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Abastract- Silver and copper are commonly used as antibacterial elements in most of biomedical apparatus. Because silver (Ag) is relatively 
expensive and has some tissue-toxicity as the concentration of ionized silver reaches a critical value, it is necessary to find an alternative 
element for treating some kinds of bacterial or fungal infection. Copper-based antibacterial material can be a good candidate because of its 
lower cost, better antifungal ability, and higher chemical stability than those of silver. A series of ZrCuNiAl thin films are coated on 304 
stainless steel by a DC sputtering method with different sputtering power. The amorphous feature of these ZrCuNiAl thin films is confirmed by 
glancing incident X-ray diffraction (GIXRD). The porosity and surface roughness are observed by field emission scanning electron microscopy 
(FESEM) and atomic force microscopy (AFM), respectively. The adhesion capability and hardness of these amorphous thin films are 
conducted by scratch test and nano indentation, respectively. In addition, the organisms such as Staphylococcus aureus, Pseudomonas 
aeruginosa, Escherichia coli, Acinetobacter baumannii and Candida albicans are used in this study to evaluate the antimicrobial effects for 
ZrCuNiAl thin films which coating on 304 stainless steel substrate. 
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I. INTRODUCTION 

In hospital, the different microbes such as fungus, bacterial or virus grew well besides the people everywhere [1-3].  
Infectious disease related with hospital was so called nosocomial infection. Nosocomial infections might result from endogenous 
flora (i.e., microbes that were normal commensals of the skin, respiratory tract, gastrointestinal tract, or genitourinary tract), 
reactivation of latent infectious agents (e.g., Mycobacterium tuberculosis, Pneumocystis carinii, herpes viruses), or exogenous 
flora (i.e., microbes from the environment) [3-10]. 

Nosocomial infection was frequent transmission the causative pathogens from the hospital environment (such as air, water, 
instrument or equipment) especial direct contact the pathogens via the hands of health-care providers to the people in hospital [3]. 
The causative pathogens were found Staphylococcus aureus (52%), Escherichia coli (8 %), Pseudomonas (6%) and 
polymicrobial (48%, especially aerobes) in nosocomial infection. In Taiwan, the Acinetobacter baumannii was another important 
pathogen in recent years [11, 12]. 

The 304 stainless steel was a material widely used on the hardware for working surfaces and door fittings (such as handles 
and push plates) and in many medical apparatus (such as surgery tools) in hospital [9, 13, 14]. Therefore, to improve the 
environment of the hospital organism-growth on the area where touched frequently by most people, such as 304 stainless steel 
door-contactor, it might be an excellent method to control the nosocomial infection. 

The first step of getting infection should be good adhesion between microbes and people. Using atomic order amorphous metal 
thin films to change the hospital environment might be an effective way to control the nosocomial infection [1, 4, 10, 13, 15, 17, 18]. 

Among Mg-, La-, Ti-, Zr-based systems metallic glasses, the Zr-based amorphous alloys were particularly interesting 
because they had a high glass-forming ability with critical cooling rates as low as 1 k/s and had an extremely wide supercooled 
liquid region exceeding 100K[16, 19-28]. In addition, Zr-based bulk amorphous alloys exhibited good engineering properties of high 
tensile strength, high elastic modulus, relatively high impact fracture energy, and high corrosion resistance [25, 29-33]. Moreover, 
Zr-based bulk amorphous alloys exhibited relatively good thermal stability, homogeneous distribution of multiple elements, and 
easy fabrication[16, 19-24, 29, 34, 35]. In this study, we focus on evaluating the effect of sputtering power on the microstructural, 
mechanical, and antimicrobial properties of ZrCuNiAl thin films on 304 stainless steel substrate. 

II. EXPERIMENTAL 

The as-prepared bulk metallic glass ZrCuNiAl was selected as the target material of the vacuum direct current (DC) 
MDX1000 sputtering system with Varian V550 turbo pump. Sputtering involves firing ions toward a ZrCuNiAl bulk 
amorphous alloy target to displace atoms, which were then deposited on a 304 stainless steel substrate to form a ZrCuNiAl thin 



Bio

film
Arg
res

dif

dis

sur

wa

cap

loa

30 

Sta

Ac

of 

Vit

Th

(M

and

nam

sam

som

tran

und

A. 

rela

res
dif

omedical Engi

m. The operat
gon flow 5.4

spectively. 

