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Abstract
A combinatorial method was utilized to fabricate a Zn–Al material library by ion beam sputtering. The material library was produced by
manipulating the position of substrate and moving shutters to deposit multilayer metal films. As-deposited films were annealed at low temperatures
to form through-thickness homogenous films. Different annealing conditions were studied and high quality alloy films could be obtained by annealing
at 370 ◦ C. Electrochemical corrosion properties of the material library were evaluated by a modified tape test. Results of the electrochemical tests
show that the Zn–Al film with a composition of 72.6 wt% Al has the best anti-corrosion properties in the material library. Nanoindentation tests
were conducted to investigate the mechanical behaviour. Zn–Al films containing a high content of Al possess better mechanical properties with a
high hardness and elastic module.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Zinc coatings have been widely used for decades to provide corrosion protection for metal structures exposed to natural
atmosphere. These coatings act as barriers as well as sacrificial
anodes to prevent their protected substrates from becoming useless rust. However, it is seldom satisfactory for zinc coatings to
meet the more demanding anti-corrosion needs in severer industrial or marine atmosphere. A range of Zn–Al coatings were
thus developed as replacements for zinc coatings [1]. Although
a complete understanding of the function mechanism of Zn–Al
coatings is still in progress [2], the formation of insoluble corrosion products and preferential corrosion phenomena were
generally believed to be the reasons for the superior performance
of Zn–Al coatings [3–5].
Several techniques have been employed to apply Zn–Al coatings, including electroplating [6], thermal spray [7] and hot-dip
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[8]. Galvalume (Zn–55 wt% Al) and Galfan (Zn–5 wt% Al) are
two of the most commercially successful Zn–Al coatings, both of
which are produced by a continuous hot-dip process. The hot-dip
process for Zn–Al coatings is well established, but environmental concerns and energy cost cloud the future of this technology.
Electrochemical deposition also faces similar issues. On the
other hand, PVD methods such as sputtering are prospective in
that they can produce high quality films, which attain the same
protection effect with a much reduced thickness [9]. Meanwhile,
these methods are environmental friendly and energy efficient
[10].
The main objective of the study was to get a better understanding of the effect of composition on the mechanical and corrosion
properties of PVD Zn–Al films. A combinatorial method was
utilized to deposit a Zn–Al material library containing samples
of different compositions by an ion beam sputtering. The conventional method of one-by-one deposition requires repeated
time-consuming target fabrications, vacuum evacuations and
deposition processes, but for the combinatorial approach, a
high speed parallel synthesis of film samples can dramatically reduce preparation time and improve research efficiency
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[11–13]. Another objective of the research is thus to develop a
combinatorial method to screen and optimize the Zn–Al alloy
films for their anti-corrosion application.
2. Experimental method
2.1. Combinatorial fabrication of Zn–Al material library
An ion beam sputtering system with a 3 in. Kaufman ion source was
employed to deposit the Zn–Al material library. The system has a deposition
chamber with a base pressure less than 10−8 Torr and a load-lock chamber to
replace substrates without breaking the vacuum in the deposition chamber. Mild
carbon steel and Si(0 0 1) wafers of 1 in. × 1 in. were used as substrates. The steel
substrates were ground and polished to a surface roughness of 0.5 m. Finally,
they were degreased ultrasonically in methanol and acetone before loading into
the deposition chamber. Pure Zn and Al targets (purity 99.99%) were mounted
and pre-sputtered for 15 min to remove the contaminated surface layers and
stabilize the surface condition.
The material library was deposited as discrete multilayered films on unheated
substrates. Ar ions with an acceleration voltage of 1 keV and a current of 25 mA
were used as the incident beam. The spatial variation of composition was created
by controlling the ratio of element layers at different regions of the substrates
(Fig. 1). A mask with a predefined matrix was placed over the substrate to facilitate later sample identification. A sequence of Al depositions was then carried
out along the x-axis of the substrate by moving a computer-controlled shutter
over the mask, exposing different columns to be deposited with films of stepwise thickness. This was followed by a substrate rotation and another sequence
of Al depositions along the y-axis. After finishing Al layer, Zn deposition was
conducted in similar procedures. A double layer of Zn and Al, totally 500 nm,
was fabricated in one round. To achieve samples of larger thickness, multiple
double layers were deposited. The deposition rates for Zn and Al were 2.3 Å/s
and 1.2 Å/s, respectively as was monitored by an in situ quartz crystal balance.
Films of 1 m thickness were used in structure and property characterization.
As-grown multi-layered films were annealed in Ar/H2 (5%) atmosphere to obtain
a full compositional mixing normal to the film plane. The content of Zn or Al
can be calculated by the film thickness and theoretical density values.

