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Al-Mg films with magnesium content from 0% to 98% were formed on glass
and quartz substrates by magnetron sputtering technique. In order to evaluate
anticorrosive resistance, the anodic behavior of the films was studied in 3.5%
NaCl and 3.5% NaCl+50 ppm Cu(II) solutions. The resistance of samples
increased with increase in Al content; this was evident from higher both open
circuit and breakdown potentials. It has been shown that sputtered Mg-3Al,
Al-4Mg and Al films had a superior resistance to corrosion when compared to
their casting counterparts, which are widely used for practical applications. XRD
measurements revealed a crystalline (not amorphous) structure of the sputtered
deposits. The increase in magnesium content caused a change from cubic struc-
ture to hexagonal one. The grain size of sputtered samples was less than the
size of casting counterparts (100-170 nm for sputter deposits and 225-300 nm
for casts depending upon chemical composition). AFM images demonstrated
that sputtered samples had a smoother surface than the mechanically treated
alloys. The copper deposits that developed in Cu(II) solution, and the inherent
domains of localized corrosion were demonstrated as well. EQCM was shown
to be an informative tool to evaluate corrosion rate in situ for films with a
relatively low content of magnesium, whereas an analogous evaluation for mag-
nesium-rich samples was complicated by magnesium transfer to solution. The
superior corrosion resistance of magnetron sputtered Al-Mg films was attribu-
ted to a higher passivation capacity of the (hydro)oxide layer developed on the
sputtered deposits with reduced grain size and more uniform microstructure.
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INTRODUCTION

ture, may be of superior stability when compared to
their crystalline counterparts. Examples are Co—-Cr—

Although the Al-Mg alloys are widely used in a va-
riety applications (food equipment, chemical pro-
cessing, aerospace and car industry, structural fields),
the disadvantage of these alloys is susceptibility to
pitting or exfoliation corrosion [1]. The primary rea-
son for low corrosion resistance lies in the low pro-
tective capacity of magnesium hydroxide, which forms
on the alloy surface during corrosion [1-3]. Sputter
deposition may be considered as an environmentally
friendly alternative to produce Al-Mg alloy films with
superior resistance to corrosion. This technique has
attracted considerable attention in recent years to
deposit alloys with high stability in aggressive media
[4-28]. The sputtered deposits, due to their chemical
homogeneity and amorphous or nanocrystalline struc-
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Mo, Ni-Cr-Mo and Fe-Cr-Ni films [24, 26]. How-
ever, the resistance of sputtered Au—-Pd-In was simi-
lar to that of the cast [25]. It has been shown by
Hashimoto et al. that precipitation of nanocrystalli-
tes with dimensions less than 20 nm may increase
corrosion resistance [27, 28]. Janik-Czachor et al. de-
monstrated that Al-refractory metal amorphous al-
loys exhibited a higher electrochemical passivity than
crystalline aluminium [29-34].

In the present investigation, an attempt has been
made to deposit by magnetron sputtering Al-Mg
films with different elemental content of the both
elements and to characterize the anticorrosive and
structural properties of the coatings by voltammet-
ry, XRD, AFM and EQCM. An emphasis has been
made on the study of the sputtered materials, whose
casting counterparts are widely used for practical
purposes, viz., Al-4Mg, Mg-3Al and pure Al.
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EXPERIMENTAL

Commercially available Al-4Mg and Mg-3Al alloys
were used as sputtering targets. The Mg-3Al target
(a disc 30 mm in diameter and 0.5 mm thick) was
supplemented with an Al target of different size in
order to vary the content of aluminium in the de-
posit. A rectangular gap of different dimensions (de-
pending on a desirable Al concentration) was cut
off in the Mg-3Al target and an aluminium plate
of the same dimensions was mounted in the gap.
Five specimens were prepared simultaneously dur-
ing one sputtering procedure to provide the same
content of elements in the samples. The coating
thickness was ca. 2 pm.

The surfaces of pure aluminium and casting al-
loys were polished with SiC paper (grade 2500), was-
hed with acetone and dried.

The sputtering chamber was evacuated, filled with
Ar and its pressure was maintained at 0.1-0.2 Pa.
The temperature in the chamber was ca. 50 °C. The
Ar ionisation current was 60 mA and the voltage
was 450 V. The sputtering duration usually was
10 min, which corresponded to a coating thickness
of ca. 0.2-0.3 pm. To prepare thicker samples for
XRD and XPS studies (1-2 pm), the duration of
sputtering was extended.