The amorpho

ffraction (GIX

spersive spectr

rface roughnes

as conducted t

pability betwe

ad of 3 kg. Nan

W. 

For evaluatin

aphylococcus 

cinetobacter ba

different micr

tek colorimete

en the ZrCuN

M-H) agar plate

d agar 17.0gm

mely 24, 48, a

mple were calc

me tissue from

nsferring for i

der aseptic pro

Properties C

The thicknes
ations. 

A 550 nm th
sult of TEM d
fferent sputteri

ineering Rese

tion condition
4 sccm, sputte

ous feature of 

XRD). The co

rum (EDS) an

ss were exami

to measure th

een thin film a

no-indentation

ng the bacteric

aureus( ATC

aumannii (iso

robes from inc

er keeping 80-

NiAl thin film a

e and were inc

m) at 37.5℃ fo

and 96 hours.

culated by the

m surface of th

inoculation of 

ocedure. Thes

Characterizatio

ss of ZrCuNi

hickness of Z
diffraction rev
ing power, as 

earch

n of the DC s
ering time 30

f these ZrCuNi

omposition di

nalysis of Hita

ined by FESE

e thickness of

and 304 stainl

n was applied

cidal, bacterio

CC 25923), 

olated from pa

cubated tubes

-88% turbidity

and 304 stainl

cubated in a M

or evaluating t

. The differen

 software of Im

he infected m

f blood agar pl

se organisms w

on of ZrCuNiA

Al thin film 

Fig

ZrCuNiAl thin
veals that a ty
shown in Fig

puttering syst
0 minutes, an

iAl thin films 

istribution of 

achi S4700 fie

EM and NT-M

f ZrCuNiAl th

less steel subs

d to measure th

ostatic or myc

Pseudomonas

atient ) and Ca

respectively, 

y), was sample

ess steel whic

Mueller-Hinton

the antimicrob

nt microbial ar

mage-pro-Plu

material (ZrCuN

ate (BAP) and

were identified

III. RESU

Al Thin Film

as a function

g. 1 X-ray pattern

n film can be f
ypical amorph
. 2.  

- 49 - 

tem was set a
nd sputtering 

was confirme

f these Zr-bas

eld emission s

MDTP7LS atom

hin films whi

strate was eva

he hardness of

costatic effect 

s aeruginosa

andida albican

which corres

ed and placed

ch with microb

n agar plate (co

bial effects of 

reas at 24, 48

us to adjust the

uNiAl or 304 s

d eosin-methy

d by two agar

ULTS AND DIS

n of sputtering

2Θ 

n of as-deposited 

fabricated wit
hous feature f

as base pressu
power 15 W

ed by the PAN

sed alloy thin

canning electr

mic force micr

ch prepared b

aluated by a T

f ZrCuNiAl th

[2, 36] of these 

(ATCC 278

ns (isolated fr

sponding to th

d on each ZrCu

bes on their su

onsists of beef

these ZrCuNi

8, and 96 hour

 bactericidal, b

stainless steel

ylene blue agar

r mediums (BA

CUSSION 

g power as sh

ZrCuNiAl Thin f

thin 30 min un
for all of thes

March

ure 6 x 10-6 to
W, 20 W, 25 

Nalytical X’Pe

n films was a

ron microscop

roscopy (AFM

by different sp

TEER 2330 sc

hin films assoc

ZrCuNiAl thi

853) , Esche

rom patient) w

e bacterial cou

uNiAl thin film

urface were pla

f soup 300gm,

iAl thin films 

rs cross differ

bacteriostatic 

) and Mueller

r (EMB) for se

AP and EMB)

hown in Fig.

 

film 

nder 40 W spu
se ZrCuNiAl 

h. 2013, Vol. 3

orr, working p
W, 30 W, 3

ert Pro glancin

analyzed by H

py (FESEM). 

