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A LAYER-BY-LAYER ANALYSIS OF THE CORROSION PROPERTIES OF DIFFUSION ZINC COATINGS 

To obtain anti-corrosive thermo-diffusion zinc coatings, the authors use highly effective zinc saturating mixtures. This technol-
ogy makes it possible to obtain coatings with a high zinc content in the δ-phase as well as a zinc-rich phase of FeZn13 (ζ-phase) on 
the coating surface. As  a result of long-term studies into the corrosion properties of thermo-diffusion zinc (TDZ) coatings conducted 
by the authors, a number of features of their corrosive behavior have been established. The corrosion rate of those coatings in de-
salted and chloride-containing media is lower than those of galvanic or hot-dip zinc coatings. The corrosion behavior depends on 
the content of zinc on the surface and the texture features of the coating. The results showed that on the surface of thermo-diffusion 
coatings in the corrosion on media containing chloride ions, zinc hydroxychloride (simonkolleite – Zn5Cl2[OH]8[H2O]) has been 
formed. Compared to coatings obtained by other methods, the rate of simonkolleite formation was higher on TDZ coatings, which 
might have a positive effect on their resistance in aggressive atmospheres.
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1. Introduction

A thermal-diffusion zinc coating (TDZ) is a type of protec-
tive zinc coating deposited on steel products from the vapor phase 
when in contact with zinc-based powders at temperatures close 
to the melting point of zinc (419°C). The process, which is also 
called sherardizing, has an advantage over electro-deposition 
and hot-dip galvanizing, consisting of higher adhesion and uni-
formity of coatings [1,2]. They are also sometimes considered 
to be more resistant to corrosion than other coatings. In contrast 
to the other types, such coatings consist of intermetallic Fe-Zn 
phases without pure Zn on the surface. Depending on the process 
parameters (time, temperature and powder composition) the 
coating surface can contain Γ, δ and ζ phases. A coating of typi-
cal thickness (10-60 μm) contains predominantly δ phase with 
a thin layer of Γ at the coating-steel interface. Special powders 
for thermal diffusion galvanizing, developed by the author [3], 
consisting of zinc particles coated with nanostructured zinc oxide 
[4], significantly improve the efficiency and controllability of 
the process. 

Recent work on the corrosion behavior of TDZ coatings 
in a chloride-containing solution has shown the non-monotonic 

dependence of corrosion current on the composition of the 
δ phase on the coating surface with a minimum at 90 wt.% Zn 
[5]. Therefore the composition, along with thickness, should be 
taken into account when evaluating the corrosion resistance of 
the coating.

A structural study of TDZ coatings has shown that the 
δ-phase on their surface could have various crystallographic tex-
tures [6]. Thus, for relatively thick coatings (>30 μm) the δ-phase 
is characterized by the absence of texture, whereas the inner layer 
of the coating has a texture, characterized by the hexagonal axis 
of the δ-phase directed parallel to the plane of the coating, which 
is typical for the δ-phase obtained after annealing hot-dip zinc 
coatings [7,8]. It is known that texture could be an important 
factor which influences the coating properties. The rate of cor-
rosion is generally lower for most close-packed crystallographic 
planes due to the stronger binding of atoms. Another mechanism 
of texture influence on corrosion is the nature of protective films 
formed on different planes. These effects were demonstrated for 
electrodeposited and hot-dip zinc coatings [9-12]. Then, taking 
into account the results of a previous work [6], it is necessary to 
investigate the effect of texture, along with chemical composi-
tion, on the corrosion properties of TDZ coatings. In this paper, 
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we study the corrosion behavior of coating layers of various 
compositions and crystallographic texture obtained by chemical 
layer-by-layer dissolution of TDZ coatings. 

2. Experimental

Diffusion zinc coatings   were applied to samples of С45 
steel in the form of circular disks of the diameter 30.0 mm and 
thickness 3.0 mm, with a hole for hanging. The galvanizing was 
carried out according to the procedure in ref. [1] at 450°C for 
3 hours using a saturating powder mixture containing zinc parti-
cles with a nanostructured oxide on the surface [3].  The coating 
thickness was determined using a magnetic thickness gauge.

In that study, samples with a thickness of 40 μm and 
a surface composition represented by the δ-phase (FeZn7-10) 
were used. For layer-by-layer investigation of the structural and 
corrosion characteristics, all coatings were chemically etched 
in a solution of 6 wt. % nitric acid, then washed with distilled 
water and mechanically purified. The etching time was chosen 
so as to obtain a series of samples with a decreasing coating 
thickness, with an average pitch of 5 μm. The thickness decrease 
was determined using a gravimetric method. 

Phase analysis of the coating surface was performed before 
and after the corrosion tests with a DRON-3 X-ray diffractometer 
using Cu Kα-radiation (speed 1°/min, 2θ from 20° to 60°). The 
metallographic and chemical analyses were carried out with the 
scanning electron microscopy technique, using a JSM-6460 LV 
microscope from JEOL equipped with an energy dispersive 
spectrometer (EDS) from Oxford Instruments.