2.2. Structure and composition characterization
Surface and cross-section morphologies of the as-deposited and annealed
samples from selected regions together with the chemical composition of the
library were studied and determined on a JEOL 6700F SEM with X-ray spectrometry (EDS). Auger depth profile analyses were performed to examine the
through thickness chemical uniformity on a VG MICROLAB-310F field emission auger system. X-ray diffraction (XRD) was utilized to identify the phase
components of different samples in the material library. XRD patterns were col-

Fig. 2. Scheme of the tape test arrangement (a) material library, (b) textile tape,
(c) glass rod, (d) reference electrode, (e) counter electrode, and (f) electrolyte.
lected with a Rigaku D/max2550V diffractometer using Cu K␣ radiation (40 kV
and 60 mA) with a scan step of 0.02◦ and a scan rate of 0.12◦ /s.

2.3. Evaluation of electrochemical corrosion behaviour
The corrosion resistance was measured by a modified tape test (Fig. 2) [14].
In the test arrangement, the electrolyte (3.5% NaCl, near neutral) was made
to flow slowly from one beaker to another using a multilayered textile tape. A
portion of the wet tape was pressed against the specimen surface by a glass pod.
Only the area covered by the tape is exposed to the electrolyte. A Pt counter
electrode of the same size as the testing area was pushed on the opposite side of
the tape. The size of the working electrode was 16 mm2 . The reference electrode
was a saturated calomel electrode (SCE) in a Luggin capillary. The electrochemical measurements were performed on a CHI760C electrochemical workstation.
Samples in the material library were screened by their polarization resistance
and corrosion potential. Potentiodynamic polarization tests were also conducted
on selected samples at a scanning rate of 20 mV/min. All tests started after the
electrolyte flow over the sample was steady.

2.4. Evaluation of mechanical performance
Mechanical properties as a function of composition were measured by
nanoindentation. A CSM nano hardness tester with a Berkovich diamond indenter tip was operated in a linear loading mode at a loading rate of 10 mN/min and

Fig. 1. Steps of combinatorial deposition of Zn–Al material library by ion beam sputtering.
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a maximum load of 5 mN. The reported results were the average of 20 indents.
The hardness and reduced modulus were derived from the unloading portion
of the load–displacement curve following the procedures by Oliver and Pharr
[15].

3. Results and discussion
3.1. Synthesis and characterization of Zn–Al material
library
A suitable annealing process is necessary to attain a complete
through-thickness mixing of the metal layers for an effective
material library [16]. At higher temperatures, the evaporation of
Zn will cause the composition change in specimen. But at lower
temperatures, the annealing time had to be extended, which
would introduce more defects and large amount of substrate
element (especially for Si) in the alloy films. The time required
for the layers to fully interdiffuse was estimated by published
diffusion data [17]. The annealing temperature for the Zn–Al
library was selected at 370 ◦ C by our preliminary research. Typical diffusion coefficient for Zn–Al system is of the order of
10−15 m2 s−1 at the annealing temperature of 370 ◦ C, which suggested that at least 2 h are required for a multilayer film of 2 m
in thickness.
A Zn–Al sample, with a uniform layer thickness of about
250 nm each and a total thickness of 2 m on a silicon substrate, was prepared to examine the extent of the interdiffusion
after heat treatment. Fig. 3 shows cross section SEM backscatter electron images of an “as-deposited” sample and samples
after 2-h annealing in Ar/H2 atmosphere at 370 ◦ C and 470 ◦ C.
In Fig. 3(a), as-deposited metal layers are distinguishable in
the SEM image. The interfaces between the dark Al layer
and the bright Zn layer are relatively flat. The appearance of
the layers changes dramatically in Fig. 3(b). Based on AES
depth profile of this sample, the film is a uniform mixture
of Al and Zn except for an oxide surface layer with thickness of no more than a few nanometers. Fig. 3(c) shows the
roughness and porosity of the outer Zn–Al film increases with
higher annealing temperature. There is a Zn-rich layer appearing on the interface between the silicon substrate and the Zn–Al
film.

