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316 stainless steel is one of the alloys commonly used for surgical instruments. When
in contact with bacteria, these tools are highly prone to contamination. By applying
coatings with high antibacterial properties, this problem can be significantly mitigated.
This research aims to design a novel Zr-based alloy with a glass structure based on Zr
that has antibacterial properties and is applied to 316 stainless steel. First, an alloy with
the chemical composition Zr, Cu, Al Ag Cr Si, B, was designed and produced.
Next, thin alloy layers were deposited on 316 steel samples using a DC Magnetron
Sputtering machine. The GIXRD tests indicated success in obtaining a completely
amorphous structure. The antibacterial behavior of the created coating against two
bacteria, Escherichia coli and Staphylococcus aureus, was investigated. The results
showed that the coating exhibited high antibacterial properties against these bacteria.
Additionally, applying the new coating can play an essential role in the adhesion of
various cancer cells to surgical tools made from 316 stainless steel due to the reduction
of substrate roughness by approximately 50%. Tests showed that the application of
the designed coating reduced the energy of the surface, increased the contact angle,
and thus increased the hydrophobicity of the surface, transforming the surface of 316
stainless steel from hydrophilic to hydrophobic. Furthermore, the amorphous coating
structure enhanced the corrosion resistance of the 316 steel in 3.5% NaCl solution.
Therefore, applying the newly designed coating to biomedical steel tools is suggested.

1. Introduction

contact bacteria [1]. For this reason, applying coatings
with antimicrobial or non-sticking properties on the

316 stainless steel is widely used to manufacture
medical equipment, including surgical tools. These
tools become highly contaminated when they come into
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surfaces of these instruments is a significant research
subject. Studies show that one of the newest coatings
attracting researchers' attention as antibacterial coat-
ings is Zr-based coatings with an amorphous structure.

The presence of copper, silver, or aluminum in
these coatings imparts antimicrobial properties [2-6].
Consequently, the US Environmental Protection Agen-
cy has registered copper as the first solid antimicrobial
substance. Silver ions, when adhering to bacteria, can
easily enter bacterial cells, block their respiratory sys-
tems, and destroy their energy production mechanisms.
The bacterial cell membrane will ultimately rupture,
destroying the bacteria [6,7].
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Surface roughness is another parameter that can af-
fect the antibacterial behavior of the surface of a sur-
gical instrument or the degree of bacterial adhesion to
these instruments. This issue can be mitigated by ap-
plying Thin Film Metallic Glass (TFMG) materials,
which have very smooth surfaces [8, 13-17]. Extensive
studies have investigated the relationship between sur-
face roughness and the adhesion of cancer cells. Stud-
ies show that the Zr, Cu, Ag,, TFMG [18], Zr-Cu-Al-
Ag TFMG [19], Zr, Ti, Ag,,, and Zr, Ti Al Zr-based
TFMGs [20] can reduce the adhesion of two common
hospital bacteria resistant to penicillin, Escherichia
coli and Staphylococcus aureus, or hinder their growth,
multiplication, and movement.

The corrosion behavior of these coatings in differ-
ent environments has also been extensively studied.
The results indicate an increase in the corrosion resis-
tance of these amorphous coatings compared to various
uncoated substrates[21-26]. Investigations into the cor-
rosion behavior of Zr_ Al Ni.Cu, TFMG [21], Zr-Cu-
Ni-Al, Zr-Ti-B-Si TFMG with different percentages
of silicon, and Zr, Cu, Al Ag. TFMG [24,25] indicate
that applying these coatings increases corrosion resis-
tance compared to the substrate.

Hydrophilicity or hydrophobicity of a surface can
also indicate its corrosion resistance. Studies show that
Zr-based amorphous coatings are more corrosion-resis-
tant than the substrate due to their high hydrophobicity
(or reducing the contact angle) [27-31].

Another feature of Zr-based TFMG is their low
surface free energy, which increases the corrosion re-
sistance of these coatings. Summarized results about a
wide range of TFMG coatings show that lower surface
energy results in higher corrosion resistance [32, 20].

Therefore, it seems that applying a thin layer of de-
signed Zr-based TFMG with a chemical composition of
Zr, Cu, Al Ag Cr Si B, due to its amorphous struc-
ture, high surface smoothness, and good adhesion to
the substrate can increase the corrosion resistance of
the 316 stainless steel substrate.

2. Materials and Experimental Procedure
2.1. Materials

This research used metal powders with a high de-
gree of purity to prepare the alloy and make the sput-
tering coating target. These materials include zirconi-
um, silicon, aluminum, chromium, boron, copper, and
silver powders. Additionally, argon gas, stearic acid,
316L stainless steel, silicon wafers (as substrates), and
metallography materials were used. The chemical com-
position of 316 stainless steel used is given in Table 1.