Corrosion studies were performed in a solution of 3 wt. % 
NaCl. To obtain the polarization curves, a clamp cell for flat 
electrodes filled with a working solution was used. A silver 
chloride electrode was used as a reference (the potentials were 
next recalculated into a standard hydrogen scale), where the 
graphite electrode served as an auxiliary one. Polarization curves 
were obtained in the potential range from –1.5 V to –0.5 V with 
a sweep rate of 0.02 V/s. The corrosion current was calculated 
using extrapolation of the anodic and cathodic curves. Polariza-
tion curves and corrosion current were obtained before exposure 
and after exposure for 5 and 30 days in the corrosion environ-
ment. Before the polarization curves, all samples were kept in 
the NaCl solution for 5-10 minutes. After 30 days of exposure, 
the phase composition and morphology of the corrosion products 
were determined.

3. Results and discussion

The X-ray diffraction patterns of the specimen surface after 
sequential etching of the coating are presented in Fig. 1. Accord-
ing to the results of the X-ray phase analysis of the coating layers 
obtained after etching, only the maxima of the δ-phase (FeZn7-10) 
are present in all layers. However, the diffraction pattern changes 
with coating thickness. The XRD pattern of the original coat-

ing (without etching) shows maxima (1.4.14) and (3.0.22) with 
a third Miller index high. After a few sequential etchings, those 
maxima practically disappear, while the relative intensity of the 
maxima with a zero third index increases, i.e. (330) and (500). 
Subsequent etching of the coating reveals further increases in the 
relative intensity of the maxima with a zero third index, i.e. the 
increase in the texture of the δ-phase. Thus, on the surface of the 
coating, the δ-phase crystals of different orientation are present, 
whereas in coating layers below 15 μm, crystals with a 6th-order 
c-axis parallel to the coating surface prevail. The scanning electron 
microscopy analysis showed that the zinc content near the coating 
surface is rather high and reaches 92 wt. %. The iron concentration 
in the coating layers etched down up to 15 μm amounts to about 8 
wt %, then it sharply increases with the depth of coating etching. 

Fig. 1. X-ray diffraction patterns of coating samples with different 
etching depth (in mm) and the respective change in zinc content (in 
wt. %). The lines show the positions of the maxima of the δ-phase 
mentioned in the text

At the etching depth of 15 μm, there is not only a change 
in the elemental composition and the texture state of the δ-phase 
constituting the diffusion zinc coating, but the corrosion charac-
teristics of the material under study also change. When analyzing 
the polarization curves of the coating layers (Fig. 2), differences 
in their corrosive behavior are noticeable. The cathode curves 
show no kinks in the potential range from –1.3 to –1.1 V and 
the slope of the curve decreases as it approaches the substrate. 
However, the quantity of electricity, corresponding to the re-
duction process, is smaller for coating layers from 0 to 15 μm, 
compared to the values measured for the layers etched deeper 
(20-30 μm). The decrease in the corrosion current density in this 
case is due to the inhibition of the depolarizer-oxygen reduction 
process and, accordingly, due to the smaller accumulation of the 
reduction products of hydroxide ions.

In the potential region from –1.0 V to –0.85 V, a decrease 
in current on the anode curves is observed. This is connected, 
apparently, with the adsorption of negatively charged ions and the 
formation of oxidation products on the surface of the electrode. 
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In the coating layers etched from 0 to 15 μm, the corrosion cur-
rent density remains constant, whereas closer to the substrate it 
decreases with increasing electrochemical potential. The mini-
mum value of the anode current corresponds to the specimen 
15 μm /91 % Zn. In the potential region above –0.8 V, the current 
increases uniformly for all layers of the coating. 

Table 1 shows the values of corrosion current [mA/cm2] for 
different layers of the coating and exposure time in 3% NaCl 
up to 30 days, as calculated from the slopes of the cathode and 
anode curves. The minimum value is also observed for the 15 μm 
coating layer. Further strengthening of the δ-phase texture is ac-
companied by an increase in the corrosion current.

TABLE 1

Variation of the corrosion current with increasing exposure time of 
coatings: (icorr

t/icorr
0) current ratio after and before specimen holding 

in 3 wt. % NaCl for the time t [days]

Depth of 
etching, mm

icorr, mА/сm2
icorr

5/icorr
0 icorr

30/icorr
0

0 days 5 days 30 days
0 0.078 0.071 0.034 0.9 0.5
5 0.051 0.022 0.017 0.4 0.3
10 0.039 0.015 0.016 0.4 0.4
15 0.018 0.011 0.059 0.6 3.3
20 0.039 0.012 0.045 0.3 1.2
25 0.047 0.010 0.022 0.2 0.5
30 0.094 0.011 0.005 0.1 0.1

Table 1 also shows the corrosion current ratio (icorr
t/icorr

0) 
after and before specimen holding for the time t [days] in a cor-
rosive environment. After 5 days, the corrosion current decreases 
in all layers of the coating (icorr

5/icorr
0 < 1). However, for the 

exposure time of 30 days, an increase in the corrosion current 
compared to the initial one (icorr

30/icorr
0 > 1) was detected for 

both the 15 μm and 20 μm layers investigated. A prolonged cor-
rosion process of the coating layer of 15 μm (with a minimum 
corrosion current) results in an almost threefold increase in the 
corrosion rate.