The XPS spectra were recorded with an Escalab
MK II spectrometer (Great Britain) using X-radiation
of MgK_ (1253.6 €V, pass energy of 20 e¢V). To ob-
tain depth profiles, the samples were etched in the
preparation chamber by ionised argon in a 5 x 10~
Pa vacuum. An accelerating voltage of ca. 15 kV and
a beam current of 20 pA cm= were used, which cor-
responded to an etching rate of ca. 2 nm min™.

The exact composition of the Al-4Mg alloy ac-
cording to electron probe microanalysis was as fol-
lows (in mass %): Al — 95.24, Mg — 3.74, Si — 0.38,
Fe — 0.33, Mn - 0.17, Zn - 0.05, Cu - 0.03, Cr -
0.04, Pb - 0.007, Ni — 0.004, Ti — 0.011. The elemen-
tal content at a depth of 60 nm of the sputtered
coating was found by XPS analysis (in mass %):
Al - 939, Mg - 3.6, Cu - 049, Fe — 0.28, Zn -
0.18, Mn - 0.47, Si — 0.8. Thus, sputter-deposited
coating had a similar content of Al and Mg as com-
pared to the alloy used as a sputtering target. The
analogous data for Mg-3Al target were as follows:
Mg — 95.34, Al — 3.65, Cu — 0.37, Zn - 0.64. The
composition of the sputtered film was: Mg — 95.8,
Al - 3.15, Cu - 0.35, Zn — 0.65.

X-ray diffraction (XRD) investigations were car-
ried out using a D8 Advance diffractometer (Bru-
ker AXS, Germany) with CuK, radiation selected
by a secondary graphite monochromator. The step-
scan mode with a step of 0.05° 20 and a sampling
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time of 10 s/step in the range 30° < 20 < 70° was
used.

The AFM measurements were conducted using
a TopoMetrix Explorer SPM. The images were ob-
tained with a Si,N, tip in the contact mode.

The EQCM experimental device was analogous
to that described previously [22-25]. Quartz discs
with fundamental frequency f, = 5 MHz were used.
Both sides of the quartz were coated with the alloy
film and mounted in a special window of an elec-
trochemical cell, with one side exposed to the cell
compartment. The quartz discs 15 mm in diameter
(AT plane) produced by KVG Quartz Crystal Tech-
nology GmbH (Germany) were used.

A saturated Ag/AgCl/KCl electrode was used as
reference. A platinum foil served as a counter elec-
trode. The voltammetric measurements were con-
ducted by an IM6 apparatus from Zahner (Germa-
ny) using the same cell as for EQCM measurements.

Analytical grade purity NaCl and CuCl, salts and
triply distilled water were used to prepare solutions.
The measurements were carried out at 20 °C.

RESULTS AND DISCUSSION

Figure 1 shows the anodic potentiodynamic curves
obtained in 3.5% NaCl solution for Al-Mg films
and casting alloys with different elemental contents.
Curve 1 is for Mg-3Al cast, whose exact composi-
tion is given in the experimental section. The curve
location indicates the highest anodic activity of that
specimen as compared to other systems. Curve 2 is
for a sputtered Mg-3Al film, whose composition is
similar to that of the cast alloy (for exact data see
the experimental section). When both curves are
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Fig. 1. Anodic potentiodynamic curves (v.= 5 mV s™)
obtained in 3.5% NaCl solution for cast (1, 7, 8) and
sputtered (2-6, 9, 10) samples: 1 — Mg-3Al (cast), 2 —
Mg-3Al, 3 — Mg-10Al, 4 — Mg-20Al, 5 — Mg-42Al, 6 —
Mg-63Al, 7 — Mg-96Al (cast), 8 — Al (cast), 9 — Mg-
96Al, 10 - Al
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compared, one can see that the sputtered specimen
is more stable than its casting counterpart.

