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Abstract
Antibacterial activity and mechanical properties of FeCoCr-Ag medium entropy alloys were
studied via combinatorial fabrication paired with high-throughput characterizations. It was
found that the antibacterial activity and mechanical properties exhibit non-linear dependence on
the content of Ag addition. Within the studied alloys, (FeCoCr)80Ag20 possesses an optimized
combination of different properties for potential applications as antibacterial coating materials.
The underlying mechanism is ascribed to the formation of a dual-phase structure that leads to
competition between the role of Ag phase and FeCoCr phase at different Ag content. The results
not only demonstrate the power and effectiveness of combinatorial methods in multi-parameter
optimization but also indicate the potential of high entropy alloys as antibacterial materials.
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Future perspectives
Compositionally complex alloys provide a vast compositional
space for the development of potential antibacterial coating mater-
ials. To meet the requirements in practical applications, antibac-
terial materials need to integrate a variety of properties, such as
strength, processability, adhesion to substrate, antibacterial activ-
ity, etc. However, alloy development has heavily relied on sequen-
tial trial-and-error methods. There methods are often time con-
suming and labor intensive. Combinatorial method offers an ideal
solution to overcome these problems. In contrast to conventional
alloy development, combinatorial fabrications paired with high-
throughput characterizations facilitate parallel preparation and
steering through a wide range of compositions. These allow effect-
ive establishment of the composition-property relationship and
reveal the compositional dependence of these properties. Based
on the combinatorial approach, functional materials that satisfy
required combination of optimized properties could be discovered
more efficiently.

1. Introduction

Bacterial infections upon contact have invoked continued
efforts in the development of antibacterial coatings, which
are required in broad areas ranging from public transportation
to medical devices. To meet the requirements in practical
applications, an antibacterial coating material needs to integ-
rate a variety of properties [1, 2], such as strength, processabil-
ity, adhesion to substrate, antibacterial activity, etc. Recently,
high-entropy alloys have attracted increasing attention due
to their remarkable mechanical properties [1, 2], corrosion
resistance [3], processability [4, 5], etc. Although many of
these attributes are desired for antibacterial coating materi-
als, the development of antibacterial high-entropy alloys has
received less attention until recently [6–8].

The antibacterial activity of the current high-entropy alloys
has been attributed to membrane damage [9], oxidative stress
[7] and protein denaturation, all of which are induced by Cu,
one of the main constituent elements in many high-entropy
alloys. Comparedwith Cu, Ag has long been known to bemore
effective in killing a wider range of bacteria and microbials
[10–14]. In particular, Ag has often been added as an alloying
element in a variety of implanted materials to form antibac-
terial alloys. To achieve a balanced combination of properties,
the amount of Ag addition needs to be optimized. How-
ever, high-entropy alloys are usually composed of more than
three elements. With sequential trial-and-error methods, it is a
daunting task to identify the optimal Ag addition that results
in combined properties, not to mention that most alloy devel-
opment methods are devised to screen individual properties.

In this study, we report on the combinatorial optimization
of Ag addition in an FeCoCr system. We select this alloy sys-
tem because the FeCoCr alloy system was reported to be an
efficient coating of carbon steel in an aggressive marine envir-
onment due to its high corrosion resistance [15]. In addition,
Co-Cr can greatly enhance the toughness, hardness and wear
resistance [16]. In addition to antibacterial activity, we also
evaluated the variation of hardness, and adhesion to a sub-
strate, with the addition of Ag. We identify an optimal amount

of Ag addition that combines antibacterial activity, hardness,
and adhesion to stainless-steel substrate.