The amount of powders used to fabricate the Zr-
,Cu, Al Ag Cr Si B, alloy is presented in Table 2.

2.2. Experimental Procedure

First, the raw material powders were weighed ac-
cording to stoichiometric ratios. A digital scale with an
accuracy of 0.001 grams was used. After adding half
a gram of stearic acid to the powders, they were ho-
mogenized using a PM100 model ball mill in an argon
atmosphere.

After mixing the powders, a Spark Plasma Sintering
(SPS) system was used to prepare the target needed for
sputtering. The sintering operation was conducted at a
temperature of 850°C, a pressure of 40 MPa, a current
of 1100 A, and a voltage of 2.5 W for 10 minutes. The
mixed powder was poured into a graphite mold with a
diameter of 50.8 mm and then subjected to sintering.

2.2.1. Deposition by DC Magneton Sputter-
ing System

The deposition was performed on 316 stainless steel
samples and p-type Si (100) wafers with dimensions of
1x1 cm. The samples were coated using a three-cathode
DC Magnetron Sputtering device equipped with a tur-
bomolecular pump capable of reaching a final vacuum
of 8x 106 torr. The sputtering was done at a working
pressure of 8.9 x 107 torr, a power of 104 W, a current
of 0.3 A, and a deposition time of 60 minutes.

Table 1. Chemical composition of 316 stainless steel used (Wt%).

C Ni Cr Mo Mn

Si N P S Fe

0.023 | 11.280 | 17.024 | 2.231

1.191

0.582 | 0.045 | 0.028 | 0.006 | Rem.

Table 2. The number of primary powders used for fabrication of the alloy.

Element Zrx Cu Al Ag Cr Si B
at% 30 20 10 10 10 10 10
wt% 437 1203 |43 17.2 83 4.5 1.7
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2.2.2. Structural studies

Scanning Electron Microscopy (SEM), Field Emis-
sion Scanning Electron Microscope (FESEM), and
Atomic Force Microscope (AFM) were used to study
the microstructure of the fabricated target, the surface
morphology, and the thickness of the coated layers.
X-ray diffraction (XRD) equipped with Incident Beam
Grazing (GIXRD) was used to analyze the produced
thin layer and ensure the amorphousness of the coating
structure.

2.2.3. Measuring the Hydrophobicity of the
Coatings

A CA-500A model contact angle measurement sys-
tem, equipped with a camera and software for measur-
ing the contact angle of a drop on a solid surface, was
used to measure the hydrophobicity of the samples and
determine the contact angle.

2.2.4. Investigating the Corrosion Behavior
of coatings

Electrochemical potentiodynamic polarization tests
were used to investigate the corrosion behavior of the
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prepared thin films. These tests were conducted using
an IVIUM model potentiostat/galvanostat device and
in a 3.5 wt% NaCl aqueous solution at ambient tem-
perature.

2.2.5. Examining the Antibacterial Behav-
ior of Coatings

The antibacterial behavior of the coating against
two bacteria, Staphylococcus aureus (ATCC 25923)
and Escherichia coli (ATCC 25922), were evaluated
according to standard number Z2801:2000. After per-
forming this test, the number of remaining live bacteria
on each sample was counted, and the antibacterial rate
of 316 stainless steel and the thin layer coating was
calculated. The examination time was 24 hours.

3. Results and Discussion
3.1. Structural Studies of the Fabricated
Target

The structural study of the fabricated target using
the SPS method and the distribution of different ele-
ments in the target were performed using the FESEM
microscope. As shown in Fig. 1. all elements are uni-
form in the fabricated target.
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Fig. 1. Elemental map and EDAX chemical analysis of the target fabricated by the SPS method.

3.2. Characterization of Coatings

The X-ray diffraction test at a very low angle, GIX-
RD, was used to ensure the amorphousness of the thin
films that were produced. Fig. 2. shows the grazing X-ray
diffraction pattern of the coating with the composition
Zr, Cu, Al Ag Cr Si B . The absence of specific
peaks in this graph indicates the absence of any crys-
tal structure in the sample. Therefore, with more cer-
tainty, it can be said that the coating has an amorphous
structure. Before doing any experiment, an amor-
phous structure can be predicted due to the very low
thickness of the coating and the high rate of
solidification.
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Fig. 2. GIXRD pattern of the thin layer produced with a
power of 104 W, (0.3 A).