The increase in Al content (c,) leads to a po-
sitive shift of the open circuit potential and higher
electrode polarization, which indicates an increase
in sample stability with an increase in c¢,. It is a
characteristic feature that the curves for ¢, < 10%
do not have a passive region, ie. the films actively
dissolve above the open circuit potential. By con-
trast, the systems with ¢, > 10% do exhibit a pas-
sive behaviour during a positive potential sweep. The
stability of these alloys could be characterized by
the breakdown potential value, at which the passive
layer starts to be destroyed and an exponential cur-
rent increase begins. The values of breakdown po-
tentials clearly show that the stability increases when
aluminium content is increased.

The voltammetric curves for the composition Al-
4Mg were obtained for both sputtered and cast
samples (Fig. 1, curves 7 and 9). The data clearly
indicate a superior resistance of the sputtered
sample, since it is characterized by a much higher
breakdown potential value and lower rates of ano-
dic dissolution.

Curves 8 and 10 in Fig. 1 are related to magne-
sium-free specimens. Again, the sputtered film has
a higher resistance when compared to its casting
counterpart. It is also evident that the sputtered Al-
4Mg film is more resistant than the pure Al cast.

Thus, a conclusion may be drawn that the sput-
tered Mg-3Al, Al-4Mg and Al films have a superior
anticorrosion stability than their casting counterparts.
It is noteworthy that Al-4Mg and pure Al films
showed an especially great anticorrosive effect for.

It is commonly known that heavy metals deposi-
ted on Al surface accelerate corrosion, which repre-
sents a serious technical issue [1]. Samples were stu-
died in solution containing 50 ppm Cu(Il) (Fig. 2),
which represents a much more aggressive environ-
ment than the copper-free NaCl solution (Fig. 1).
Figure 2 shows that in this highly corrosive envi-
ronment the sputtered samples also exhibited a high-
er resistance. This is obvious when comparing cur-
ves 1 and 2 (Mg-3Al), 6 and 8 (Al-4Mg), 7 and 9
(Al). Thus, the conclusion about a superior anticor-
rosive resistance of sputtered samples has been con-
firmed.

Figure 3 compares XRD patterns for the sputte-
red specimens with different elemental content. The
coatings with a high content of aluminium (c,,
= 100% =+ 96%) actually do not have a clearly pro-
nounced texture, as can be seen from relatively small
intensities of the XRD peaks. The coating with 63%
of Al exhibits a <111> texture with a face-centred
cubic (fcc) structure, which is typical of aluminium.
When aluminium content decreases (c,, = 42% +

3.5% NacCl + 50 ppm Cu (ll), pH = 5.7
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Fig. 2. Anodic potentiodynamic curves (v.= 5 mV s™)
obtained in 3.5% NaCl+50 ppm Cu(II) solution for cast
(1, 6, 7) magnetron-sputtered (2-5, 8, 9) samples: 1 —
Mg-3Al (cast), 2 — Mg-3Al, 3 — Mg-10Al, 4 — Mg-20Al,
5 — Mg—42Al, 6 — Mg-96Al (cast), 7 — Al (cast), 8— Mg—
96Al, 9 - Al
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Fig. 3. XRD patterns obtained for sputtered Al-Mg films
on glass substrate with different elemental content

+ 3%), the structure changes from cubic to hexago-
nal one with a texture <001>, which is typical of
magnesium. The coatings with a high content of
magnesium (¢, = 3%, 10%) are strongly textured
as is evident from the narrow peaks. The peaks for
c, = 42% and c,, = 20% are more outspread as
compared to other samples. This is indicative of
inhomogeneity of these samples due to the transi-
tion from a cubic structure to a hexagonal one. The
similar change in structure with elemental content
was observed also for other alloy systems, for ins-
tance, Ni-Fe alloy [35]. The authors came to the
conclusion that the smallest grain size was typical
at concentrations at which a transition from face-
centred structure to a body-centred one took place.

Figures 4-6 compare the XRD data obtained for
sputtered and cast samples. The sharp XRD peaks
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indicate a perfect crystalline structure of all cast
samples (the peaks are indexed). The Al and Al-
4Mg casts have a strong <110> texture (Figs. 4,
5), while the texture <001> is predominant for Mg—
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Fig. 4. XRD patterns obtained for Al cast (upper curve)
and magnetron-sputtered aluminium film on glass sub-
strate
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Fig. 5. XRD patterns obtained for Al-4Mg cast (upper
curve) and magnetron-sputtered film of analogous com-
position on glass substrate
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Fig. 6. XRD patterns obtained for Mg-3Al cast (upper
curve) and magnetron-sputtered film of analogous com-
position on glass substrate
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3Al sample (Fig. 6). The structures of the sputtered
deposits are different from those of the cast sam-
ples. So, the texture <111> is predominant for sput-
tered Al and Al-4Mg, whereas the analogous casts
are characterized by the textures <110>, <111>
and <100> of Al It is characteristic that Al and
Al-4Mg casts are more strongly textured than the
sputtered deposits. By contrast, the sputtered Mg-
3Al coating exhibits a more textured structure
<001> than the cast.