2. Materials and methods

Combinatorial thin films of FeCoCr-Ag were deposited by
using magnetron co-sputtering on Si (100) wafers with a dia-
meter of 4 inches. The base pressure of the chamber was
8.0 × 10−5 Pa. Ar gas (purity > 99.999 vol.%) was intro-
duced into the sputtering chamber to maintain an equilib-
rium chamber pressure of 1.0 Pa during the film depos-
ition process. Pure Ag (purity > 99.99 wt.%) and FeCoCr
alloy (Fe:Co:Cr = 1:1:1; purity > 99.9 wt.%) targets were
used for the sputtering at room temperature. The variation
of Ag content was controlled by the tilt of the sputtering
gun and sputtering power. The combinatorial films have a
thickness of ∼1 µm. Chemical analyses of the combinat-
orial films were performed using scanning electron micro-
scopy (SEM) equipped with an energy-dispersive x-ray spec-
troscopy detector (Phenom XL). X-ray diffraction (XRD)
was used to characterize the structure of the films (PANalyt-
ical EMPYREAN diffractometer with Cu-Kα radiation and
an automated XY-stage). Glance-incidence XRD (GI-XRD)
was conducted on a Bruker D8 diffractometer. Phase form-
ation and microstructure of the FeCoCr-Ag thin films were
further characterized using an ARM200F scanning trans-
mission electron microscope (STEM). A high-angle annular
dark field (HAADF) detector was used for the imaging in
mass-thickness contrast mode. The specimens for STEM ana-
lysis of the films were prepared with a focused ion beam
and SEM (Helios 600i).

The combinatorial film was covered by a custom-made
acrylic 80-well plate that is compatible with the standard 96-
well plate. This not only allows isolation of different alloys
from each other but also parallel evaluation of antibacterial
activity in up to 80 alloys. The samples and the acrylic well
plates were sterilized in ethanol for 30 min followed by rinsing
with distilled water and drying. The bacterial strain of Gram-
negative Escherichia coli (K-12, MG1655 Strain) was cul-
tured at 37 ◦C for 8–10 h in Luria-Bertani (LB) agar broth
(10 g l−1 tryptone, 5 g l−1 yeast extract, 10 g l−1 NaCl and
25 g l−1 agar). The monoclone was activated and transferred
to LB liquid broth for 2 h expansion culture. Diluted broth
with a bacterial number density of 1 × 108 ml−1 was used
for antibacterial activity evaluation. About 250 µl of bacterial
growth medium was applied to the surface of each alloy and
cultured in an incubator at 37 ◦C. Optical density (OD) val-
ues at a wavelength of 600 nm (OD600) were measured by a
microplate reader (Epoch, BioTek) at incubation times of 1,
3, 6 and 12 h, respectively. For positive control, bacteria with
LB broth were incubated on a bare Si wafer. For negative con-
trol, blank LB broth without any bacteria was incubated in the
samples. The bacterial growthmedium in the FeCoCr-Ag alloy
was diluted 1000 times by phosphate buffered saline (PBS:
1.44 g/L Na2HPO4, 0.24 g/L KH2PO4, 8 g/L NaCl, pH 7.4)
and stained by SYTO9 and propidium iodide (LIVE/DEAD®
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BacLight Bacterial Viability Kit, Life Technologies, Thermo
Fisher). After 15 min of dark incubation at room temperat-
ure, the stained bacterial suspension was observed by struc-
tured illumination microscopy (Ti2 fluorescence microscopy,
Nikon). SYTO9 was excited by a 488 nm laser, and propidium
iodide was excited by a 561 nm laser. The number of live and
dead cells was analyzed using ImageJ software.

Hardness (H) and Young’s modulus (E) were measured by
using nanoindentation (Bruker TI 980 TriboIndenter instru-
ment). For all tests, the peak load was set at 4500 µN with
the indent depth at about 100 nm. The tests were performed
with a 5 s loading time, 2 s holding time and 5 s unload-
ing time. The water contact angle was measured via a Data-
physics OCA20 contact angle system, and 4 µl of deionized
water was used for each test. Adhesion tests were performed
on films containing 7, 20, 30, 40, 50 and 60 at.% Ag, which
was deposited on 304 stainless-steel disks on amirror-polished
surface. The diameter of the 304 stainless-steel disk is 20 mm.
Semi-transparent pressure-sensitive tape of 3M600 standard
adhesion strength was applied to the thin films. After 1 min,
the tape was peeled off by seizing the free end and pulling
it at an angle of 90◦. The surface morphologies of the films
were observed using an MFP-3D-SA standard atomic force
microscope (AFM) in AC mode. A Tap 300 Al-G probe with
a resonant frequency of 300 kHz and a force constant of
40 N m−1 was used.

