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The current study’s aim is to obtain quaternary ZrCuCa based thin films using a physical vapor deposition
method (PVD) - cathodic arc approach – in order to improve the surface properties of 316L stainless steel
and Ti6Al4V implantable materials. The developed ZrCuCa-based layers could be potential candidates in
the medical industry if they are able to combine their exceptional mechanical properties with the corro-
sion resistance of amorphous metallic glasses. Furthermore, addition of Mo, Mg, Si, and Sr was taken into
consideration for the ZrCuCa structure and the resulted quaternary systems were analysed in detail,
through electrochemical tests and bioactivity assay, which were carried out in synthetic body fluid
(SBF) at human body temperature (37 �C). Surface morphology and roughness of the specimens before
and after the tests were also evaluated. The results showed that regardless the substrate type, the rough-
ness of the surface has increased for all coatings from 19 nm for 316L, and 50 nm for Ti6Al4V, to
2000 nm). The adhesion of obtained coatings was reached from 8 N to 18, the coatings on Ti6Al4V alloy
was found to be from 12 N to 18 N, while on 316L steel was from 8 N to 15 N, indicating that the coatings
deposited on Ti alloy have a better adhesion. The corrosion current density parameter for ZrCuCaMo and
ZrCuCaMg sjowe the lowest value (316L: 21.99 lA/cm2 and 11.37 lA/cm2; Ti6Al4V: 1.62 lA/cm2 and
13.37 lA/cm2), indicating the best corrosion resistance. The mass evolution of the coatings deposited
on 316L was ranged from the �0.47 mg to 1.37 mg, while for those deposited on Ti6Al4V, the values were
ranged from �0.08 mg to 2.66 mg, indicating a degradation and biomineralization process, respectively.
In conclusion, the electrochemical studies and bioactivity experiments demonstrated that the suggested
coatings improve the substrate’s behaviour in simulated conditions, highlighting their potential as
biomaterials.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Materials applicability, along with the design of a large diversity
of medical devices is among the most fascinating, intriguing, and
rewarding research fields within the materials science and engi-
neering domain (Beck et al., 2019; Lee et al., 2020; Miao et al.,
2023; Wang et al., 2022). The development and exploitation of
ceramic materials for bone repair and reconstruction have marked
a significant advancement in the evolution of medical materials
over the last decades (Fernandes et al., 2017; Zhou et al., 2023;
Wang et al., 2022; Sadeghzade et al., 2022). For instance, the
healthcare sector has traditionally employed ceramics and glasses
for diagnostic equipment, chemical wares, eyeglasses, thermome-
ters, and also for fibre optics in endoscopy (Dorozhkin, 2010;
Best et al., 2008).

The most utilized class of biomaterials in medical applications,
especially in orthopaedic surgery, is the metallic ones, because
they have advantages over ceramic and polymeric ones, such as
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increased tensile strength and fatigue resistance (Rousselle et al.,
2020; Ovid’ko et al., 2018; Abd-Elaziem et al., 2022). Biomedical
implants have been made from a variety of metallic materials,
including stainless steel, titanium alloys, and Co-Cr alloys
(Priyadarshini et al., 2019; Anne et al., 2019; Matusiewicz, 2014).

Stainless steel can be used for procedures such as orthopaedic
prosthesis and for the treatment of hard tissue fractures
(Rousselle et al., 2020; Bekmurzayeva et al., 2018; Zhang et al.,
2022). Particularly renowned for its excellent fatigue characteris-
tics, ductility, and work hardenability is 316L. The low blood com-
patibility and a continuous inability to integrate with body tissue
are both present in their biological applications. When there is
insufficient oxygen to maintain the passive film and the crevices
form, 316L is more likely to corrode in those areas of the body
(Anne et al., 2019), this being one of its main drawbacks in medical
applications.