The grain size of the deposits was evaluated ac-
cording to Sherrer’s well-known relation:

_ 0.9
B cos® M

where D is the grain size in angstroms, A is the X-
ray waveloength, which is for Cu K, radiation A =
1.54051 A, and O is the diffraction angle of the
peak. The B value means the outspread of the XRD
peak in radians; it was calculated according to the
ratio

B=B-b 8)

with B spread at a half of the intensity, b is the
analogous value for a standard (in our case for a
cast alloy) with D > 200-250 nm.
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Fig. 7. AFM images of Al-4Mg cast and abraded surface
(a) and magnetron-sputtered film on glass substrate ()
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Fig. 8. AFM images of surface microstructures of Al cast and abraded and sputtered Al, Al-4Mg and Mg-3Al

The grain size for sputtered aluminum (Fig. 4)
was found to be D = 100 nm. The aluminum cast
is characterized by a greater value D_ = 225 nm.
The analogous parameters for Al-4Mg (Fig. 5) are
D, =90 nm and D = 250 nm. The magnesium-
rich samples Mg—3Al (Fig. 6) are characterized by
DSp = 170 nm and D__ > 300 nm. Thus, a conclu-
sion may be drawn that sputtered films have a much
finer crystal structure than casting materials. It is
also obvious that magnesium-rich samples (both
sputtered and cast) have larger grain sizes than the
aluminum-rich samples.

The surface microstructures of cast and sputte-
red materials are demonstrated by AFM images in
Figs. 7-11. Figure 7 shows that a sputtered speci-
men (b) on a micrometer scale has a much smoo-
ther surface than a mechanically abraded alloy (a).
Figure 8 represents the micro-topography on a smal-
ler scale, which shows the similar surface micro-
structure for the sputtered samples with different
elemental content.

The AFM image in Fig. 9a shows copper depo-
sits developed on the sputter deposited Al-4Mg dur-
ing its exposure for 5 min to 3.5 NaCl + 50 ppm
Cu(Il) solution. The deposits have dimensions in
order of tens of micrometers. A nobler copper de-
posits on a less noble Al-Mg and represent a sys-
tem of micro-cathodes, on which water decomposi-

b)

Fig. 9. AFM images of magnetron sputtered Al-4Mg surfa-
ce on glass obtained after 5 min of immersion in 3.5%
NaCl + 50 ppm Cu(II) (a) and in 3.5% NaCl solution (b)
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tion is accelerated. It is noteworthy that copper de-
posits on the sputtered surface (Fig. 9a) do not dif-
fer greatly in shape and size from those on cast
and abraded surfaces (10a).

Figure 11 shows typical copper deposits on a
magnesium-rich sample (Mg—-3Al). Interestingly, the-
se copper deposits have a weak adhesion to the
substrate. So, they have not been found on the sur-
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0pm
100 pm

Opm O pm

b)

Fig. 10. AFM image of cast and abraded Al-4Mg surface
obtained after 5 min of immersion in 3.5% NaCl + 50
ppm Cu(Il) (a) and in 3.5% NaCl solution ()

1.26
0pm
50 pm

Fig. 11. AFM image of cast and abraded Mg-3Al surface
obtained after 5 min of immersion in 3.5% NaCl + 50
ppm Cu(II)
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face either by AFM or by XPS analysis after surfa-
ce washing with a water stream using a conventio-
nal laboratory rinsing balloon. The reason is that
the magnesium hydroxide film (on which most pro-
bably copper deposition takes place) is weakly bound
to the alloy surface as has been discussed in order
to explain the low passivation capacity of the hyd-
roxide [1-3].