3. Results

3.1. Materials library and compositional gradient

An alloy library with gradient composition can be obtained
through magnetron co-sputtering [17]. In contrast to other
co-sputtering with pure metal targets, we used equal atomic
FeCoCr alloy and pure Ag as targets (figure 1(a)). The co-
sputtering results in a combinatorial alloy library with increas-
ing Ag content, while the ratio of Fe, Co and Cr is main-
tained constant (Fe:Co:Cr= 1:1:1). This not only enables us to
effectively identify the optimal Ag content but also elucidates
the effect of Ag addition on antibacterial activity. Figure 1(b)
presents the compositional range covered by our combinator-
ial alloy libraries. A broad range of Ag content ranging from
4–80 at.% is included in the libraries.

The addition of Ag induces gradual changes in phase form-
ation (figure 1(c)). The XRD pattern reveals that the film with
Ag less than 15 at.% is mainly composed of a tetragonal phase
(TP) with a space group of P42 mnm−1 (136)(PDF#05-0708)
and cubic phase with a space group of I4̄3m (217) (PDF#51-
0740). The weak diffraction peak of Ag (111) (PDF#04-0783)
suggests a duplex-phase microstructure. The location of dif-
fraction peaks in TPs remains unshifted along with increasing
Ag content, suggesting that the Ag was not further embedded
in the FeCoCr lattice [18]. With further increase in Ag con-
tent, the intensity of the Ag (111) peak becomes stronger than
that of the FeCoCr phase, suggesting increasing formation of
Ag phase. It is also worth noting that only a few diffraction
peaks can be detected in the XRD patterns. This may be related

to the texture of the films during deposition due to surface
energy minimization [19].

STEM-HAADF images with Ag content at 7%, 20% and
70% are shown in figure 1(d). Calibration results of the
FFT patterns from the TP grain boundaries prove to be Ag
with face-centered cubic structure (fcc-Ag). STEM-HAADF
images can reflect atomic number by bright contrast of images.
This contrast indicates that the bright grain boundary phase
is an Ag-rich phase, while the dark grain interior is rich
in FeCoCr. This is also confirmed by interplanar spacing
measurements. The interplanar spacing of the grain bound-
ary phase is 0.23 nm, which is identical to the (111) plane of
fcc-Ag, while the interplanar spacing of the grain interior is
0.20 nm, which is close to the (330) plane of TPs. Combin-
ing the corresponding FFT patterns in different areas further
confirms the coexistence of TP and fcc-Ag.

It can be seen from figure 1(d) that at low Ag content
(7 at.%), the films are observed to consist of a mixture of
particles 15 nm in diameter and a grain boundary 1–2 nm in
thickness. Further increase in Ag content (i.e. 20 at.%) res-
ults in a size decrease in the TP phase to about 7 nm and a
thickness increase in the Ag-rich phase to about 5 nm. How-
ever, when the content of Ag is high (60 at.%), the thickness
of the Ag-rich phase remains essentially unchanged (∼5 nm),
while the size of the TP phase decreases to be less than 5 nm
(figure 1(d)). This indicates that there is a critical Ag content
above which an increase in the volume fraction of the Ag-rich
phase is realized by forming a random network of denser grids.

3.2. Antibacterial activity assessment of FeCoCr-Ag alloy by
high-throughput strategy

To evaluate in parallel the antibacterial activity of the FeCoCr-
Ag alloys as a function of Ag content, we fabricated an acrylic
80-well plate with a well diameter of 5 mm and a height of
18 mm (figure 2(a)). The well spacing is designed so that
the plate is compatible with both our combinatorial alloy lib-
rary and automated liquid handling systems for commercial
96-well plates. The acrylic 80-well plate was attached to the
combinatorial FeCoCr-Ag alloy library so that the antibac-
terial activity of each alloy underneath the wells can be inde-
pendently assessed. We evaluate bacterial growth on alloy
surfaces by measuring the optical density (OD) of the cul-
ture medium as a function of time, which is widely used for
the study of bacterial growth. An increase in OD suggests
an increase in bacterial concentration in the culture medium,
and the alloy exhibiting the smallest OD value can be con-
sidered as the one with the best antibacterial activity within the
combinatorial alloy library.