Commercially pure titanium (cp Ti) and its alloys, of which Ti-
6Al-4 V, are the most known and used metallic biomaterials, due
to their exceptional corrosion resistance, high strength, low den-
sity, and bioinert character, being able to form a stable thin oxide
layer on their surface (Pimenov et al., 2021; Li et al., 2020; Harun
et al., 2018; Aufa et al., 2022; Tardelli et al., 2020). Although Ti
and its alloys present several advantages, the relative low harden-
ing coefficient that these materials maintain canot be neglected,
since common strengthening mechanisms such as work hardening
may prove quite difficult to apply. Moreover, in the case of Ti6Al4V
alloy, concerns regarding its long-term cytotoxicity due to the
released of V and Al ions, which may enter the bloodstream, should
also be considered (Anne et al., 2019; Shah et al., 2016). Vanadium
is known to have toxic effects in V4+ and V5+ elemental state and as
oxides, such as vanadium pentoxide (V2O5) (Montiel-Flores et al.,
2021; Domingo, 1996). Considered with a lower toxic effect than
V, Al has been mainly associated with some age-related neurode-
generative diseases such as Alzheimer (Bondy, 2016; Bondy, 2010).

The key drivers of this development appeared to be the social
obligations to provide a higher quality of life as well as the rise
in life expectancy. The interest in materials used in this class of
medical implants has been marked by a notable rise in the number
of publications and patents in the field, as well as an increasing
number of significant international conferences (Dorozhkin, 2010).

The hard bone tissue is a sophisticated living tissue made of an
organic phase, in which collagen is the main component and an inor-
ganic phase, in which the main components, are the hydroxyapatite
(HAp) crystals. Although the skeletal system is essential for the sup-
port and movement of humans as well as for protecting their critical
organs, it is prone to fractures due to trauma and/or degenerative ill-
nesses, which are frequently linked to aging. Thus, it canot be
neglected that the bones of elderly individuals are more prone to frac-
tures due to the lower bone density and strength. Therefore, since the
beginning of time, and especially nowadays, when an increment of the
population age worldwide is observed, has this led to a higher
demand of the hard tissue treatment/healing (Best et al., 2008).

The demand for orthopaedic implants is rising due to several
variables. Osteoporosis and osteoarthritis are bone-related disor-
ders mostly brought on by the pronounced aging of the population.
However, there has been an increase in recent years in various dis-
eases linked to inactivity, a bad diet, which lead to an increased
demand for implants. Additionally, the rising number of auto acci-
dents and sports-related injuries has had a significant impact on
the market. In the upcoming years, it is anticipated that the market
for orthopaedic devices would expand (Garrido et al., 2021).

The fundamental difficulty in using biomaterials in medicine is
finding a material to replace the damaged old bone that will last
the patient’s remaining years and, ideally, can be naturally
replaced by growing new bone. In these cases, the lack of harmful
2

reactions to the human body is the main criterion to classify the
intervention as successful (Best et al., 2008).

The surface of the implantable materials can now be functional-
ized through different surface modification methods, such as thin
films, which can improve the properties that include, but no limit
to biocompatibility, mechanical strength, and resistance to
biodegradation (Miao et al., 2023; Fernandes et al., 2017; Zhou
et al., 2023; Wang et al., 2022; Sadeghzade et al., 2022;
Bekmurzayeva et al., 2018; Rajan and Arockiarajan, 2021; Sawyer
et al., 2020; Freund et al., 2003; Montazerian et al., 2022).

The ideal implant should be resistant to deterioration, favour/-
facilitate osseointegration and inhibit bacterial adhesion (Thanka
Rajan et al., 2022).

On the other hand, the ideal bulk features of the implants, such
as strength and elastic modulus, are preserved using the suitable
surface modification treatment, adding improvements to the cru-
cial surface properties (Thanka Rajan et al., 2022). The surface of
a biomaterial significantly impacts the reaction of biological envi-
ronment to the materials, which is the justification for surface
modification of implants (Priyadarshini et al., 2019).

