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Abstract

Type 304 SS coatings were performed at 200 ] onto AISI 1045 carbon steel substrate using unbalanced mag-
netron sputtering (UBMS) with an austenitic AISI 304 stainless steel (SS) target of 100mm diameter. The total
deposition pressure in the active Ar gas was 2 X 107* Torr. Coatings were done at various target power densities
and bias voltages. Chemical compositions of metallic elements of the coatings were measured by energy dispersive
X-rays spectroscopy (EDS). The structure and the morphology of Type 304 SS coatings were investigated by
means of X-ray diffraction (XRD) and scanning electron microscopy (SEM). Corrosion properties of the coated
specimens were examined using electrochemical polarization measurements and electrochemical impedance
spectroscopy in a deaerated 3.5% NaCl solution. The porosity rate was obtained from a comparison of the de
polarization resistance of the uncoated and coated substrates. Scratch adhesion testing was used to compare the
critical loads for different coatings.

XRD results showed that the sputtered films exhibit a ferritic b.c.c. a-phase. Potentiodynamic polarization
curves indicated that all sarnples had much higher corrosion potential and better corrosion resistance than the
bare steel substrate. The corrosion performance increased with increasing power density and the adhesion was
enharced at the bias voltage of -50V. An improvement in the corrosion resistance can be obtained with a better
coating adhesion. Finally, an optimized deposition condition for corrosion protection was found as 40W/cit and
-50V.

1. INTRODUCTION

The purpose of a surface coating is to provide
protection against hazardous environments and,
thus, to extend the life time of the protected com-
ponents. Type 304 stainless steel (SS) coating is
often used to protect low alloyed steels against

corrosion in aqueous environment". Recently, en-

vironmental compliance is becoming a serious
issue in surface modification engineering. Vacu-
um-based plasma processes provide a clean and
acceptable alternative®. Magnetron sputter depo-
sition” is one of the most powerful processes
which are now currently and successfully used in
many applications, particularly in electronic mat-

erials and surface engineering for the production
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of films and co‘atings‘ It was also used to produce
coatings for improved wear, corrosion resistance
and other surface properties. Unbalanced magne-
tron sputter deposition is a further development
of the conventional magnetron sputtering to
overcome the problem of low deposition rate®. A
key factor in this system is the ability to transport
high ion currents to the substrate. This can enha-
nce the formation of fully dense coatings at a
relatively low temperature®.

Vapor deposited coatings most often exhibit
pores and pinholes through which a corrosive
attack on the (less noble in most cases) substrate
material take place® ?. It is obvious that coating
characteristics such as density, thickness and
porosity rate are important for the corrosion resi-
stance of coated systems, so the measurement
of porosity is essential in order to estimate the
corrosion resistance of the whole coated com-
ponent'® 'V, Additional information on the true
surface area can be gained by capacitance meas-
ureraents using electrochemical imapedance spec-
troscopy'?.

In the this present work, in order to improve the
corrosion resistance, we have investigated the
relationship of the deposition conditions (power
density and bias voltage) of UBMS with the coat~
ing characteristics and related corrosion perform-

ance.
2. Experimental details

2.1 Film deposition

The substrate material used in the present inve
-stigation was AISI 1045 carbon steel. The chemi-
cal compositions of the steel are as follow (in wt
%) :0.45 G, 0.25 Si, 0.75 Mn, 0.03 P, 0.03 S and

balance Fe. Coatings were done at 200 [ ] onto
AISI 1045 steel substrate using unbalanced mag
netron sputtering. Type 304 SS disc with a diameter
of 100mm was used as the target. The argon pres-
sure in the vacuum chamber during sputter depo-
sition was maintained at 2x107* Torr, and the
base pressure before admitting the argon was 2 X
107 Torr. Before starting the deposition, the
substrates were sputter-etched in the deposition
chamber at 450V under 1 X 1072 Torr argon pres-
sure for 10 min to remove the remaining oxide
films and to enhance the film's adhesion. Goatings
were done at various target power densities (11,
25, and 40 W/cnt), while the bias voltage was fixed
as -100 V. After confirming the approximate opti-
mization of target power density based on corro-
sion test results, coatings were then done at vari-
ous bias voltages (-0, -50 and -100 V). The major
coating characteristics are reported in Table 1.
The structures of the deposited layers were in-
vestigated by means of X-ray diffraction (XRD)