Fig. 3. shows the microscopic image of the cross-sec-
tion of the created coating. Measuring the thickness of
the coatings using the FESEM microscope showed that
this coating has a thickness of 1.10 microns. As can be
seen, the coating has relatively good surface smoothness
and uniform thickness. Additionally, there is very good
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adhesion at the interface between the coating and the
substrate.

Fig. 3. Microscopic image of the cross-section of the pro-
duced TFMG coating.

Fig. 4. shows the elemental map related to the dis-
tribution of different elements in the coating on the en-
tire sample surface. It can be seen that the distribution of
these elements is completely uniform.

B = s«
. 1% OK
B = a

9% SiK
16% zrL
8% AglL

42% CrK

[ % cux

Fig. 4. X-ray map of the distribution of the elements in
the TFMG coating.
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Fig. 5. shows the FESEM image of the cross-section of
the coating along with the EDAX chemical analysis of the
coating. The pattern shows that all the elements used in the
target are also present in the coating.

The examination carried out by the FESEM micro-
scope also shows that the TFMG coating has a columnar
structure, as seen in Fig. 6. The presence of a columnar
structure in TFMG coatings has been reported by other
researchers [33, 34]. It should be noted that despite a co-
lumnar structure, the coating seems to have good surface
smoothness.

3.3. Antibacterial Behavior of the Coating

As mentioned, two of the most problematic bacteria

that can cause infection are Staphylococcus Aureus and
Escherichia Coli. These antibiotic-resistant bacteria
have caused severe problems worldwide in recent years.
Therefore, in this research, the antibacterial behavior of a
novel Zr-based TFMG coating with the composition Zr-
Cu, Al Ag Cr Si, B against these two bacteria was

studied based on standard number Z2801: 2000 [35].
3.3.1. The Rate of Antibacterial

According to the mentioned standard, after exposing
316 stainless steel samples and the coated samples to the
two bacteria, keeping them in a vibrating incubator for a
certain period, performing dilution operations in 5 stages,
culturing the remaining live bacteria in Mueller-Hinton
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Fig. 5. Microscopic image of the cross-section of the coating along with the EDAX chemical analysis of the coating.
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Fig. 6. The presence of a columnar structure in TEMG coating.
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medium, and finally taking pictures and counting them, the
antibacterial rate of the coatings against these two bacteria
was calculated using Eq.(1)[31].

Eq.(1)

N

Rate of Antibacterial % = N x 100

Meanwhile, N, and N are the number of live bacteria
remaining on the surface of the uncoated sample and the
coated sample, respectively.

In Figs. 7. a and b. images of Staphylococcus aureus
and Escherichia coli bacteria present on the 316 stainless
steel sample at the initial moments of contact with the
substrate and before any dilution operation are shown. As
mentioned earlier, the initial concentration of bacteria is
around 10° bacteria/ml.

In Figs. 8. a and b. images of live Staphylococcus
aureus and Escherichia coli bacteria present on the 316
stainless steel sample at the end of the test and after five
dilution stages are shown. The large number of living bac-
teria remaining on the substrate indicates the lack of any
antibacterial properties of 316 stainless steel. The number
of Staphylococcus aureus bacteria remaining on the 316
stainless steel substrate after the final dilution is 1110
CFU/ml, and for Escherichia coli, it is 1220 CFU/ml.

Picturing and counting the remaining live bacteria on
the TFMG samples show that the number of live Staphy-
lococcus aureus bacteria remaining on the coating is 23
CFU/ml. Additionally, the number of live Escherichia coli
bacteria remaining on the coating is 32 CFU/ml. Figs. 9.
a and b. show images of live Staphylococcus aureus and
Escherichia coli bacteria remaining on the TFMG samples
at the end of the test and after five dilution steps.

Using the initial number of bacteria and the num-
ber of remaining live bacteria on the TFMG coating and
applying the given equation, the antibacterial rate of
the coating can be calculated. The results show that the

antibacterial rates of the coating were 98% and 97% for
Staphylococcus aureus and Escherichia coli, respective-
ly. It seems that no significant difference exists in the
antibacterial behavior of the coating against these two
bacteria. The high percentages of copper, silver, and
aluminum elements in the coating contribute to its ex-
cellent antibacterial behavior. Similar results have been
reported for other TFMG coatings containing these ele-
ments [18-20, 25-26]. The main reason for the antibac-
terial effect of the produced coating is the presence of
silver and copper elements in the coating. The ions of
these two elements destroy the cell membrane and eas-
ily enter the cell. They attach to the membrane proteins
and disrupt their function, resulting in bacterial death
due to lack of nutrition.