The infections are the primary cause of orthopaedic device fail-
ures, with trauma devices being more susceptible than joint
replacements (Sendi and Zimmerli, 2012; Ackun-Farmmer et al.,
2021; Jain et al., 2021; Filipović et al., 2020; Aggarwal et al.,
2022; Hussain et al., 2022; Afewerki et al., 2020; Innes and
Atwater, 2020; Intravaia et al., 2023; Yuan et al., 2021; Stewart
et al., 2019). Additional issues that are linked to the implant-
tissue interface, are caused by the inadequate osteointegration or
stress shielding brought on by an incompatibility between the
mechanical properties of the tissue and the implanted materials.
To increase long-term success of implants, it is necessary to inves-
tigate new options that can satisfy biomechanical and biological
criteria, as current biomaterials are reaching their limits
(Fernandes et al., 2017; Zhou et al., 2023; Rajan and
Arockiarajan, 2021; Sawyer et al., 2020; Freund et al., 2003;
Montazerian et al., 2022; Stewart et al., 2019). The use of bioactive
glass coatings to functionalize existing materials is one viable
option (Rajan and Arockiarajan, 2021; Montazerian et al., 2022).

The biomaterials now in use for applications requiring load
bearing are mechanically adequate, but they behave inertly when
implanted. This requires a surface adjustment in order to enhance
their integration with the human body environment. It is possible
to increase the bioactivity of surfaces while maintaining the bulk
properties using a variety of techniques. The deposition of a bioma-
terial that encourages the integration of the implant and host bond
is one method used to transform bioinert materials into bioactive
ones (Garrido et al., 2021).

Three decades ago, the field of biomaterials made the initial dis-
covery of bulk metallic glasses. Even before scientists became
interested in their use for medical purposes, they were frequently
employed in industries such as sport and jewellery (Li and Zheng,
2016; Korkmaz and Kariper, 2020; Hasiak et al., 2022; Rajan and
Arockiarajan, 2021). When a molten alloy is rapidly cooled, it forms
metallic glasses, an amorphous structure that prevents the forma-
tion of crystalline phases and creates glassy alloys (Thanka Rajan
et al., 2022; Hasiak et al., 2022).

Unlike regular glasses, bioactive glasses are made of various ele-
ments. Compared to traditional ones, their structure is consider-
ably more disrupted. When submerged in aqueous medium,
bioactive glasses exhibit unique surface reactivity-related bone
bonding properties that are indicative of their bioactivity
(Garrido et al., 2021; Chuang et al., 2013).

Numerous studies support the notion that bioactive glasses have
drawn a lot of research attention due to their technological promise
for real-world applications and their scientific importance in the
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biomedical field (Garrido et al., 2021; Rajan and Arockiarajan, 2021;
Chuang et al., 2013; Subramanian et al., 2015; Jia, 2015).

As an alternative to HAp coatings, bioactive glasses have been
suggested by a number of researchers due to their capacity to
establish a stable surface that tightly binds to bone. Additionally,
their dissolution-related chemicals encourage cell differentiation
into bone cells (Hoppe et al., 2011).

On the other hand, the increase of the hardness and toughness
characteristics represents another important advancement in coat-
ing a large variety of materials, including titanium, titanium alloys,
and even stainless steels. Additionally, by changing the surface’s
characteristics and adding a thin layer, the material’s biocompati-
bility and resistance to corrosion in various body fluids can
increase (Eliaz, 2019).

Biomaterials such as titanium alloys and stainless steel, typically
lack inherent antibacterial properties. In addition, it is widely known
that metallic ions such as Ag+ and Cu2+ can operate as an effective
antibacterial agent when added (Eliaz, 2019). Particularly, Zr-based
metallic glasses exhibit potential antibacterial properties and signif-
icantly influence antibacterial activity (Subramanian et al., 2015;
Chu et al., 2008; Chu et al., 2014). That means that due to the release
of weakly bound Cu2+ or Ag+ ions, Zr-based metallic glasses with Ag
and Cu are antibacterial (Etiemble et al., 2017).

Also, it is thought that the initial adhesion of bacteria to the coating
surfaces is substantially lower than that of stainless-steel surfaces due
to the smooth surface profile and hydrophobic effects. Release of cop-
per ions from the thin film metallic glasses also contributes signifi-
cantly to the bacteria’s repulsion (Chu et al., 2014; Chu et al., 2014).

For the osteointegration, the aid comes by addition of supple-
mentary elements to increase functionality, such as Sr and Mg,
while the antibacterial activity is improved through addition of
Ag. Also, in the last decades, the most popular for medicinal pur-
poses are often Zr-, Ti-, Fe-, and Mg-based (Janne et al., 2019;
Rajan and Arockiarajan, 2021; Chu et al., 2012; Bin et al., 2021;
Apreutesei et al., 2015; Basova et al., 2021).

