tration in excess of 89 ppm was observed with 72 hours of leaching,
which increased to 112 ppm after 168 hours of leaching. Earlier studies
have shown that Cu ion concentrations in excess of 10 ppm display
cytotoxic behaviour towards the host cells [23,24,73]. Such behaviour is
in accordance with the observed extremely high cytotoxic potential of
Cu derived extracts against L929 cells. On the other hand, the blank Ti

12

substrate (negative control) and TizAu thin films did not show any sig-
nificant ion leaching properties, a condition accompanied by a safe
cytotoxic profile against mouse fibroblast cells. After 72 hours of
leaching, the highest Ti concentration detected in the TizAu thin film
extracts did not exceed 0.4 ppm and was observed in the extract derived
from the S450.9 sample, whereas the Au concentration was below the
detection limit of the system, existing in the ppb range. Even after
leaving the test samples in the extract medium for further 96 hours (total
168 hours), the Ti concentration only increased by a further 0.13 - 0.14
ppm across all samples, with Au ion concentrations still registering in
the ppb range. The difference in the ion concentrations after 72 and 168
hours also shows that the ion release rate for Ti-Au ions from TizAu
intermetallic alloy thin films steadily decrease in biological fluids.
Overall, the combined ion concentration in any of the TizAu thin film
extracts, irrespective of leaching duration, was found to be below 0.54
ppm, a value that is extremely low when compared to the toxicity
threshold of 10 ppm explained above.

4. Conclusion

This work presents a new method to enhance the mechanical per-
formance of the super-hard biocompatible p-TizAu intermetallic in thin
film form by controlling its microstructure development using gas
pressure and substrate temperature deposition parameters. This study
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clearly demonstrates that the TigAu intermetallic deposited at higher gas
pressures and without any substrate temperature forms a quasi-
crystalline structure, as predicted for thin films in zone 1 of Thorntons
SZM due to a reduction of adatom mobility in this zone. This quasi-
crystalline structure can be developed into a preferentially oriented
B-phase by increasing the adatom mobility, achieved by increasing the
substrate temperature and lowering the deposition gas pressure. Grain
size and surface roughness can be predicted by following the SZM to
achieve better f-phase crystallization with smaller grain size, to increase
the hardness of this intermetallic system. There is a steady increase in
hardness and elastic modulus with increasing substrate temperature to
450°C and decreasing gas pressure to 0.3 Pa, with peak values of 12.4
GPa and 150 GPa achieved, respectively. In parallel, all tested TigAu thin
films are found to be highly biocompatible with minimally affected L929
cell viability levels, in exposures with extracts obtained from both short
(72 hour) and long (168 hour) periods of ion leaching, especially
regarding films deposited at lower gas pressure and higher substrate
temperature. On the other hand, the observed slight reduction of cell
viability levels for some deposition parameter combinations following
prolonged exposure of 168 hours, is correlated to an increase of ions
leaching into the extracts due to increased film surface area related to
changes in film microstructure and texture. This work has shown that
microstructure modification, by fine tuning sputter deposition parame-
ters, can be efficiently utilised to develop highly biocompatible TizAu
thin films with high hardness (>12GPa) and low elastic modulus
(<150GPa) with future potential as a coating material system to prolong
the lifetime of Ti-based artificial joint implants.
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