The OD600 value was measured at culture times of 1, 3,
6 and 12 h, respectively. Figure 2(b) shows an example of the
contour plots displaying compositional dependent OD600 val-
ues for a culturing time of 1 h. It can be seen that the OD600
value exhibits obvious dependence on Ag content, indicating
a strong correlation of antibacterial ability with the amount
of Ag addition. Compared with the positive control (blank
Si in this case), all here-studied FeCoCr-Ag alloys exhibit
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Figure 1. (a) Schematic diagram showing the co-sputtering deposition. FeCoCr-Ag alloy library is obtained by sputtering from the Ag
target (blue) and FeCoCr target (orange). (b) Tetrahedral diagram of the concentration in the materials library. (c) Structural evolution with
Ag content within the FeCoCr-Ag alloy library characterized by XRD and GI-XRD pattern of FeCoCr film without Ag. (d) Top-view
STEM-HAADF images and corresponding fast Fourier transform (FFT) image in different areas of thin films with Ag content at 7, 20
and 60 at.%.

a significant decrease in bacterial density. For example, the
OD600 value of the worst alloy within the combinatorial alloy
library is still one-third lower than that of the positive control
on which bacteria can freely multiply. This demonstrates the
effectiveness of Ag addition in endowing antibacterial activity
of FeCoCr medium alloys.

However, the dependence of antibacterial activity on Ag
addition is not monolithic. Figure 2(c) summarizes the vari-
ation of OD600 as a function of Ag content for an incub-
ation time of 12 h. A dramatic decrease in OD600 value
with increasing Ag content can be observed when Ag con-
centration is below 20 at.%. With the further addition of
Ag, a significant decrease in OD600 value is absent, sug-
gesting the decoupling of antibacterial activity and Ag con-
tent. The results indicate that there exists an optimal Ag
addition to achieve the best antibacterial activity in the
FeCoCr-Ag alloy system.

The variation of OD600 value as a function of incub-
ation time for some representative Ag additions is presen-
ted in figure 2(d), which allows the comparison of bac-
terial multiplication on different alloys. For all the alloys
in the combinatorial alloy library, the OD600 versus time
curves appear to be similar. A gradual increase in OD600
value, reflecting an increase in bacterial concentration, can
be seen from a short to long incubation time. It can be seen
that an increase in Ag addition results in decreased bac-
terial multiplication when the concentration is below 20 at.%.
However, a higher amount of Ag addition does not lead to

further antibacterial activity, as reflected by the nearly over-
lapping OD600 versus time curves for Ag addition larger
than 20 at.%. The results demonstrate the effectiveness of
our characterization methods in revealing the optimal Ag
addition even at short incubation times.

To demonstrate the effectiveness of antibacterial activity
of FeCoCr-Ag alloys as coating materials, we compare bac-
terial viability on surfaces of stainless steel and FeCoCr-Ag
alloy with optimal Ag addition (20 at.%). The comparison
was done by conducting a LIVE/DEAD analysis based on
fluorescent microscopic images. As shown in figures 3(a) and
(c), the number of active bacteria is similar on the two sur-
faces at the beginning. After 1 h of incubation, dead bacteria
can be observed on the surface of the FeCoCr-20%Ag alloy
(figure 3(a)), and the number of dead bacteria increases with
the increase in incubation time. In contrast, few dead bac-
teria can be seen on the surface of 304 stainless steel after
1 h of incubation (figure 3(c)). Although several dead bac-
teria were seen after 6 h of incubation, the number of alive
bacteria becomes obviously larger, suggesting multiplication
of bacteria on 304 stainless steel. To quantitatively compare
the efficiency of the FeCoCr-Ag alloy to kill bacteria, histo-
gram plots showing the number of alive and dead bacteria are
presented in figures 3(b) and (d). As can be seen, almost half of
the bacteria on the FeCoCr-20%Ag alloy were dead after 1 h
incubation, while the bacteria on 304 stainless steel remained
active. After 6 h incubation, the number of dead bacteria on the
FeCoCr-20%Ag alloy substantially increased. However, the
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Figure 2. (a) Appearance of a materials library for antibacterial activity measurement via the high-throughput method. (b) Contour plot
showing the variation of OD600 values within an alloy library at a culture time of 1 h. (c) Variation of OD600 values with Ag content for a
culture time of 12 h. (d) Typical OD600 versus time curve for different Ag content. In the plots, OD600 is the OD at a wavelength of 600 nm.