M), respectivel

puttering pow

cratch tester u

ciated with sp

in films, the o

erichia coli 

were isolated. 

ount 7.5 x 107 

m and 304 sta

aced above th

, peptone 17.5

after different

rent photograp

or mycostatic

r-Hinton agar 

emi-quantitati

) without unfa

1 exhibits a r

uttering powe
thin films wh

3 Iss. 1, PP. 48

pressure 4 mt
35 W and 40

ng incident X-

HORIBA ene

The porosity 

ly. The alpha s

wer. The adhes

under a maxim

puttering powe

organisms such

(ATCC 2592

A drop of 0.1

colony/ml (un

ainless steel pl

e Mueller-Hin

gm, starch 1.5

t incubation ti

phy size of sa

c effect. Streak

respectively w

ive colony cou

avorable bias.

reasonably lin

er. In parallel,
hich produced

8-53 

torr, 
0 W 

-ray 

ergy 

and 

step 

sion 

mum 

er at 

h as 

22), 

1 ml 

nder 

late. 

nton 

5gm 

ime, 

ame 

king 

was 

unts 

near 

 the 
d by 



Bio

on 
ZrC
sta
wh
15 
mo

wit
mo

70 
cap
304

GP

B. 

bec
oxi

hom

omedical Engi

Because thes
the TEM diffr

CuNiAl thin f
inless steel su

hich produced 
W. When Cr

ore than 20W. 

The surface r
th sputtering p
ore than 25 W

Fig. 3 The AFM 

The result of
N occurs on t

pability of com
4 stainless ste

The hardness
Pa and 6.01±0

Evaluation of

Cu-ions will 
cause of Cu-io
idizing their c

Therefore, in
mogenous dis

ineering Rese

se thin films ar
fraction pattern
films under en
ubstrate, the co

by sputtering 
r, Fe elements 

roughness is m
power. The ro
. 

images of ZrCuN

f scratch test r
the thin film w
mmercial hard
el substrate is

s of ZrCuNiA
.17 GPa unde

of the Antimicr

kill bacteria b
ons have stron

cell nucleus.  

n ZrCuNiAl 
stributed atom

earch

Fig. 2 Bright-Fi

re much thin, 
ns as shown in
nergy dispersi
ompositions of
power of 15W
[37-38] are subm

measured by A
oughness abou

NiAlthin films de

eveals that the
which coated b
d coating, such
s an acceptable

Al thin film wh
r the loading o

robial (Bacter

by destroying 
ng reduction a

amorphous t
mic-scaled Cu-r

eld TEM images 

several sharp 
n Fig. 2. The co
ive spectrum (
f specimens sh

W. The un-hom
mitted from th

AFM as a func
ut 1 nm can b

eposited with diffe

e adhesion cap
by the sputteri

h as CrN on tun
e procedure.

hich produced
of 2500ìN and

ricidal, Bacter

cell walls, cel
and can extrac

thin film, the
rich cluster [10

- 50 - 

with selected are

peaks that bel
ompositions o
(EDS) examin
hows somewh

mogenous distr
he plate, the p

ction of sputte
be obtained fo

ferent sputtering p

pability [25, 29, 3

ing power mo
ngsten carbide

d by 30W spu
d 3000ìN, resp

riostatic, or M

ll membranes
ct the electron

e nano-struct
0, 29, 35, 49-53] ma

ea diffraction patt

long to the cry
of ZrCuNiAl b
nation. The sp
here had target
ribution [29, 35]

percentage of Z

ering power as
or the thin film

powers on SUS30

33, 34] increases
ore than 35 W
e tool. In manu

uttering power
pectively. 

Mycostatic) Eff

 and directly e
ns from the bac

tured surface 
ay play an imp

March

 
tern of ZrCuNiAl

ystalline struct
bulk metallic g
puttering proce
t material, som
is found in the

Zr, Ni, Al, Si 

s shown in Fig
m which is pre

 

04 stainless steel: 

s with sputteri
. This value is
ufacturing, Zr

r is measured 

ffects 

exerts.  That 
cteria, causing

(which has 
portant role on

h. 2013, Vol. 3

l 

ture of 304 sta
glass keep as s
edure may be

mewhere had s
e low sputterin
[39-43] will be 

g. 3 presents a
epared by the 

 (a)15, (b)20, (c)

ing power, a s
s compatible w
rCuNiAl thin f

to be an aver

the antibacte
g their cytopla

about 1 nm 
n bactericidal 

3 Iss. 1, PP. 48

ainless steel oc
ame as sputter

e not even on 
substrate mate
ng power, suc
changed, not 

a decreasing tr
sputtering po

25 and (d)30 wat

saturated valu
with the adhes
film sputtering

rage of 5.83±0

rial has influe
asm to run off 

roughness) 
effect.  

