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Abstract A heat treatment effect on the microstructure
and corrosion properties of electrodeposited Zn, Zn-Co,
Zn-Fe and Zn-Ni alloy coatings was studied. Surface
morphology examinations were carried with AFM,
while XRD was used to determine metal lattice param-
eters, texture and phase composition. Low-temperature
annealing (at 225 �C) caused the formation of interme-
tallic Fe/Zn compounds, a transformation of amor-
phous oxide inclusions to the crystalline form and a
decrease in the Zn lattice parameter for Zn-Co and Zn-
Fe alloys. The mentioned structural modifications were
not accompanied, however, by corrosion behavior
changes of these coatings. On the Zn-Ni alloy, the
annealing caused a significant reduction in the diffrac-
tion peak width and simultaneous considerable aug-
mentation of the corrosion current. This effect is related
to the formation of a less disordered lattice for this alloy.

Keywords Corrosion Æ Heat treatment Æ Microstructure Æ
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Introduction

Electrodeposited Zn alloys with Fe group metals have
been shown to significantly extend the corrosion pro-

tection of steel with respect to conventional Zn coatings.
The highest corrosion resistance is achieved when Co or
Fe in the alloy is less than 1 wt% and the amount of Ni
is within 9–15 wt% [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13,
14]. Alloying with Zn confers sufficient corrosion resis-
tance to steel that nowadays it is a common procedure
for most industries, particularly the automotive industry
[1, 15].

Differences between the corrosion behaviour of elec-
trodeposited Zn and Zn alloys in natural atmospheric
conditions and in some aqueous solutions were reported
in recent studies [11, 12, 13, 14]. It was established [11]
that these differences manifest themselves when a pas-
sivating oxide film forms on the metal surface. It was
also suggested that the metal structural parameters,
especially lattice imperfections, were responsible for the
corrosion behaviour of the investigated coatings [11].

Metal dissolution is known to occur mainly at sur-
face-active sites where atoms are weakly bonded to the
crystal surface [16]. The number of such active sites and,
hence, their relative importance to the corrosion reac-
tion rate, is dependent on the surface crystallography
(nanometer level) and surface topography (10–100 nm
level) [16, 17]. However, the lack of experimental evi-
dence regarding the influence of the structural parame-
ters on the corrosion behaviour of Zn and Zn-alloyed
coatings requires additional studies.

Low-temperature annealing enables avoidance of
grain growth and texture transformation; therefore, this
procedure would allow verification of the role of lattice
defects in the corrosion process. This ‘‘mild’’ heat
treatment (at low temperatures) is thought to simulate
the corrosion conditions under which some Zn-electro-
plated compounds are subjected in real life applications
(e.g. in the car engine compartment). Most of the liter-
ature on this topic [18, 19] deals with chromated coat-
ings and mostly tries to understand the severe heat
treatment influence on chromate film properties. Siluvai
and Radhakrishna stated [19] that the heat treatment
induces a noticeable decrease in the resistance of chro-
mated Zn against white rust, while the corrosion
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behaviour of the chromated Zn-Ni alloys remains un-
changed.

The main goal of the present work was to establish
the influence of low-temperature annealing on the
structural parameters and corrosion behaviour of Zn
and Zn-alloy coatings. The main techniques used in
these studies were X-ray diffraction, atomic force
microscopy and DC electrochemical methods.

Experimental

Pure zinc coating on steel was compared to three Zn alloys: Zn-Co
(0.6%), Zn-Fe (0.4%) and Zn-Ni (12%) coatings of 10 lm thick-
ness, which were electrodeposited on low-carbon steel samples.
These concentrations of the alloying elements were chosen at just
below the limit concentration for proper solubility (Zn-Co and Zn-
Fe alloys) and for formation of the desired phase composition (c-
Zn21Ni5). The carbon steel bars were previously polished
mechanically to a bright mirror finish using 0.3 lm alumina pow-
der. Alkaline cyanide-free plating solution contained ZnO (10 g/L),
NaOH (100 g/L), organic additives and the ions of the alloying
elements. The plating bath detailed composition and operating
conditions have been given in a previous publication from our
group [12].

XRD measurements were carried out with a DRON diffrac-
tometer using Cu Ka radiation selected by a secondary graphite
monochromator. The step scan mode with a step size of 0.05� (2Q)
and a sampling time of 20 s/step were used in the range of
30� £ 2Q £ 75 .