Figure 3. Comparison of antibacterial property between FeCoCr-Ag20 and 304 stainless steel. Fluorescent microscopic images of E. coli
on FeCoCr-Ag-coated surface (a) and stainless steel surface (c) after LIVE/DEAD staining after 0 , 1 and 6 h. Scale bars in (a) and (c) are
20 µm. Counts of live (green) and dead (orange) bacteria with time on FeCoCr-Ag-coated surfaces and stainless-steel substrate are shown in
(b) and (d), respectively.
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Figure 4. Variation of hardness (a) and Young’s modulus (b) of the
FeCoCr-Ag alloys with Ag content.

number of dead bacteria on 304 stainless steel is very limited.
The results indicate that the FeCoCr-20%Ag alloy can effi-
ciently inhibit bacterial viability and growth and is a promising
candidate as a coating material.

3.3. Mechanical property characterization of FeCoCr-Ag
alloys

Unlike conventional sequential screening, the combinatorial
approach allows parallel characterizations of different prop-
erties so that one can rapidly identify the alloys with optimal
combination of properties. To demonstrate this, we measure
hardness and elastic modulus in combinatorial materials lib-
raries with the same compositional spread as that for anti-
bacterial activity. The measurements were carried out using
nanoindentation. Figures 4(a) and (b) show the variation of
hardness and Young’s modulus as a function of Ag content.
One can see that the addition of Ag results in a non-monotonic
change of hardness and modulus. When the content of Ag is
below 20 at.%, the hardness and Young’s modulus increase
from 6 and 140 GPa to 7 and 160 GPa, respectively. However,
further increase in the concentration of Ag leads to a decrease
in hardness and modulus. When the Ag content is 70 at.%,
the hardness and modulus are only 4.5 and 120 GPa, respect-
ively. It is interesting to note that the highest hardness and
modulus within the combinatorial materials library occurs at

Figure 5. (a) Appearance of FeCoCr-Ag films deposited on 304
stainless-steel disks after sticking-and-pulling tests by adhesive
tape. Diameter of the 304 stainless-steel disk is 20 mm. (b) Area of
film that remains on 304 stainless-steel disks after the
sticking-and-pulling tests.

Ag concentration of 20 at.%, which coincides with that of the
best antibacterial activity. This suggests that the FeCoCr-20Ag
alloy as an antibacterial coating is also promising in terms of
durability due to its high hardness.

3.4. Adhesion strength of FeCoCr-Ag alloys

In addition to hardness that is associated with the durabil-
ity of coating, adhesion to substrate is also of concern to
prevent undesired failure, in particular, peeling-off. As a rapid
method to evaluate the adhesive strength, we adopt the tape
sticking-and-pulling test. We deposit films on 304 stainless-
steel disks on a mirror-polished surface. Adhesive tape was
stuck onto the films and pulled. With this method, the entire
film can be removed easily if the interface is weak. Our tests
indicate that adhesive strength of the films is strongly depend-
ent on chemical composition. As shown in figure 5, only a
small fraction of the film can be removed from the 304 stain-
less steel when the Ag amount is below 20 at.%. For example,
the area fraction of films that remain on the substrate is about
90% for Ag content of 7 at.% and 20 at.% (figure 5(b)). When
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the Ag content increases to 30 at.%, a quarter of the coating
can be removed and the film detaches from the substrate both
at the boundary and the center of the disk. A further increase
in Ag content to 40 at.% results in significantly more severe
film removal. As can be seen from figure 5(a), the films can
be entirely removed from the substrate at high content of Ag,
indicating their weak adhesion to 304 stainless steel. Although
the tape sticking-and-pulling test is a qualitativemethod for the
evaluation of adhesive strength, the results suggest that 20 at.%
the addition of Ag is optimal when considering the variation of
antibacterial activity and hardness.