using Cu Ke radiation. The thickness of the coat-

Table 1. Values of the coating fabrication parame-

ters.
Power densit; Bias voltage
Sample (W/crf) v V) 8

C1 11 -100
C2 25 -100
C3a 40 0

C3b 40 =50
C3c 40 -100

ings was analyzed by a-step.
2. 2 Electrochemical corrosion test

The corrosion behavior was determined by
electrochemical potential-current density measu-
rement. The experiments were controlled by an
EG &G 273A potentiostat. A conventional three-
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electrode cell was used with the counter electrode
made of a platinum rod and a saturated calomel
electrode (SCE) as a reference electrode. The test
solution for electrochemical investigation was a
deaerated 3.6% NaCl solution. The thickness of
all coatings was 8um and the test specimens were
masked with Amercoat 90 epoxy in order to ex-
pose a constant surface area of 0.9ci.

After an initial stabilization for 2h, the potenti-
odynamic polarization curves were plotted from
-250mV against open-circuit potential (OCP) on
the cathodic side and up to +400mV against SCE
on the anodic side with a scan rate of 1mV/sec.
To insure reproducibility, at least three replicates
were run for each specimen.

The A.C. impedance measurements for the
coated system were performed with an EG&G
273A potentiostat and a frequency response dete-
ctor Model 1025 controlled by an electrochemical
impedance software (Model 398). Sinusoidal po-
tentials of 5 mV (r.m.s.) around the open-circuit
potential, with a frequency range of 100 kHz to 10
mHz were applied to the specimens. The imped-
ance data and corrosion potentials were measured
at an interval of 24h over an exposure period of
about 200 h. The impedance curves were fit to the
coating model using the ‘Zview’ software and the
characteristic coating parameters were deter-

mined.

2. 3 Adhesion test

A conventional scratch tester (WS-92 equipped
with an acoustic emission detector) was used to
evaluate the adhesion of the coating to the sub-
strate. The radius of the diamond pin was 0.2mm.
All the tests were performed employing a contin-
uous increase in the normal load, from 0 to 100N,
at a loading rate of 100N/min.

2. 4 SEM and EDS

After the immersion test was completed, the
surface and corrosion features of coated samples
were examined using a scanning eiectron micros-
copy (SEM) with qualitative elemental analysis
by energy dispersive X-ray spectroscopy (EDS).
A qualitative judgment could thus be made con-

cerning the corrosion products at pinhole defects.

3. Results and discussion

3.1 Characterization of film
X-ray diffraction patterns of Type 304 SS coat-

ings using Cu K4 radiation are presented in Fig. 1.
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Fig. 1 XRD analyses of specimens
(a) at various target power densities,
(b) at various substrate bias voltages.
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It clearly showed the three peaks corresponding
to a b.c.c. crystallographic structure. Thus, in the
case of bulk 304 SS, which is austenitic phase, the
sputtered films exhibited a ferritic b.c.c. e-phase.
Similar trend was also reported by M. Idiri et al.'®
for films grown by ion beam sputtering. Accord-
ing to Fig. 1, the XRD patterns of coatings were
not particularly influenced by deposition conditi-
ons. The EDS analysis indicated that the relative
Fe, Cr and Ni compositions of all coatings were
within the specifications for AISI 304 stainless

steel.

3.2 Study of drect current (d.c) measure-
ment

Potentiodynamic polarization curves for Type
304 SS coatings, measured after 3h of immersion
in a deaerated 3.5% NaCl solution, are shown in
Fig. 2. The electrochemical characteristics deter—
mined from these curves are listed in Table 2.
Initially, the potentiodynamic polarization tests
were conducted on Type 304 SS films deposited at
various power densities, and later on the films
deposited at various bias voltages. All samples had
much higher corrosion potential and better corro-
sion resistance than the bare steel substrate. In
such a system, where a relatively large noble
cathode (Type 304 SS coating) lies over a less
noble substrate of small area (AISI 1045 steel),
corrosion is expected to initiate rapidly at pores in
the coating because of the formation of galvanic
cell'*'¥, The increase of a power density caused
the decrease in the current density, as shown in
Fig. 2(a). This behavior of the coatings could be
attributed to an increase in the levels of ion cur-
rent density that can be achieved at the substrate.
This indicated that the high levels of ion bomba-
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Fig. 2 Potentiodynamic polarization curves for
Type 304 stainless steel coatings:
(a) at various target power densities,
(b) at various substrate bias voltages.