8-53 

ccur 
ring 
304 

erial 
h as 
like 

rend 
wer 

tt 

ue of 
sion 
g on 

0.41 

ence 
and 

and 



Bio

one
init
num
or m
for
con

Fig

Fig

Fig
48 h

fol
bac
bac
(fu

Fig
(

omedical Engi

Different mic
e receptor, an
tial interaction
mber of adher
mycostatic ef

r 24 hours, 48 
ntrol (304 stai

For Escheric
g. 4. 

. 4 (a, b, c) Escher
96hrs; (d, e) scrat

. 5 (a, b, c) Acine
hrs, (c) for 96hrs;

For Pseudom
lowing 48 ho
ctericidal effec
cteriostatic eff

ungus), ZrCuN

. 6 (a, b, c) Candid
d, e) scratching ti

ineering Rese

crobes own d
nd a single rec
n of a pathog

ring bacteria an
ffect of ZrCuN
hours and 96 h
inless steel) un

hia coli [9, 55] (

richia coli (Gram n
tching tissue from

etobacter baumann
 (d, e) scratching 

monas aerugin
ours as illustr
ct for 96 hours
fect within 24

NiAl thin film 

da albicans (Fung
issue from agar s

earch

different bio-ad
ceptor may be
genic microorg
nd the wettabi

NiAl thin films
hours under 3
nder aseptic p

(Gram positive

negative bacilli) o
m agar surface & m

nii( Gram negativ
tissue from agar 

nosa (Gram ne
rated in Fig. 4
s as shown in F

4 hours, but gr
has mycostati

gus) on M-H plate
surface & materia

dhesion. The 
e recognized b
ganism. Bacte
ility or surface
s, the differen
7.5oC, as show
rocedure resp

e cocci), the Z

on M-H plate ZrCu
material surface to 

ve cocci)on M-H 
surface & materi

egative bacilli
4. For Escher
Fig. 5. For Ac
rown well foll
ic effect withi

e ZrAlNiCuSi thin
al surface to BAP

- 51 - 

adhesin is mi
by many diffe
erial adhesion
e free energy. 
nt isolated org
wn in Fig. 5. D
pectively.  

ZrCuNiAl thin

uNiAl thin film (L
BAP(Rt) and EM

plate ZrAlNiCuS
ial surface to BAP

stainless steel

i), thin film h
richia coli [55-

cinetobacter ba
lowing 48 hou
in 48 hours th

n film (Lt side) an
P (Rt) and EMB (L

icrobial molec
erent adhesins
n to solid surf
In the double 
anisms are inc

Different micr

n film has the b

Lt side) and 304 st
MB(Lt) for 24 hrs, 

Si thin film(Lt sid
P (Rt) and EMB (

has bacteriosta
-57] (Gram neg
aumannii [11, 12

urs as illustrate
an 304stainles

nd 304 stainless s
Lt) for 24 hrs, (d)

March

cules. A single
s. Adherence t
faces is due to
control study o
cubated in Mu
obe [2] is dropp

bacteriostatic 

 

tainless steel (Rt s
(d) for ZrCuNiAl

 

e) and 304 stainle
(Lt) for 24 hrs, (d)

atic effect wit
gative bacilli)
2] (Gram negat
ed in Fig. 6. F
ss steel. 

 

teel (Rt side), (a) 
) for ZrAlNiCuSi 

h. 2013, Vol. 3

e adhesin may
to host (or env
o the relation
of bactericida
ueller-Hinton 
ped on ZrCuN

effect for 24 h

side), (a) for 24 hrs
Al thin film, (e) for

ess steel(Rt side)
d) for ZrAlNiCuSi

thin 24 hours
), the ZrCuNi
tive coccobac

For Candida al

) for 24 hrs, (b) fo
i thin film, (e) for

3 Iss. 1, PP. 48

y have more t
vironment) is 
ship between 

al or bacteriost
(M-H) agar p

NiAl thin film 

hours as show

s, (b) for 48 hrs, (c
r 304 stainless stee

, (a) for 24 hrs, (b
i thin film, (e) for

s, but grown w
iAl thin film 
illi), thin film 
lbicans [17, 18, 3

r 48 hrs, (c) for 96
r 304 stainless ste

8-53 

than 
the 
the 

tatic 
plate 
and 

wn in 

c) for 
el 

b) for 
r 304 

well 
has 
has 
6, 56] 