4. Discussion

It is well known that antibacterial activity of an alloy can be
affected by either surface structure or release of metal ions.
In order to reveal the dominant factor governing the variation
of antibacterial activity within the combinatorial materials lib-
rary, we characterized the surface morphology of the films
via AFM. As shown in figure 6(a), the surface of the films
is rather smooth, as indicated by the small value of rough-
ness, and the variation of surface roughness with Ag content
can be ignored. Figure 6(b) presents the surface profile of rep-
resentative films. As can be seen, FeCoCr-Ag alloys possess
similar domain sizes and peak-to-valley roughness, suggesting
that surface structuremay not be the dominant factor leading to
the variation of antibacterial activity. This argument is suppor-
ted by water contact angle measurements. It has been reported
that bacterial adhesion is related to surface wettability. If the
observed variation of antibacterial activity is controlled by the
surface structure, one would expect an obvious change of con-
tact angle with the change of Ag content. Nonetheless, this
is not the case. As shown in figure 6(c), significant variation
of contact angle is absent within a wide range of Ag content.
Instead, the contact angle remains constant at ∼100◦ for all
here-studied FeCoCr-Ag alloys. This suggests that the influ-
ence of surface structure on bacterial adhesion can be ignored,
and the obvious variation of antibacterial activity can be attrib-
uted to the change of Ag content [20].

It is well known that the release of metal ions is affected
by the surface distribution of phases [21, 22]. As shown in
figure 1(d), the FeCoCr-Ag alloys are composed of two phases,
i.e. FeCoCr-rich phase surrounded by the network-like Ag-
rich phase. This is because Ag has positive heat when mixed
with Fe, Co, Cr (Ag–Fe: 28 kJ mol−1; Ag–Co: 19 kJ mol−1;
Ag–Cr: 27 kJ mol−1). This large positive heat as a result of
mixing leads to grain boundary segregation. The grain size of
the FeCoCr-rich phase decreases alongwith the rise in Ag con-
tent. As a consequence, the grain boundary network becomes
denser. The increment in area fraction of the Ag-rich phase can
be ascribed to increased segregation of Ag at the denser grain
boundaries. The widening of Ag phase at grain boundaries is
more significant at low amount of Ag addition. At higher Ag
content, the widening becomes moderate. The variation tend-
ency of antibacterial ability is consistent with the area frac-
tion of Ag phase. Therefore, the antibacterial ability of the
FeCoCr-Ag alloys can be attributed to the release of Ag, which

Figure 6. Surface roughness (a) and surface profile (b) for
FeCoCr-Ag alloys of different Ag content. (c) Variation of water
contact angle with Ag content.

is directly associated with how much Ag phase of the dual-
phase structure is exposed to the culture medium.

The variation of the dual-phase structure with Ag content
also results in non-monotonic change inhardness. It is reason-
able to assume FeCoCr as the hard phase and Ag as the soft
phase because the modulus of Ag is lower than that of FeCoCr.
The variation of hardness can be understood according to the
rule of mixture [23]. As shown in figure 1(d), when the con-
tent of Ag is below 20 at.%, the FeCoCr phase dominates the
dual-phase structure of the FeCoCr-Ag alloys. Although the
increase inAg content results in an increase in the volume frac-
tion of the soft Ag phase, an accompanying effect is the grain
size reduction of the hard FeCoCr phase, which compensates
for the Ag-induced softening of the dual-phase structure [24].
As discussed above, when the Ag content is above 20 at.%, the
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soft Ag phase dominates the dual-phase structure by forming a
denser network. Despite the fact that the grain size of FeCoCr
continues to decrease, the strengthening via grain refinement is
not enough to compensate for the softening due to the increase
in the soft Ag phase, leading to an overall decrease in hardness
with an increase in Ag content.

5. Conclusion

In summary, we fabricated alloy libraries out of the FeCoCr-
Ag system, which cover a broad composition range (Ag:
4–80 at.%). Through high-throughput characterizations, we
revealed the variation of antibacterial ability, mechanical prop-
erty and adhesion strength with the content of Ag addition.
The alloys form a dual-phase structure with the FeCoCr phase
embedded in a network-like Ag phase. The optimal Ag content
was found to be around 20 at.% at which all of the character-
ized properties are better than other alloys within the libraries.
Our study demonstrates the efficiency of combinatorial meth-
ods for the development of high-entropy alloys that combine
desired properties.
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