3.4. Roughness of Coatings and Adhesion of
Cancer Cells to Them

The degree of adhesion of cancer cells to surgical in-
struments is considered one of the most up-to-date chal-
lenges in medical engineering. Surgical instruments used
to remove a cancerous tumor allow cancer cells to ad-
here to them when they come into direct contact with the
tumor tissue. Once attached to these tools, these cancer
cells are often alive and transferred to healthy tissues, po-
tentially giving rise to new cancerous tumors. Therefore,
finding solutions to reduce the number of cells sticking
to surgical instruments is one of the current challenges in
medical engineering.

Considering the importance of the surface roughness
of a medical instrument in the adhesion of cancer cells
and platelets, the surface roughness of fully polished 316

stainless steel and Zr, Cu, Al Ag, Cr, Si, B, alloy coat-

ing applied to this steel were compared and evaluated.
Figs. 10 and 11. show the roughness curves and images
obtained from the surfaces of these samples by AFM mi-
croscope.

Fig. 7. Pictures of the two bacteria: a) Staphylococcus aureus and b) Escherichia coli present on the 316 stainless steel
sample at the initial moments of contact and before any dilution operation.
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Fig. 8. Pictures of remaining living bacteria: a) Staphylococcus aureus and b) Escherichia coli on the 316 stainless steel
sample at the end of the test and after five stages of dilution.

Fig. 9. Images of the remaining live bacteria a) Staphylococcus aureus and b) Escherichia coli on the TFMG samples at
the end of the test and after five dilution steps.
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Fig. 11. Roughness curve and 3D image of TFMG coating applied on 316 stainless steel.

39



H. Shafyei et al. / International Journal of ISSI, Vol. 20(2023), No. 2, 33-44

The results indicate that the surface roughness of the
316 stainless steel substrate in the fully polished state
equals Ra = 8.08 nm, and for the TFMG-coated sample,
it equals Ra = 2.11 nm. This shows that applying the
coating has increased the smoothness of the substrate by
48%.

Therefore, if this TFMG coating is applied to medical
instruments made of 316 stainless steel, it can play an
essential role in preventing post-surgical infections. Ob-
servations by others also confirm the existence of a direct
relationship between the adhesion level of various human
and animal platelet cells and cancer cells and the surface
roughness of surgical tools [15, 36-43].

3.5. Hydrophobicity of the Coatings

The degree of hydrophobicity of a surface can signifi-
cantly impact corrosion rates and even the adhesion of
bacteria to that surface. Therefore, a hydrophobic coating
must be applied to medical and hospital instruments.

Surfaces can be classified according to their contact

angle with water. Those with an angle close to zero are
considered superhydrophilic; less than 90 degrees are hy-
drophilic, between 90 and 150 degrees are hydrophobic,
and more than 150 degrees are superhydrophobic. These
classifications are illustrated in Figs 12 and 13. which
show the wettability of uncoated and coated 316 stainless
steel substrates, respectively.

The contact angle for polished stainless steel 316 is
75+1 degrees, and for the TFMG coating, it is 106+3 de-
grees. Applying the TFMG coating increases the contact
angle, improving the hydrophobicity of the substrate.

Based on the above classification, the 316 stain-
less steel surface is hydrophilic, and the Zr, Cu, Al
Ag Cr, Si, B, TFMG coating is hydrophobic. The hy-
drophobicity of the coating is due to its smoother surface
and amorphous structure compared to the substrate.

Consequently, higher corrosion resistance and better
antibacterial behavior are expected for the coated sam-
ples. Other researchers have also shown that applying a
TFMG layer on different substrates increases the contact
angle and hydrophobic properties [26, 29-31].

0=75+1 ‘ i

Fig. 12. Wettability test of 316 stainless steel without coating, (contact angle: 75 + 1 degree).

0=106%3 I i I i

Fig. 13. Wettability test of the coating with a thickness of 1.1 microns (contact angle:106+3 degrees).
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3.6. Wettability and Surface Energy of the
Coatings

One of the most critical factors affecting the contact
angle is the surface energy on which the liquid phase is
placed. Coatings with lower surface free energy can re-
duce the corrosion rate of the surface.

As shown in Table 3. the reduction of surface ener-
gy increases the contact angle, enhancing the hydropho-
bic properties of the surfaces. The surface energy of the
316 stainless steel substrate is 91.6 mJ/m?, while for the
TFMG coating, it is 52.7 mJ/m?: a reduction of 42%. This
reduction significantly improves the stainless steel sub-
strate's corrosion behavior and antibacterial properties.

The surface energy of the 316 stainless steel substrate
and the coating is calculated using the following equa-
tion, Eq.(2) [45]:

Surface Energy =7 x (1 + cos 0) Eq.(2)

Where 0 is the contact angle and Y is the surface
energy of the liquid drop in contact with the surface. The
surface energy of the water is equal to 72.8 mJ/m? [45].