6hrs; 
eel 



Biomedical Engineering Research  March. 2013, Vol. 3 Iss. 1, PP. 48-53 

- 52 - 

After placing the specimens (ZrCuNiAl thin film and 304 stainless steel with microbes on surface) above the Mueller-Hinton 
agar plate, incubating for 24 hours, 48 hours and 96 hours, these ZrCuNiAl thin films was found to exhibit the bactericidal or 
bacteriostatic effect in comparison with 304 stainless steel plate. Using the software of Image-pro-Plus to calculate the areas of 
different microbes at 24, 48, and 96 hours respectively, then cross different photography size of same specimens (ZrCuNiAl thin 
film and 304stainless steel) at 24, 48, and 96 hours make adjustment to evaluate the bactericidal, bacteriostatic or mycostatic 
effect.  

Streaking some tissues [2] from each surface of the infected material (ZrCuNiAl or 304 stainless steel) and Mueller-Hinton 
agar transfer for inoculation of blood agar plate (BAP) and eosin-methylene blue agar (EMB) for semi-quantitative colony counts 
under aseptic procedure. The Staphylococcus aureus (ATCC 25923), Pseudomonas aeruginosa (ATCC 27853), Escherichia coli 
(ATCC 25922), Acinetobacter baumannii (isolated from patient) and Candida albicans (isolated from patient) were identified 
by two agar mediums (BAP and EMB) without unfavorable bias as showed Fig. 6. 

In a serial study, ZrCuNiAl thin films have better bactericidal effect for Escherichia coli than 304 stainless steel plate after 96 
hours incubation time. For the microbes of Staphylococcus aureus, Pseudomonas aeruginosa, Acinetobacter baumannii and 
Candida albicans, ZrCuNiAl thin films exhibit good microbiostatic effect in these four kinds of microbe within first 24 hours. For 
incubating Staphylococcus aureus and Candida albicans 24 hours to 48 hours, ZrCuNiAl thin films present better microbiostatic 
effect than 304 stainless steel.  

In addition, there is no significant difference on antimicrobial (bactericidal, bacteriostatic or mycostatic) effects for the 
ZrCuNiAl thin films which prepared by different sputtering power (35W or 40W). 

IV. CONCLUSION 

According to the results of X-ray diffraction, AFM examination, scratch test, nano-indentation, bacterial incubation test, and 
bacterial identification test for the ZrCuNiAl thin film coating on 304 stainless steel, the evaluation of microstructures and 
antimicrobial capabilities of thin film can be summarized as: 

Microstructure analysis of X-ray diffraction confirms that an amorphous state can be achieved for the ZrCuNiAl alloy thin 
film fabricated by DC sputtering method. A 550 nm thickness of ZrCuNiAl thin film can be fabricated within 30 min under 40W 
sputtering power. The surface profile of the ZrCuNiAl film exhibits the very smoothly in morphology with surface roughness 
about 1 nm can be obtained for the thin film which was prepared by the sputtering power more than 25 W. A saturated value of 70 
N occurs on the thin film which coated by the sputtering power more than 35W. This value is compatible with the adhesion 
capability of commercial hard coating, such as CrN on tungsten carbide tool. In manufacturing, ZrCuNiAl thin film sputtering on 
304 stainless steel substrate is an acceptable procedure. The hardness of ZrCuNiAl thin film which produces by 30W sputtering 
power is measured to be an average of 5.83±0.41 GPa and 6.01±0.17 GPa under the loading of 2500 ìN and 3000 ìN, respectively. 
This value is harder than the commercial tool steel. Using well mechanical properties of sputtered ZrCuNiAl thin films to 
different pathogens, ZrCuNiAl thin films have better bactericidal effect for Escherichia coli than 304 stainless steel plate after 96 
hours incubation time. For the microbes of Staphylococcus aureus, Pseudomonas aeruginosa, Acinetobacter baumannii and 
Candida albicans, ZrCuNiAl thin films exhibit good microbiostatic effect in these four kinds of microbe within first 24 hours. For 
incubating Staphylococcus aureus or Candida albicans 24 hours to 48 hours, ZrCuNiAl thin films present better microbiostatic 
effect than 304 stainless steel.  
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