Numerous researchers have discussed the use of Ca as an alloy-
ing element for the metallic glasses in biomedical applications
since this element is an essential part of the human body. Having
strontium on board makes it seem more promising. Similar to cal-
cium, strontium is an excellent bone-seeking element that can aid
in protein synthesis and bone regeneration (Bin et al., 2021).

The coated specimens showed stronger corrosion potential and
reduced corrosion current density when compared to crystalline
materials such as stainless steel, titanium, and titanium alloys. This
suggests that metallic glasses based on Zr are more corrosion resis-
tant in different bodily fluids (Rajan et al., 2020). Thin-film coating
methods use a variety of coating techniques to modify surfaces.
The goal to apply this film is to increase the material’s lifespan.
Sputtering, pulsed laser deposition (PLD), and other physical
vapour deposition (PVD) techniques are also used in this process
(Priyadarshini et al., 2019; Rajan and Arockiarajan, 2021;
Janarthanan et al., 2021; Rauf et al., 2018).

Among various techniques for producing thin layers, sputtering
creates dense, adhesive films with the same elemental composition
as the target (Subramanian et al., 2015; Kothari and Kale, 2002).

The aim of the current research is to develop thin film bioactive
glasses (TFBG) from the quaternary system through cathodic arc
deposition method on Ti alloys (Ti6Al4V) and stainless steel
(316L) substrates. Several compositions of TFGB were taken into
consideration from the quaternary system as following Zr-Cu-Ca-
X, where X was replaced with Mo, Mg, Si or Sr. Thus, the influence
of each element on the properties of the Zr-Cu-Ca ternary
system was taken into consideration. The results on Zr-Cu-Ca tern-
ary system can be found in the published paper REF. (Parau et al.,
2023).
3

2. Experimental details

2.1. Samples preparation and coating deposition

For the experiments, two metallic substates widely employed in
implantology, 316L stainless steel and Ti6Al4V alloy have been
used. For the deposition process the method used was the cathodic
arc deposition. All metallic samples were mechanically polished to
achieve a roughness of 20 nm (±3 nm) for 316L and 50 nm (±6 nm)
for Ti6Al4V, respectively.

The following cathodes purchased from Cathay Advanced Mate-
rials Limited (Guangdong, China) with a purity of 99.95%, were
used for the deposition of the coatings: ZrCuCaMo, ZrCuCaMg,
ZrCuCaSi, and ZrCuCaSr. Prior to deposition, each substrate was
decontaminated by being sputter etched with Ar ions for five min-
utes in the deposition chamber, at a bias voltage of 950 V.

The following parameters were used for the deposition: residual
pressure = 2 � 10-5 mbar; working pressure = 1 � 10-3 mbar; Ar
mass flow rate = 120 sccm; substrate bias = �100 V; arc current
on each cathode = 70 A, substrate temperature = 320 ⁰C.

Each process showed different deposition rates, therefore the
duration of the process was adjusted in order to obtain a thin layer
with a thickness of � 2 lm for all types of deposited thin films.
Both substrates were coated in the same deposition run, receiving
the same kind of coating.
2.2. Characterization and testing methods

For the evaluation of surface morphology and elemental com-
position, a scanning electron microscope (SEM) (Hitachi TM3030
Plus) coupled with an energy dispersive X-ray spectrometer (Bru-
ker) was used. The EDS tests were conducted using two replicates
for each sample in three separate areas, and the results were
averaged.

A surface profilometer (Dektak 150, Bruker) with a 2.5 lm sty-
lus radius was used to measure the coatings’ thickness and the sur-
face roughness. The measurements were carried out twice for each
sample in 10 randomly selected distinct areas, and the results were
also averaged.

According to the Stoney approach (Freund et al., 2003; Pauleau,
2006), the residual stress level in the films was assessed by com-
paring the curvature radii of the Si (100) wafers before and after
film deposition.