AFM studies were carried out with an Explorer (VEECO
Thermomicroscopes) scanning probe microscope at atmospheric
pressure and room temperature in contact mode.

The corrosion behaviour of the coatings was investigated in
0.1 M NaCl+0.1 M NaHCO3 solution (pH 6.8) using a standard
three-electrode system. The cell was composed of the working
electrode (Zn-alloyed steels), a Pt counter electrode and a saturated
calomel reference electrode using a PI 50-I potentiostat.

Sample annealing was performed during 8 h at 225 �C under
vacuum (�10)3 Torr).

Results

XRD studies

The heat treatment temperatures (t�), which were ap-
plied for Zn and Zn-alloy coatings, varied between
200 �C and 300 �C. Annealing at t� lower than 200 �C
caused no changes in the XRD patterns of the investi-
gated samples, even for a longer treatment period (48 h).
At t� higher than 200 �C the development of additional
peaks, corresponding to intermetallic Zn/Fe com-
pounds, was observed (Fig. 1). The formation of this
phase occurs due to interdiffusion in the interface region
between the Zn and the steel substrate. The main idea of
our study was to change the structure, but not the
composition, of the investigated coatings. Therefore, the
development of this phase in a considerable amount was
not desirable; hence, annealing at t� equal to 225 �C was
applied for this study.

Figure 1 shows typical XRD patterns for all samples
before heat treatment (dotted lines) and after annealing
in vacuum at 225 �C for 8 h (solid lines). The as-

deposited pure Zn coating showed sharp peaks corre-
sponding to Zn and a-Fe (Fig. 1a). The annealing pro-
cess of this coating did not change the characteristic 2Q
values for the Zn peaks. However, several additional
peaks appeared after heat treatment in vacuum. One of
them may be attributed to ZnO (d=1.625 Å) and others
correspond to a Zn/Fe intermetallic phase. A full-width-
at-half-maximum (FWHM), WFWHM, was derived for
the Zn (110) peaks as deposited and for that after
annealing; the obtained values appeared to be very
similar, 0.494 and 0.492, respectively.

The XRD patterns corresponding to Zn-Co and Zn-
Fe samples are shown in Fig. 1b and Fig. 1c, respec-
tively. Annealing, similar to pure Zn, caused the for-
mation of the intermetallic n-FeZn15 phase and the
appearance of an additional peak, corresponding to
ZnO. In contrast to the previous coating, the ZnO
phase, shown as a broad peak at 56�, was found in the
annealed Zn-Co and Zn-Fe alloys in a considerable
amount (8–10 at%). Both of these coatings were
strongly oriented in the direction <110> (as shown by
the large peak found at �70� 2Q). After heat treat-
ment, two representative peaks of Zn (100 and 110)
were shifted towards higher 2Q angles; this is indicative
of a decrease of the Zn lattice parameter a. The latter
effect may be caused by formation of a substitutional
solid solution instead of interstitial one, which was
present in the as-deposited Zn-Co and Zn-Fe coatings.
A slight decrease of WFWHM values was observed after
the heat treatment of these coatings as well. WFWHM of
the Zn (110) peak for the as-deposited Zn-Co coating
reduced from 0.539 to 0.491; for the Zn-Fe sample the
WFWHM values were as follows: 0.524 for the as-
deposited and 0.495 for the annealed coatings. The
peak d=1.280 Å, which appears after annealing of Zn
and low alloyed Zn coatings with Co and Fe, belongs
most probably to the intermetallic n-FeZn15 phase
(PDF No. 34-1314).

The as-deposited Zn-Ni coating showed two peaks in
the XRD pattern in the 2Q range studied: a broad peak
with a d value of 2.101 Å, corresponding to the c-Zn-Ni
phase, and a peak next to it corresponding to a-Fe(110)
(Fig. 1d). Pure Zn and low-alloyed coatings with Co and
Fe electrocrystallize with a distorted form of hexagonal
close packing; Zn-Ni possesses a body-centred cubic
crystal system. Several additional peaks appeared after
annealing; these peaks could be attributed to the c phase
of the Zn-Ni alloy and an intermetallic phase of �-
Zn10Fe3, which forms at the coating/substrate interface.
A small peak for ZnO (d=1.622 Å) can be seen on the
pattern of the annealed Zn-Ni coating. The annealing of
these coatings caused a significant decrease in the
WFWHM value, from 0.744 to 0.428.