Figure 3 shows the changes in the X-ray diffraction patterns 
of the investigated coating layers compared to the initial results 
of the phase-analysis presented in Figure 1, where it could be 
seen that, after 30 days of the corrosion process, the δ phase 
remained in all layers of the coating. The texture of the δ-phase 
on the surface of the samples after corrosion was not studied 
due to the strong broadening of its maxima. Nevertheless, the 
increase in the relative intensity of the (330) maximum observed 
with increases in the etching depth indicates the appearance of 
δ-phase texture in the deep layers of the coating, as was the case 
before the corrosion tests (Fig. 1). After 30 days of corrosion 
tests, the X-ray diffraction patterns reveal characteristic maxima 
from simonkolleite (zinc hydroxochloride). The analysis of the 
coating surface using scanning electron microscopy (Fig. 4) 
with a respective chemical analysis revealed the following com-
position (Table 2): 37.3-30.9 at. % of zinc, 55.7-60.3 at. % of 
oxygen, 0.9-2.3 at. % of chlorine and 0.2-1.3 at. % of iron. The 

Fig. 2. Polarization curves of the coating layers

Fig. 3. X-ray patterns of samples with different etching depth after aging 
in NaCl solution for 30 days

Fig. 4. SEM images of two coating samples with different etching depths: a – 15 μm; b – 30 μm after 30 days of exposure in 3 wt. % NaCl
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EDS analysis was carried out at a magnification of 100×, where 
each area amounted to 300×200 μm. It should be noted that the 
maximum content of 2.3 at. % chlorine was observed in the film 
formed on the surface of the layer with an etching depth of 15 μm.

TABLE 2

The chemical composition of the surface of the samples after expo-
sure for 30 days in 3 wt. % NaCl according to EDS

Depth of etching, 
mm

Chemical element,  at. %
О Cl Fe Zn

0 60.3 1.4 0.8 37.6
5 59.1 1.7 0.9 38.3
10 59.8 1.7 1.2 37.3
15 57.3 2.3 1.1 39.3
20 55.7 1.5 0.7 42.2
25 58.2 0.9 1.1 39.9
30 58.1 1.1 1.3 39.5

The results obtained in this work prove that major impacts 
on the corrosion properties of the δ-phase are exerted by both its 
structural features and the iron content distribution in the coating 
cross-section. The samples etched to 15-25 μm are characterized 
by a sharp change in the character of the X-ray diffraction pattern 
(Fig. 1). The intensity growth of the maxima with a zero third 
index points towards the presence of δ-phase crystal lattice faces 
with an excess of energy, thus influencing the corrosive behavior. 
Polarization measurements show minimum cathode current in 
the 15 μm etched layer (Table 1), which means a decrease in 
the intensity of the reduction reaction. As a consequence, the 
content of hydroxide ions on the surface of the metal becomes 
lower. A shift into the positive region of potential causes the 
absorption of chloride ions on the metal surface, which then 
move away the other components. The displacement by chloride 
ions of OH- ions and water molecules, capable of passivating 
the metal surface, leads to an increase in the corrosion current 
at long corrosion exposures. Thus, the increase in the corrosion 
rate for all coating layers, except the one of 15 μm etching depth, 
could be associated with this phenomenon.

The iron content distribution also influences the corrosive 
behavior of the layers in the coating cross-section at long expo-
sure times. The top coating layers – from the original specimen 
to the 15 μm etching depth – contain practically constant iron 
concentrations, thus the decrease in the corrosion current of those 
layers after 30 days of exposure was the same. The increase in 
the iron concentration for coating layers from 15 μm to 30 μm 
(Fig. 1) correlates with a decrease in the corrosion current (Ta-
ble 1). Apparently, the increase in the iron concentration could 
have a positive effect on the formation of corrosion products 
enhancing the protective properties of the coating. A similar ef-
fect on the chemical stability of the compound with simonkolleite 
structure was reported in ref. [13] by the addition of nickel to 
zinc. According to the authors of [13], the nickel impurity could 
suppress the crystal growth of simonkolleite, so the more dense 
and compact layer of corrosion products inhibits the sorption of 
corrosive gases on the coating surface.

4. Conclusions

A great influence on the corrosion behavior of coatings con-
sisting of the δ-phase is due to its structural properties, as well as 
the distribution of elements along the coating profile. The layer 
analysis showed that corrosion behavior varies non-uniformly 
with the coating thickness. If the reduction in corrosion current 
for layers up to 15 μm etching depth is related to the content 
of zinc in the δ-phase, then a further increase in the corrosion 
current correlates to an increase in the degree of texture in the 
δ-phase. The influence of corrosion products on the corrosion 
resistance of the layers of diffusion zinc coatings is ambiguous. 
The corrosion rate for each of the layers with a maximum zinc 
content in the δ-phase exceeds the corrosion rate for layers with 
a minimum zinc content by about 6 to 7 times.
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