A microhardness tester was used to measure the Vickers hard-
ness (0.05 N load), performing five indentations on each film. By
using a scratch tester, the adhesion of the film on the substrate
was assessed under the following conditions: indenter with a dia-
mond tip of 0.2 mm radius; progressive load from 0 to 100 N;
scratching speed of 10 mm/min; scratching distance of 10 mm (s-
tandard EN 1071–3:2005). An optical microscope was used to
inspect the scratch imprints to determine the critical load. Three
measurements were carried out on each type of coatings, and their
average was taken into consideration.

The in vitro corrosion resistance was evaluated with a poten-
tiostat/galvanostat by applying the potentiodynamic polarization
technique in simulated body fluid (SBF) solution at 37 ± 0.5 ⁰C,
(VersaStat 3, Princeton Applied Research). The counter and refer-
ence electrodes were platinumwire and KCl-saturated Ag/AgCl ref-
erence electrode, respectively. The coated substrates of different
thicknesses were used as working electrode. Throughout the test,
the distance between the reference and the working electrodes
was kept constant.

Prior to performing the potentiodynamic measurements, the
working electrode was immersed in corrosive solution for a



Fig. 1. SEM images of the coatings.

Fig. 2. EDS analysis of the surface’s composition.

Fig. 3. EDS map of the surface’s composition.
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potential-stabilizing period of 1 h, during which time the open-
circuit potential (EOC) was monitored.

Then, by using electrochemical impedance spectroscopy (EIS), a
sinusoidal signal with an amplitude of 10 mV RMS vs. EOC was
applied over a frequency range of 0.5 � 104 Hz. With a scanning
rate of 0.167 mV/s, potentiodynamic curves were registered from
�1 V vs. EOC to 2 V vs. SCE. VersaStudio software (version 2.60.6)
was used to record the data, and ZView software (version
12136–4) was employed for the EIS fitting method.
4

3. Results and discussions

3.1. Composition and morphology of the coatings

The cathodic arc deposition represents a physical vapor deposi-
tion technique involving vaporizing material from a cathode target
using an electric arc. Thus, the vaporized material resulted from
the cathodic arc evaporation subsequently cools and condenses
to produce a thin layer on the substrate. Aside from ions, atoms,



Fig. 4. The Ra roughness metric of the coatings.

Fig. 5. Tensile strength of the coatings deposited on Si substrate.
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and electrons, microdroplets are also produced as a result of local
heating and energetic arc events. That is why, according to the
images shown in Fig. 1, that represent the SEM images of the
deposited coating, it can be observed that all of the coatings’ sur-
faces present microdroplets of different sizes. The size, the shape,
and the distribution of the particles are also influenced by the
deposition conditions. Also, all the coatings were found to be dense
and consistent across the surface that was under investigation,
which indicates that they completely cover the area.

According to B. Warcholinski (Warcholinski et al., 2018) and his
research conducted in 2018, increasing substate bias can reduce
the amount and the size of these particles in ZrSiN coatings. Partic-
ularly, for our research, due to the type of the coatings, the sub-
strate bias was maintained at �100 V. The limitation of biasing
voltage is mainly due to the fact that light elements like Ca or
Mg tend to undergo re-sputtering when the substate bias is raised
too high.

Additionally, it is possible to link the quantity and size of dro-
plets with the melting temperature of the materials produced dur-
ing the deposition on the surface of cathodes.

Energy dispersive spectrometry analysis, often known as EDS,
was carried out on each individual sample in order to establish
the elemental composition of the coatings that were deposited
(Figs. 2 and 3). The chemical composition that was attained on
5

the coatings provided conclusive evidence that the main compo-
nents (Zr, Cu, Ca, Mg, Mo, Si, Sr) were present. The quantities of
Zr, Cu, and Ca were not significantly different in any of the coat-
ings, the amounts being similar.
3.2. Mechanical properties (roughness, adhesion, stress)

The roughness of a material is an important feature that can
influence the electrochemical behaviour of the material as well
as its contact with the human cells. Therefore, it is logical to expect
that by controlling this value, some surface features can be
strengthened as well. This hypothesis will be supported by the fol-
lowing data. On the other hand, changes in nanoscale surface
roughness seem to alter host cellular and tissue responses
(Variola et al., 2011).