Surface morphology studies

The influence of heat treatment on the surface mor-
phology can be observed in the AFM images, which
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are shown in Fig. 2. The AFM image shows a
20·20 lm area with the height represented by the
greyscale bar that appears on the left of each image.
All the images that appear in the left side of Fig. 2
show the surface morphology of all the samples after
electrodeposition. Zinc, Zn-Fe and Zn-Co samples
appeared finely grained with pyramidal-shaped crystals
[11]. These coatings were bright, compared to Zn-Ni,
which were dull in appearance. The Zn-Ni sample has
a different structure from the rest of the coatings (i.e. a
nodular fine grained morphology) [11].

The same scanned areas shown on the left side of
Fig. 2 were re-scanned again after annealing and are

shown on the right side of Fig. 2. The values of the
surface root-mean-square roughness (Rrms) are shown
underneath every image. The surface topography of the
investigated coatings does not undergo significant
modifications during the sample thermal treatment. It
can be observed that the same features that appear prior
to annealing are shown in the post-annealed sample.
Rrms values before and after heat treatment are within
the error margins for Zn and alloyed coatings. There-
fore, based upon the minimal change of the surface
roughness, we expect that this annealing did not cause a
significant change in the crystal shape of the investigated
coatings.

Fig. 1 X-ray diffraction
patterns of Zn coatings as-
deposited (dotted line) and after
annealing (solid lines) in
vacuum at a temperature of
225 �C for 8 h
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Electrochemical measurements

Corrosion currents were determined from polarization
measurements in a NaCl+NaHCO3 solution before and
after sample annealing. Zn corrosion in unbuffered Cl)

solution occurs with oxide/hydroxide film formation,
which possesses a porous structure [20]. However, in
HCO3

) containing media the oxide film is supposed to be
more compact, adherent and less soluble, thus exhibiting a
passivating character [21]. Aqueous corrosion data for Zn

Fig. 2 AFM images of Zn and
Zn alloys electrodeposited
before thermal treatment (left)
and after thermal treatment
(right)
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and Zn alloys in HCO3
) containing media correlate well

with the atmospheric corrosion data obtained in the field
[11, 12]. Anodic polarization curves of the investigated
samples are presented in Fig. 3.

The corrosion current densities were determined from
Tafel plot extrapolation. They were obtained from a
computer fit to the data and, together with the values of
the corrosion potentials, are listed in Table 1. In spite of
the structural changes of the Zn-Co and Zn-Fe coatings
induced by annealing, these alloys exhibited very similar
Ecorr and icorr values for both the as-deposited and an-
nealed samples. A small reduction of icorr from 5.5 to
3.1·10-5 A cm)2 was observed for pure Zn coatings as
the result of the same treatment. Meanwhile, the effect of
annealing on the corrosion behavior appeared to be
significant for the Zn-Ni coating. The Ecorr values of the
heat-treated Zn-Ni sample became �10 mV more neg-
ative with respect to the untreated coating; however, the
icorr values increased considerably. For the as-deposited
coating, icorr was of the order 6.2·10–6 A cm)2, while for
the annealed sample icorr was 3.9·10)5 A cm)2.

Discussion

The corrosion process is essentially a surface phenome-
non; thus it might be strongly related to crystalline
imperfections. Highly stepped metal surfaces, with dis-
locations, make the steps indestructible. The importance
of steps and kinks in lowering the activation energy of
corrosion has been long recognized [17].

It is well known that annealing of metals enhances
structural changes and reduces the number of lattice
defects [22, 23]. Therefore, the heat treatment procedure
is a suitable method for determining the surface struc-
ture relationship with the kinetics of corrosion reactions.

The heat treatment applied in this investigation did
not produce any significant changes on the Zn and

Zn-alloy surface morphology; however, it caused for-
mation of intermetallic Zn/Fe compounds due to inter-
diffusion at the coating/substrate interface. The latter
phase was located at the mentioned interface and ap-
peared to have no influence on the corrosion currents of
the investigated coatings. The following consequence of
the heat treatment was the appearance of a peak on the
XRD pattern, corresponding to ZnO. The annealing was
carried out under low vacuum conditions; hence, the
oxide phase formation resulting from the metal contact
with the ambient oxygen, apart from being a thin film of
oxide, could be most likely confined to the surface.
Therefore, after the samples were heat treated and
etched (in order to remove oxide from the surface), the
corresponding ZnO peak remained on the XRD pat-
terns. This fact implies that the oxide was located not
only on the sample surface, but also in the bulk of it.