The inherent domains of localized corrosion (cor-
rosion pits), which developed during a 5-min expo-
sure of the sputtered film to 3.5% NaCl solution,
are shown in Fig. 9b. The pits have the size in the
order of several microns. Figure 10b shows an ana-
logous AFM image for a cast surface.

Figure 12 shows the mass change during the
first stages of corrosion registered by EQCM after
immersion of samples of different composition into
3.5% NaCl and 3.5% NaCl + 50 ppm Cu(Il) so-
lutions (@ and b, respectively). The general EQCM
response is a mass gain, which implies accumula-
tion of corrosion products on the corroding surfa-
ce. Clearly, the mass change for pure aluminium
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Fig. 12. Mass change of magnetron sputtered Al-Mg
coatings determined by EQCM during corrosion in 3.5%
NaCl (a) and 3.5% NaCl + 50ppm Cu(II) (b). Elemental
content: 1- Mg-20Al, 2 — Mg-3Al, 3 - Al-4Mg, 4 — Al
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(dm/dt = 0.01 pg cm™s™) is significantly less than
for magnesium-containing specimens, which indicates
aluminium to have a higher corrosion resistance.
The average corrosion rate of Al-4Mg sample in
Cu (II) environment is about twice as high as that
of pure aluminium, what is evident from the total
mass change after the time interval under study
(4 min). A very high mass gain rate is observed
for a Mg-20Al sample (dm/dt = 0.61 pg cm?s™),
indicating that the sample is very susceptible to
corrosion.

It is a symptomatic feature in both solutions un-
der study that the mass gain for the magnesium-
rich sample (c,, = 3%) is less than the analogous
rate for the sample with a higher content of alumi-
num (c,, = 20%). This observation seems to con-
tradict with the results of voltammetric measure-
ments, which clearly indicate that the corrosion re-
sistance of Mg—3Al is much higher than that of Mg—
20Al (Figs. 1 and 2). The reason for this seeming
contradiction lies in the fact that a significant part
of magnesium corrosion products should be trans-
ferred to the solution and not accumulated on the
surface of the microbalance. Magnesium corrosion
may be described by anodic dissolution

Mg - Mg*™ + 2¢ (E° = -237 V) (3)
and cathodic water decomposition
2H,0 + 2¢ - H, + 20H". (E° =-0.828 V) (4)

These electrochemical reactions in neutral solutions
may be accompanied by hydroxide precipitation:

Mg** + 2(OH)" - Mg (OH),. 5)

However, let us remember that the solubility of
Mg(OH), in water at 18 °C is 0.09 g I"' [36] and
the hydroxide is weakly bound to the surface, as is
discussed above. So, the magnesium content, which
is not accumulated on the corroding surface, should
be estimated in order to calculate the corrosion ra-
te from EQCM data. By contrast, aluminum corro-
sion product

2A1 + HO ~ ALO, + 6H* + 6e
(E°=-155V) (6

is accumulated on the surface due to its very low
solubility and strong adhesion to the metal surface.

Thus, while the microgravimetric approach is an
effective tool for evaluating the corrosion resistance
of aluminum-rich samples, this seems to be more
problematic procedure in the case of samples with
a higher magnesium content.

It has been shown previously that EQCM mea-
surements can be effectively applied to evaluate cor-
rosion resistance of sputter-deposited materials. So,
the corrosion dynamics of magnetron sputtered films
(Al-Mg, Au-Pd-In, Co—Cr-Mo, Ni-Cr-Mo, Fe-Cr-
Ni, Fe-Cr-Ni-Ta) were studied in different liquid
and gaseous media and the quantitative approach
to corrosion resistance evaluation has been demonst-
rated [21-26, 37].

The presented data have shown that magnetron-
sputtered Al-Mg coatings have superior anticorrosive
properties when compared to those of their casting
counterparts. The main reason for the increased re-
sistance should lie in a higher passivation capacity of
the (hydro)oxide films formed on the sputtered surfa-
ces with a smaller grain size and more uniform surfa-
ce-microstructure. As a result, one can expect that
passive layers on the sputtered surfaces will contain
less defects and weak sites. Some previous observa-
tions support this assumption. We have found that
the anticorrosive superiority of sputtered coatings was
pronounced only under the conditions when even pas-
sive film stability was a key factor in overall corrosive
behaviour. For instance, the superior resistance of
sputtered Fe—Cr—Ni was evident only in chloride so-
lutions, while in sulphate ones this difference was negli-
gible [38]. The effect was attributed to a superior sta-
bility of passive layers against the chloride, which has
a higher disintegration capability than the sulphate.
In this paper, we have also shown that a great anticor-
rosive effect is observed for sputtered aluminium or
aluminium-rich samples, i.e. for those forming stable
passive films. The effect was rather weak for the mag-
nesium-rich sample, because the passivation capacity
of magnesium film is typically low.