The Ra (arithmetic average) roughness metric was used to eval-
uate the surfaces that were under investigation for their degree of
roughness (see Fig.4). On that base, it is essential to take note that
the roughness of all uncoated substrates was polished to the same
level (19 nm for 316L, and 50 nm for Ti6Al4V). The surface of all
coatings is uniform, with no substantial variations in height to be
observed anywhere.

Also, according to the obtained results, it can be noticed that
compared to the substrate, all coatings presented an increase of
the roughness. Based on these findings, it is reasonable to assume
that the increased roughness achieved for the coatings is due to the
deposition method (Janarthanan et al., 2021; Kothari and Kale,
2002; Warcholinski et al., 2018).

The highest values of the average roughness (Ra) parameter
have been obtained for ZrCuCaMo deposited on Ti6Al4V substrate,
and for the ZrCuCaMg coating deposited on 316L, followed by
ZrCuCaMo, with a similar Ra value.

Regardless of the substrate, ZrCuCaSi presented a similar rough-
ness, while the addition of Sr, Mo or Mg in the ZrCuCa ternary sys-
tem, resulted in a significantly higher roughness.

All developed films subjected to tensile stress were obtained on
Si substrate. According to the obtained results presented in Fig. 5, it
can be noted that the coatings with Mg and Si are less stressed,
while ZrCuCaSr exhibited the highest stress level, followed by
ZrCuCaMo.

The results of the scratch adhesion test shown in Fig. 6, present
the values for the critical load (Lc) evaluated using the method
described in standard EN 1071–3:2005.

The critical loads for all coatings demonstrate an adequate
adherence to both substates. In terms of substrate, it was observed
that compared to 316L steel, all coatings showed improved adhe-
sion to the Ti6Al4V alloy.



Fig. 6. Results of the scratch adhesion test.
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3.3. In vitro corrosion resistance in similar human environment

Electrochemical techniques are regarded as highly significant
and helpful for the analysis of the reactions that take place at the
coating-substrate interface. This makes possible to obtain an accu-
rate prediction of the way the coating would behave in vivo.

The polarization resistance technique in SBF medium was used
to evaluate the electrochemical behaviour of the experimental
metallic glasses-based layer. This medium was chosen since the
proposed coatings have potential applications in orthopedy and
because SBF is similar to human plasma.
6

Release of alloying elements from implants (such as Al and V in
Ti6Al4V) as fine metallic particles or ions into the bloodstream can
cause tissue colouring, cell poisoning, discomfort, and even
implant failure (Shah et al., 2016).

During the course of one hour in SBF solution, the open circuit
potential (EOC) was registered, and Fig. 7 displays its evolution.

Also, the potentiodynamic curves measured for the uncoated
and coated substrates are represented in Fig. 8. The uncoated
316L and Ti6Al4V served as reference sample.

According to what was found, the EOC potential of all investi-
gated surfaces has a propensity to move in the direction of elec-



Fig. 7. Open circuit potential (EOC) evolution for the investigated samples.

Fig. 8. Potentiodynamic curves of the investigated samples.

Fig. 9. Evolution of the pH during the corrosion tests in SBF at 37 �C.
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tropositive value. Some of the coatings showed some changes in
the values of open circuit potential. These variations were seen
in some coatings. After monitoring the EOC for 1 h, it was observed
that the coatings exhibited values extremely similar to one
another, which indicated that the surfaces were stable (equilib-
rium state). The EOC potential of the bare substrates was found to
be significantly lower than that of all coatings.
7

It has come to our attention that the ZrCuCaMo and ZrCuCaMg
layers offered the strongest corrosion resistance, demonstrating
low values of corrosion current density.

Degradation was also examined by the coatings’ stability, which
involved monitoring pH changes during the corrosion tests in SBF
solution at a fixed temperature of 37 �C (±0.5 �C) for a duration of
8 h. In Fig. 9, the pH evolution of the coatings throughout time is
presented.



Fig. 10. Mass evolution of the samples before and after the corrosion tests.

Fig. 11. The Ra (arithmetic average) roughness of the coatings before and after corrosion test.
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With the exception of the ZrCuCaMo coating, which exhibited
an irregular evolution from the very first few moments of immer-
sion onward, indicating that the coating is quite unstable when
subjected to SBF media at 37 �C, the rest of the coatings deposited
on Ti6Al4V maintained a constant pH value for the entire period,
with a small increment at the end.