Previous findings also show that lower surface ener-
gy leads to a lower contact angle, reducing the adhesion
tendency of materials to the surface [17, 20].

3.7. Corrosion of the TFMG Coatings

Before conducting the corrosion tests, it is expected

that applying the Zr-based TFMG coating on the 316
stainless steel substrate will increase the corrosion resis-
tance of the substrate due to the coating's hydrophobicity.

The electrochemical potentiodynamic polarization
test is used to study the corrosion behavior of a coat-
ing. In this test, the corrosion potential parameter (E_ )
evaluates the corrosion driving force, and the corrosion
current parameter (I ) evaluates the corrosion current
intensity. In this research, the corrosion behavior of 316
stainless steel samples before and after coating was com-
pared by potentiodynamic polarization tests in a 3.5%
NaCl solution. Fig. 14. shows the potentiodynamic po-
larization curves of the 316 stainless steel substrate and
the coated sample.

The results show that the corrosion potential of the
coated sample is much higher than that of the 316 stain-
less steel substrate. In other words, thermodynamically,
the possibility of corrosion is higher for the uncoated
sample than for the coated sample. Based on the polar-
ization tests in a 3.5% NaCl solution, the corrosion po-
tential of stainless steel is -178 mV, and for the coating, it
is 235 mV. The corrosion current density of the substrate
is 46 nA/cm?, while for the coating, it is 3.6 nA/cm?. This
result shows that the Z Zr, Cu, Al Ag, Cr Si B, coat-
ing, due to its amorphous structure, hydrophobicity, and
uniform chemical composition, has higher corrosion re-
sistance than the 316 stainless steel substrate.

After the corrosion test, the surface morphology
of the coated sample was analyzed using a scanning

Table 3. The contact angle and surface energy of the 316 stainless steel substrate and the TFMG coating.

Contact Angle

Surface Surface Energy (mJ/m?)
(degree)

316 stainless steel 75+1 91.6

TFMG coating 106+3 52.7

1/4

1/2

0/8

0/6

E(V)

0/4

0/2

-0/2

-0/a

0/01 0/1 1 10

I(nA)

100 1000 10000 100000 1000000.00000QHO000000

Fig. 14. Dynamic potential polarization curves of the 316 stainless steel substrate (curve 1) and Zr-based TFMG coating
(curve 1) in a 3.5% NaCl solution.
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electron microscope equipped with an EDS analysis sys-
tem. Fig. 15. shows the SEM image of the coated sample
surface after the corrosion test. The coating appears to
remain primarily passive without any damage.

A limited number of holes can be observed on the
surface at higher magnification. It seems that pitting cor-
rosion has occurred. Fig. 16. shows the FESEM image of
the sample surface along with the EDAX analysis of one

of the holes.

A local analysis of one of the holes shows that the
coating has completely disappeared in the hole area, and
only the main elements of the stainless steel substrate are
present in the analysis. Similar studies have confirmed
the pitting corrosion phenomenon [31]. The obtained re-
sults have been confirmed by a large group of researchers
[21-26].
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Fig. 16. Microscopic image of the coated sample surface after the corrosion test, along with the chemical analysis of one
of the holes on the corroded surface.
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4. Conclusions

* All elements have a uniform distribution in the fabri-
cated target by the SPS method.

e The grazing X-ray diffraction pattern showed more
certainty that the novel Zr, Cu, Al Ag Cr Si B,
TFMG coating created on the 316 stainless steel sub-
strate has an amorphous structure.

e The coating, with a columnar structure and 1.10 mi-
crons thickness, has excellent adhesion to the 316
stainless steel substrate.

e The newly designed coating showed good antibacte-
rial behavior. The antibacterial rate of the coating was
98% and 97% for Staphylococcus aureus and Esche-
richia coli bacteria, respectively.

* Applying the designed coating has increased the
smoothness of the polished 316 stainless steel sub-
strate by 48%, which can diminish the adhesion lev-
el of various cancer cells to surgical tools fabricated
from this steel.

e The coating can be applied by increasing the contact
angle to transform the surface of 316 stainless steel
from hydrophilic to hydrophobic.

* The coating has reduced the surface free energy by
42% of the polished 316 stainless steels. This factor
can significantly improve this steel's corrosion behav-
ior and antibacterial properties.

* Theresultshowed that the Zr, Cu, Al Ag Cr, Si, B,
coating, due to its amorphous structure and hydropho-
bicity, hasahighercorrosionresistance compared to the

316 stainless steel substrate in a 3.5% NaCl solution.
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