As a concluding remark, it should be noted that
the magnetron-sputtered Al-Mg alloy films due to
their high anticorrosive resistance seem promising
for practical applications. For instance, these coa-
tings may be used to protect Al-Mg cast alloys su-
sceptible to corrosion, provided good adhesion bet-
ween the substrate (oxidized alloy surface) and the
coating is ensured. Such corrosion-resistant coatings
may be considered as an environmentally friendly
alternative to chromate conversion coatings, whose
application tends to be problematic due to the en-
vironmental regulations. In general, the widespread
application of sputter-deposited coatings is limited
for the meantime by their expensiveness, and future
efforts should be addressed to search for competi-
tive sputtering technologies.

CONCLUSIONS

Measurements of anodic activity and breakdown po-
tentials indicated a superior corrosion resistance of
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magnetron-sputtered Al-Mg coatings with respect to
their cast counterparts.

The XPS depth profile analysis has shown that
the chemical composition of the magnetron-sputtered
Al-Mg deposits is similar to that of the cast alloy
used as a magnetron-sputtering target.

The aluminium-rich coatings (Al, Al-4Mg) have
a cubic structure with a pronounced <111> texture
of aluminium. When the aluminium content decrea-
sed (42+3Al), the structure changed from cubic to
hexagonal with a texture <001>, which is typical of
magnesium.

The structure of the sputtered deposits differed
from that of the cast alloys. For instance, the tex-
ture <111> was characteristic of the sputtered Al
and Al-4Mg samples, whereas the cast counterparts
were characterized by the textures <110>, <111>
and <100> of Al

The grain size of sputtered materials was less
than the size of the casts: D_ = 100 nm and D__ =

=225 nm for Al D, = 90 nm and D, = 250 nm
for Al-F4Mg and D = 170 nm and D_ > 300 nm

for Mg-3Al.

AFM images have demonstrated on a microme-
ter scale that the sputtered deposits have a much
smoother surface than the mechanically abraded al-
loys. The deposits developed in Cu(II) environment
on both cast and sputtered surfaces have dimen-
sions in the order of tens of micrometers.

Microgravimetric measurements are an informa-
tive approach, which provides sensitive corrosion da-
ta in situ on Al-Mg coatings with a relatively low
content of magnesium. The study of magnesium-
rich coatings is complicated by magnesium transfer
to solution.
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MAGNETRONINIAI AL-MG LYDINIAI -
VOLTAMMETRINIS, STRUKTURINIS,
MIKROGRAVIMETRINIS APIBUDINIMAS

Santrauka

Ivairios sudéties Al-Mg lydiniai buvo suformuoti magnet-
roninio dulkinimo biidu ant stiklo ir kvarco padékly. Ly-
diniy antikorozinis atsparumas buvo jvertintas voltampe-
rometriniu ir EKKM metodais 3,5% NaCl ir 3,5%
NaCl+50 ppm Cu(Il) tirpaluose. Nustatyta, kad korozinis
atsparumas didéja didinant Al koncentracija lydinyje. Ly-
diniy su didele Mg koncentracija mikrogravimetrijos duo-
meny interpretacija komplikuota dél intensyvaus tirpimo.
Magnetroniu biidu pagaminti Mg-3Al, Al-4Mg lydiniai ir
Al yra gerokai atsparesni korozijai nei ju metalurginiai
analogai. Rentgeno difrakcijos ir atominés jégos mikro-
skopijos metodais nustatyta, kad magnetroniai lydiniai api-
btudinami mazesniais kristaly dydZiais bei tolygesne mik-
rostruktira. Sie veiksniai salygoja atsparesnio pasyvacinio
sluoksnio susidaryma pavirSiuje. Cu(II) tirpale lydiniy pa-
virSiuje susiformuoja specifinés formos metalinio vario da-
riniai, skatinantys korozija.
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