On the contrary, for 316L steel substrate, the evolution
was the opposite. The samples were immersed in SBF and
it was maintained a pH that was constant for 4 h after
immersion. This was followed by a considerable increase
in the pH value, which indicated that the degradation pro-
cess had begun.

Before and after the corrosion test, the samples were weighed
using an analytical balance with an accuracy of 0.01 mg in order
to follow the materials’ mass evolution. The mass evolution of
the samples is presented in Fig. 10.

According to the data, it can be observed that for the coatings
deposited on Ti6Al4V substrate, the samples weight remained
almost constant, while the coatings deposited on 316L stainless
steel presented a small decrement that can be observed after the
electrochemical tests.

Also, the Ra (arithmetic average) roughness metric was used to
evaluate the surfaces roughness before and after the tests and the
results are shown in Fig. 11.

Irrespective of the substrate type, an increment of the Ra value
was noted for all coatings. By comparing the Ra values, it was
observed that the highest value was reached for the ZrCuCaMo
deposited on 316L substrate, followed by ZrCuCaSr which has also
presented a significant increase of the Ra. The rest of the coatings
8

have registered small increases, when compared to the values
before performing the electrochemical tests. On the other hand,
the coatings deposited on Ti6Al4V presented similar values in all
cases. For the substrate, both their Ra values remained almost
the same.

After conducting corrosion tests in SBF at 37 �C, the morphology
of the coatings and their elemental composition were thoroughly
examined using a scanning electron microscope (SEM) that was
outfitted with an energy dispersive (EDS Quantax 70) detector.
Fig. 12 illustrates the surface shape as well as the distribution of
the various elements over the surface.

The images obtained from the SEM demonstrate that all sur-
faces presented signs of alteration/deterioration/degradation,
especially the coatings deposited on 316L, indicating the fact that,
after the immersion, this coatings have been more affected by the
SBF solution.

EDS mapping images were used to determine the elemental
compositions for the coatings and the substrate. Coating elements
have been found despite their decrease after 8 h of immersion in
SBF at 37 �C, suggesting that they are resistant to the corrosive
attack of the SBF solution even at human body temperature.

3.4. Biomineralization in SBF solution at 37 �C for 1, 7 and 14 days

It is possible to obtain an approximation of the in vitro biomin-
eralization ability of a material by quantifying the newly generated
apatite on the coatings surface. Before doing expensive tests on cell
cultures or animals, it is important to carry out in vitro experi-
ments. For example, the biomineralization ability material’s can



Fig. 12. Morphology and elemental composition of investigated surfaces after corrosion in SBF at 37 �C.
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be evaluated through their immersion in simulated body fluid
(SBF), which resambles the human body plasma (Oyane et al.,
2003).

The experimental thin films metallic glasses deposited on
metallic substrate, namely 316L and Ti6Al4V, were submerged
in SBF media in order to determin their biomineralization capac-
9

ity. Each sample was kept in an incubator, to assess the in vitro
behaviour of the coatings (Memmert IF 55, Memmert GmbH,
Germany) at 37 �C for 14 days while it was submerged in
50 ml of testing media in sterile containers. The media was chan-
ged every two days in order to maintain the required ionic con-
centration. At various time intervals, including 1, 7 and 14 days,



Fig. 13. SEM images of the developed surfaces after immersion for 1 day.

Fig. 14. SEM images of the developed surfaces after immersion for 7 days.

Fig. 15. SEM images of the developed surfaces after immersion for 14 days.
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samples were removed and analyzed by scanning electron
microscopy (SEM) for surface morphology (Figs. 13–15) and
mass variation (Figs. 16 and 17).

Each sample was cleaned with distilled water and dried for 24 h
in a desiccator. Samples were then weighed with an analytical
balance.

Each immersed sample was weighed five times. The mass vari-
ation was computed by using the following mathemical formula:

Dm ¼ mf �mi mgð Þ ð1Þ
10
where Dm is the mass variation, mf is the samples mass after
immersion and mi is the samples’ initial mass.