Fig. 4. X-ray diffraction pattern for: as-deposited multilayer Zn–Al films on
silicon substrate (a), and after annealing 2 h at 320 ◦ C (b), 370 ◦ C (c), 420 ◦ C
(d) and 470 ◦ C (e).

Fig. 4 is the X-ray diffraction patterns for the as-deposited
film and films annealed at different temperatures. Compared
with the results of the as-deposited sample [Fig. 4(a)], XRD patterns of the annealed samples do not change very much when
heat-treated at 320 ◦ C and 370 ◦ C [Fig. 4(b) and (c)]. The results
show annealing at these temperatures mainly facilitates the interdiffusion of the different compositions. A significant increase in
the XRD peak intensities is observed for the 420 ◦ C and 470 ◦ C
annealed sample [Fig. 4(d) and (e)]. This reveals that annealing at
relative high temperatures can lead to an improved crystallinity.
Some trace of XRD peaks for silicon dioxide can be identified from the sample annealed at 470 ◦ C. The detailed research
has not been conducted on this issue, but it can be concluded
that high temperature annealing will complex the film–substrate
interaction and bring unexpected results.
The XRD patterns for the samples annealed at 370 ◦ C and
470 ◦ C on steel substrates are shown in Fig. 5. When annealed
at 370 ◦ C, the samples were still Zn–Al binary system with no
peaks for intermetallic phase detected [Fig. 5 (a)]. As for the
470 ◦ C annealed samples, the peaks corresponding to Fe4 Zn9
were identified in the pattern [Fig. 5(b)]. The formation of
Fe–Zn intermetallics can improve the film–substrate adhesion

Fig. 3. Cross-sectional SEM backscatter electron image of Zn–Al film on Si substrate: as-deposited multilayered film (a) and after annealing in Ar/H2 atmosphere
for 2 h at 370 ◦ C (b) and 470 ◦ C (c).
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Fig. 5. X-ray diffraction pattern for Zn–Al films on low carbon steel substrate
annealed 2 h at 370 ◦ C (a) and 470 ◦ C (b).

and weldability, but it reduces the corrosion performance of the
film [8,18].
3.2. Electrochemical corrosion properties
Fig. 6 shows the polarization resistance and corrosion potential for samples in the Zn–Al material library as a function of Al
content. The polarization resistance was determined by the slope
of linear potential–current density curve where current density
is zero. The corrosion current density, icorr , can be related to
the polarization resistance Rp by the Stern–Geary coefficient, B
[19]:


∂E
B
(1)
=
Rp =
∂i i=0, dE/dt→0
icorr
Polarization resistance measurement enables a fast evaluation of corrosion properties for material library within a potential
range that is similar to the actual corrosion process. The smallest value of polarization resistance Rp (about 200 /cm2 ) for
the entire Zn–Al composition appears when the volume percent of Al is over 20 vol.% (note: volumetric percentage in the

Fig. 6. Polarization resistance Rp and corrosion potential Ecorr for samples in
the Zn–Al material library as a function of Al content.