rdment can enhance the formation of fully dense
coatings structures®. According to Fig. 2(b), the
corrosion current density of C3b (40W/cii, -50V)
was lower than others. Therefore, C3b coating
had better corrosion resistance than others. Also,
C3b alone showed passive behavior with corrosion
potential. This particular behavior of C3b was
closely related to the adhesion of the interface
between the film and the substrate. An improve-
ment in the corrosion resistance can be obtained
with a better coating adhesion® '®, Table 2 shows

the adhesion strength of the coatings obtained
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Table 2. Electrochemical parameters and critical load values of the Type 304 SS coatings on AISI 1045

steal.
Sample Ecore Leorr R. . Porosity Critical load

(mV) (A /i) (kQ cr) (%) (N)
C1 -501.0 13.52 4.55780 0.8672 20
Cc2 -544.9 4.053 10.1030 0.3912 42
C3a -508.6 3.793 11.6542 0.3974 10
C3b . -512.7 0.243 266.325 0.0148 78
C3c -456.9 3.398 18.8181 0.2100 69

from the scratch test. As expected, it seemed to be
an enhancernent of the adhesion when Type 304
SS coating was deposited at -50V.

3. 3 Study of alternating current (a.c) mea-
surement

The EIS spectra were displayed as Bode plots of

the impedance magnitude and of the phase angle

—u— 1 day
—a— 3 day
—ae— 8 day

as a function of the frequency. Bode plots of Type
304 SS coatings immersed for different periods in
a deareated 3.5% NaCl solution, are shown in Fig.
3. These data showed typically two phase consta-
nts which were better resolved at larger exposure
times. This effect was accompanied by a continu-
ous and slight decrease in the absolute values of

the impedance, more noticeable in the low frequ-
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Fig. 3. Bode plots for EIS data of Type 304 SS coatings exposed to a deaerated 3.5%
NaCl solution at different exposure times.
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ency limit of the spectra. The corresponding
equivalent circuit is given in Fig. 4. This equiva-
lent circuit is relatively simple but accounts well
for the presence of two time constants in the
impedance diagrams. The double layer capacita-
nce was replaced by a constant phase element
(CPE). This complex element was frequently
used in order to take into account the frequency
dispersion normally observed. The impedance of a

CPE is given by :
Zepr = Zo(jw) ™"

where Zo is the adjustable parameter used in the
non-linear least squares fitting and the factor n,
defined as a CPE power, is the adjustable parame-
ter that always lies between 0.5 and 1. It can be
obtained from the slope of [Z] on the Bode plot.
When n = 1, the CPE describes an ideal capaci-
tor. For 0.5 < n < 1, the CPE describes a distri-
bution of dielectric relaxation times in frequency
space, and when n = 0.5, the CPE represents a

Warburg impedance with diffusional character.

Solution

s
RE o /\

defect

Fig. 4 Equivalent circuit for describing the imped-
ance behavior of Type 304 SS coatings (Rs,
electrolytic resistance. Re, €lectrolytic resi—
stance through the coating pores; R
charge transfer resistance; CPE, constant
phase element (CPE1, capacitance of the
film; CPE2, double layer capacity) RE, WE,
reference and working electrodes).

Usually if the value of n is 0.8 or more the element
can be viewed as a capacitor.

Also, the value of n may be affected by the
roughness and quality of the electrode, and by the
placement and size'® '. The values of the rele-
vant parameters are summarized in Table 3.

From the impedance measurements carried out
for each system, the values of the parameters R
and C were considered in order to follow the
modification of the properties of the coating with
immersion time and the protection afforded by
the different coatings. The coating capacitance is
generally considered to provide information on
the degree of water penetration through the
coating and, in principle, its value is expected to
increase with immersion®. Fig. 5 presents the
evolution of C..: against the immersion time. The
capacitance values increased with Immersion
time. This behavior is in agreement with electro-
Iyte uptake of the coatings. For C3a {40W/cif, -
0V) samples, capacitance had higher values than
others. It is obvious that the penetration and dif-
fusion of electrolyte through C3a coating was
easier than others. The charge transfer resistance
of the surface layer is shown in Fig. 6.