According to Figs. 13–150s SEM images, after 14 days of immer-
sion in SBF media, all coated samples are primarily covered in
hemispherical precipitates with occasional fissures.

The immersion procedure in SBF might potentially be broken
down into the following steps, as shown by the SEM images. Partic-
ulary, for the proposed coatings, most of them have the tendeancy
to fracture. In our case, two phenomena were seen after immersion
in SBF for a period of 14 days: the development of a new apatite



Fig. 16. Samples mass evolution across the defined time periods (1, 7 and 14 days)
for 316L substrate.

Fig. 17. Samples mass evolution across the defined time periods (1, 7 and 14 days)
for Ti6Al4V substrate.
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layer, as well as some signs of disintegration. After the first day,
some apatite layer can be observed in all coatings, in small
amounts. One week later, this amount increased, especially for
ZrCuCaMg and ZrCuCaSi, regardless the substrate. The same trend
continued until day 14.

Figs. 16 and 17 illustrates the samples mass variation during the
course of the specified time periods (1, 7 and 14 days).

For the coatings deposited on 316L substrate and immersed in
SBF, the lost mass has increased for ZrCuCaMo and ZrCuCaSr by
increasing the immersion time, indicating a sign of degradation.
For ZrCuCaMg and ZrCuCaSi, the mass increased periodically over
time, demonstrating a good biomineralization ability.

On the other hand, for the coatings deposited on Ti6Al4V, it can
be observed that all coatings presented an increase in the mass,
with the highest value reached for the ZrCuCaMg and ZrCuCaSi
coatings. This indicates that the coatings deposited on this type
of substrate have an accelerated biomineralization process.

Even if there is a small decrease of the coatings mass, it can be
observed that according to the SEM images, the apatite layer is still
formed on the tested surfaces.
4. Conclusions

Cathodic arc evaporation was used to develop thin layers of
ZrCuCaX metallic glasses onto 316L stainless steel and Ti6Al4V.
The X represents one of the following elements: Mo, Mg, Si, or
Sr. An exhaustive investigation was carried out, and the findings
and resulted interpretations are described below in detail.
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According to the present study, the morphological examination
of the coatings revealed the presence of microdroplets of different
sizes on their surfaces. The surface obtained was fully covered, and
the amount of elements were similar, irrespective of the coatings
type.

When compared to the substrate, the roughness of each coat-
ings was higher (around 2000 nm), regardless of the substrate
(19 nm for 316L, and 50 nm for Ti6Al4V) they were applied on
and independent of the mechanical perspective. Because of these
findings, it is sufficient to support the hypothesis that the proposed
deposition method is the main cause for the higher roughness
achieved in the case of the coatings.

In terms of mechanical properties, it can be said that all coatings
exhibited acceptable adhesion to both substates, ranged from 8 N
to 18. All coatings displayed an enhanced adhesion to the Ti6Al4V
alloy (12–18 N) when compared to the 316L steel standard (8–
15 N).

The ZrCuCaMo and ZrCuCaMg showed the lowest value of the
corrosion current density parameter (316L: 21.99 lA/cm2 and
11.37 lA/cm2; Ti6Al4V: 1.62 lA/cm2 and 13.37 lA/cm2) and there-
fore the best corrosion resistance among the tested materials.
According to the collected data, after performing the electrochem-
ical tests, it was noted that the weight of the coatings deposited on
the Ti6Al4V substrate did not change significantly (ranged from
0.593 g to 0.713 g), compared to the ones deposited on 316L stain-
less steel (ranged from 1.687 g to 1.752 g), which have undergone a
slight deterioration because of the electrochemical testing.

The immersion tests carried out in SBF, highlighted that, irre-
spective of the substrates type, all coatings showed slight signs
of degradation, but also areas, which are covered with hemispher-
ical precipitates specific to the newly formed apatite, indicating
that the coatings are bioactive. The mass evolution of the coatings
deposited on 316L steel was ranged from the �0.47 (degradation
process) mg to 1.37 mg (biomineralization process), while for
those deposited on Ti6Al4V, the values were ranged from
�0.08 mg (degradation process) to 2.66 mg (biomineralization
process).
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