as-deposited multilayer film was utilized to simplify the account
and discussion of results). The Rp then increased linearly with
the Al content increasing from 20 vol.% to 40 vol.%. The change
of Rp for Zn–Al films is moderate when Al is between 40 vol.%
and 80 vol.%, whose Rp is expected to fall into of the range
between 1.5 × 104 /cm2 and 2 × 104 /cm2 . The Rp resumes
increasing at a faster rate after Al is more than 80 vol.%. The
peak of Rp is at about 87.5 vol.% Al, but a pure Al film shows
some decline in Rp . A three-stage evolution of Rp can be concluded from the data: the low Rp stage (high Zn), the medium
Rp stage (middle range) and the high Rp stage (high Al). Films
corresponding to the medium or high Rp stage will exhibit a
good anti-corrosion performance as predicted by Eq. (1). This
can be attributed to an increased completeness and uniformity of
aluminum oxide resulting from both a small rich-Al grain size
and a low Zn content [20].
It is generally believed that the corrosion potential Ecorr of a
metallic coating should be at least 0.3 V negative to that of the
substrate to provide an effective sacrificial protection in the corrosion environment [21]. Principally, if macro defects develop in
noble films, these films cannot provide enough anode protection
to the bare substrates and will lead to a severe local corrosion
in the substrates. As shown in Fig. 6, the Ecorr increases sharply
from −0.97 V to −0.66V (versus SCE) when the Al content
exceeds from 80 vol.% to 100 vol.%. While the Ecorr for the
mild carbon steel substrate used in this research is −0.58 V,
it is required that the corrosion potential for protective film
should be less than −0.88 V. Considering this important factor, the Zn–Al film with Al content less than about 90 vol.% can
provide satisfactory corrosion protection for steel substrates.
Potentiodynamic polarization tests were conducted on some
selected samples in the Zn–Al material library. The observed
polarization curves were shown in Fig. 7. It can be seen
that all four samples with varied Al content show activepassive transitions, but the sample of 12.5 vol.% Al exhibits
a narrower passive region and a larger passive current density
compared with the other three samples. The sample containing 87.5 vol.% Al has the least passive current density and

Fig. 7. Potentiodynamic polarization curves of selected samples from the Zn–Al
material library.
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Fig. 8. Hardness H and elastic module E for samples in the Zn–Al material
library as a function of Al content.

critical passive density among the three medium and high-Al
samples. Combined with a relative high polarization resistance and feasible corrosion potential, it can be concluded that
Zn–Al film with about 87.5 vol.% Al (equivalent to 72.8 wt%
Al) has the best anti-corrosion properties in the material
library.
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shutters to deposit multilayer metal films with varied Al or Zn
content. Different annealing conditions were studied to figure
out the optimum temperature and high quality alloy films can
be obtained by annealing at 370 ◦ C. The effect of composition
on the mechanical and corrosion properties of PVD Zn–Al films
was studied from the material library.
Electrochemical corrosion properties were measured with
by a modified tape test. Polarization resistance and corrosion
potential were screened for the entire materials library. Potentiodynamic polarization tests were conducted on selected samples.
There can be expected a medium or high polarization resistance
and a feasible corrosion resistance for Zn–Al films containing about 35–75 wt% Al. Zn–Al film of about 72.6 wt% Al
has the best overall anti-corrosion properties in the material
library. Nanoindentaion tests were utilized to investigate the
mechanical behaviour. Zn–Al films containing high Al content
show better mechanical properties with high hardness and elastic
module.
The combinatorial material library fabricated in this research
can be employed to screen and optimize the alloy film composition for better corrosion and mechanical performance. The
sample amount on the material library can be simply increased
by reducing the sample dimension or enlarging the substrate
size. It can thus improve the material research efficiency more
eminently.

3.3. Mechanical behaviour
Acknowledgement
Zn–Al films are applied mainly for their anti-corrosion properties, but it is also desirable that their mechanical properties
can be improved to resist wear or scratch in daily usage. Fig. 8
shows the hardness and elastic module for samples in the
Zn–Al material library as a function of Al content obtained by
nanoindentation. The hardness of Zn–Al film does not change
pronouncedly until the content of Al increased to about 50 vol.%,
after which an almost linear increase of hardness was observed.
The elastic module E shows a similar upward trend as the
increase of Al content, but there is a plateau rather than a linear
increase over the high-Al range (>70 vol.%). It is obvious that
Zn–Al films containing a high Al content have better mechanical
properties compared with the high Zn ones. As the Zn–Al alloy
system does not form intermetallics or undergone a structure
transformation over the entire composition range, the deposition and annealing parameters have more important effect on
the observed mechanical properties of the material library. Ion
beam sputtering can produce high quality films having excellent
adhesion and high density [22], so the films exhibit improved
the mechanical properties compared with conventional hot-dip
or electrochemical deposition coatings. Combinatorial material
library can be utilized to screen or find film compositions for
better mechanical properties.
4. Conclusions
A combinatorial method was utilized to fabricate a Zn–Al
material library by ion beam sputtering. The material library was
fabricated by manipulating the position of substrate and moving
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