Usually, the values of R« decreased steadily
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Fig. 5 Evolution of Ccoat with immersion time.
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with immersion time?. This phenomenon is in
agreement with an increase in the number of
pores which increases the area in contact with the
electrolyte. C3c (40W/caf, -100V) and C3b (40W/
cl, -50V) coatings had higher charge transfer
(40W/cif, -0V) coating,

which implies that these coatings showed higher

resistance than C3a

corrosion resistance. Also, as is evident from rapid

decrease of the R value of C3c coating with

exposure time, C3b coating showed better corro-
sion resistance as compared to C3c coating. This
result was consistent with the previous test results.

Fig. 7 shows the experimental data for C3c
(40W /e, -100V) coating represented in the form
of Nyquist diagram and fitted curve. The fitted
curve shown the solid line was in good agreement

with the experimental data.
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Fig. 7 Simulation for BIS data of the C3c (40 W/
cm? -100 V) using the transfer function for
the equivalent circuit of Fig. 4.

Table 3. Electrochemical parameters obtained by the equivalent circuit simulation.

Exposure R, — CPE1 ] Rma; - CPE2 - Rmz
time (Qerf) (x lojg%‘/cxﬁ) (0-1) (Qc) (x IO“DEE‘/crﬁ) (0-1) (Qci)

1 day 2.304 9.6572 0.845 680.3 16.124 0.757 6217

C1 3 day 2.072 10.433 0.870 462.6 43915 0.716 4319
8 day 4337 15.067 0.845 376.6 146.58 0.640 2805

1 day 5.697 41373 0.818 3355 10.122 0.754 6927

C2 |.3day 3.629 10.608 0.715 96.21 22.492 0.746 66563
8 day 3911 15.456 0.719 94.95 33.347 0.773 5102

1 day 5.078 26.687 0.809 522.0 15.983 0.820 4169

C3a | 3day 2.607 32.212 0.781 504.3 22.703 0.844 3911
8 day 3.688 41.132 0.741 344.3 77.137 0.879 2701

1 day 3.119 2.4364 0.903 335.9 6.9972 0.769 22738

C3b | 3day 3.104 2.6831 0.899 4015 19.766 0.751 12985
8 day 2.886 4.1381 0.866 290.8 47.65 0.735 9396

1 day 4765 5.2377 0.787 1423 6.0464 0.665 16384

C3c | 3day 6.604 6.2446 0.749 1156 17.500 0.664 12711
8 day 6.754 25.966 0.701 331.1 41.977 0.671 6381
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3. 4 SEM andEDS

After the completion of immersion tests, the
morphology and corrosion features of each coated
system were inspected by SEM and the resulting
micrographs are shown in Fig. 8 This figure

showed many corrosion products resulting from
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Fig. 8 Surface morphologies of specimens after
the iImmersion test.

the dissolution of the substrate through the poro-
sity of coating. The dark parts of C3c (40W/cxf,
-100V) interestingly showed the spots where the
coating had flaked off. Qualitative EDS analysis
indicated the presence of the expected elements

in the corrosion products: i.e. Fe, O, Cr and Ni.

4. Conclusions

The investigation of Type 304 SS coating de-
posited using unbalanced magnetron sputtering
(UBMS) shows the following results:

1) The sputtered Type 304 SS films exhibited a
ferritic b.c.c. &-phase, though the bulk 304 SS is
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an austenitic phase.

2) The corrosion behavior of Type 304 SS
coatings was controlled by the power density and
the bais voltage. All the coated samples presented
a better corrosion resistance regarding the sub-

strate.

3) At the applied frequency range, the equiva-
lent circuit employed for the description of the
EIS spectra for the coated steel provides the best
fit of the experimental data. The capacitance val-
ues increased with immersion time and the Ceo 0f
the C3a (40W/cif, -OV) had higher values than
others. But the charge transfer resistance values
decreased with immersion time and the R.. of C3b
(40W/cxf, ~50V) had the highest values.

4) An optimized deposition condition for cor-
rosion protection was found as 40W/cii and -50V,
which depends on good adhesion and low porosity

of coating.
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