The Zn electrodeposition process from alkaline
solutions occurs through Zn hydroxide inclusion for-
mation [5, 24, 25]. The amount of such inclusions
according to some data [5] can account up to 18% of the
total Zn coatings mass. Our previous results have shown
[25] that the difference in the corrosion behaviour of the
coatings investigated here cannot be associated with the
non-metallic inclusions. The XRD did not detect this
phase before heat treatment, suggesting that oxide
inclusions are in an amorphous state. Therefore, the
appearance of an oxide peak after the sample was an-
nealed suggests the transformation of the amorphous to
the crystalline oxide phase. However, this transforma-
tion, which was more pronounced for Zn-Co and Zn-Fe
alloys, appeared to have no influence on the corrosion
properties of the coatings.

The heat treatment caused the decrease of the Zn
lattice parameter a for the same low-alloyed Zn coatings
with Co and Fe; this is probably related to the trans-
formation of an interstitial solid solution to substitu-
tional one. However, these changes were also not found
to be associated with the corrosion properties of the
alloys (i.e. changes in Ecorr or icorr).

Similar to the other coatings, the heat treatment of
Zn-Ni alloy caused the formation of an intermetallic
and transformation of the oxide phases. However, both
these structural modifications have little effect on the
corrosion behaviour (Zn-Co and Zn-Fe examples). This
increase in the corrosion current of Zn-Ni (after anneal-
ing) may be related to the decrease of the diffraction line
width (WFWHM). X-ray diffraction line broadening of
metals is recognized to be caused by crystallite size
and lattice strains [26, 27]. In general, the grain size of the

Fig. 3 Anodic polarization curves of Zn and Zn-alloy samples in
0.1 M NaCl+0.1 M NaHCO3 solution before (a) and after (b) heat
treatment. Potential scan rate: 0.1 mV s)1

Table 1 Corrosion potentials
and currents of Zn and Zn-alloy
samples in 0.1 M NaCl+0.1 M
NaHCO3 solution before and
after heat treatment

Sample Before annealing After annealing

Ecorr (V) (Ag/AgCl) icorr (A cm)2) Ecorr (V) (Ag/AgCl) icorr (A cm)2)

Zn )1.066 5.5·10)5 )1.060 3.1·10)5

Zn-Co )1.050 1.0·10)5 )1.051 1.5·10)5

Zn-Fe )1.056 1.8·10)5 )1.055 1.4·10)5

Zn-Ni )1.045 6.2·10)6 )1.055 3.9·10)5
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investigated Zn and Zn-alloy electrodeposits lies in the
range 0.1–2 lm, for which X-ray diffraction is quite
insensitive [28, 29]. Hence, the changes inWFWHM for the
investigated Zn coatings will be affected mostly by the
changes in their lattice imperfection.

The WFWHM changes imply formation of a less dis-
ordered lattice of the alloy during annealing. Mean-
while, the augment of the icorr values supports the idea
that the more disordered lattice of the Zn alloy finally
yields lower corrosion rates for the Zn alloy coating. The
more disordered lattice of the Zn alloy increases the
surface activity for oxide film formation and affects the
oxide film properties [11]. A higher surface activity of
Zn-Ni alloys, and hence the metal structure, may be the
precursor to the formation of the oxide film, which
contains a large amount of Zn hydroxide and exhibits a
poor crystallinity [11]. An amorphous structure and less
electron conductivity of hydrated Zn oxide with respect
to Zn oxide [3] makes such alloys more stable in cor-
rosion environments where a passive film forms on the
metal surface.

The role of the oxide non-metallic inclusion on the
corrosion behaviour of Zn and Zn-alloy coatings,
deposited from alkaline solutions, needs to be studied in
detail in the future.

Conclusions

Low-temperature annealing of Zn, Zn-Co, Zn-Fe and
Zn-Ni electrodeposited coatings did not produced major
changes in their morphology; it caused the formation of
intermetallic Fe/Zn compounds, transformation of
amorphous oxide inclusions to the crystalline form and a
decrease of the Zn lattice parameter a for the low-
alloyed Zn-Co and Zn-Fe coatings. These structural
changes, however, were not accompanied by changes in
the sample corrosion currents. A significant reduction of
the diffraction line width was observed for the Zn-Ni
alloy. A substantial increase in the Zn-Ni alloy corrosion
rates after annealing is related to the formation of a
more ordered lattice for this alloy.
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