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INTRODUCTION

New trends in the technological develop-
ment is very closely related to the materials sci-
ence. It could be a branch connected with new 
and original materials invention. On the other 
hand it could be a new applications of known 
materials. Among many engineering materials, 

magnesium alloys are promising materials in the 
field of low-weight construction, due to very low 
density (c.a. 1.8 g·cm-3) and high specific strength 
[1, 2]. Its potential applications could be related 
to aerospace and automotive industry [3–5], elec-
tronic systems and even in medicine [6, 7]. Nev-
ertheless, there are significant disadvantages of 
magnesium alloys, mostly connected with their 
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ABSTRACT
In the field of surface engineering, thermal spraying is very wide adopted in many branches of the industry. The 
main reasons of such situation are its flexibility as well as cost effectiveness. Among others, high velocity oxy 
fuel (HVOF) technique is dedicated for spraying hardmetal and cermet coatings, especially for wear- and corro-
sion resistance. Such type of coating could be a promising candidate as protective layer for magnesium alloys 
elements. These materials need a strong improvement in the corrosion protection as well as on the field of wear re-
sistance in order to be widely used in the industry. In this work, different WC-based coatings, namely: (i) WC-Co, 
(ii) WC-Co-Cr and (iii) WC-Cr3C2-Ni manufactured by HVOF spraying, were investigated. The form of all feed-
stock materials was agglomerated and sintered powder. All coatings were sprayed with the same technological 
parameters, especially spray distance which was equal to 400 mm on the AZ91 magnesium alloy substrate. The 
main aim of the studies was to investigate the influence of the powder material on the corrosion resistance of ob-
tained coatings. The manufactured coatings were examined in terms of its microstructure, using scanning electron 
microscope (SEM) and corrosion performance, which was assessed in the electrochemical corrosion investigations 
in 3.5% NaCl solution by Tafel method. The study showed that the corrosion resistance increasing in such order: 
AZ91 < WC-Cr3C2-Ni < WC-Co < WC-Co-Cr. It should be stressed that WC-Cr3C2-Ni coating exhibits very low 
corrosion performance, which could be effected by relatively high porosity (c.a. 3 vol.%) and because of that the 
more complex composition promotes creation of many corrosion cells.

Keywords: AZ91 magnesium alloy, HVOF, thermal spraying, metal matrix composite coatings, microstructure, 
electrochemical corrosion.
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poor mechanical properties, wear and erosion 
resistance [8, 9]. However, the crucial drawback 
that prevents their widespread application is an 
impoverished corrosion performance [10, 11]. It 
was proved that magnesium acts as an anode and 
creates a galvanic cell with other metals [12, 13] 
what caused very low corrosion potential of Mg-
based alloys. Moreover, besides galvanic corro-
sion, this material group is also easily exposed to 
transgranular and pitting corrosion [14, 15]. 

In order to improve such poor corrosion per-
formance of the Mg-based alloys a different treat-
ments could be used, as surface modification [16]. 
In the field of materials science it is also possible 
to improve by addition new elements, especially 
rare earth (RE) ones [17–19]. The potential of 
RE addition was proved and described e.g. in 
[20, 21]. Nevertheless, expected corrosion resis-
tance could not meet the requirements of different 
branches of the industry, especially automotive or 
aviation ones. There are many methods of coat-
ings manufacturing, which could be deposited 
on metallic substrates, including magnesium al-
loys, e.g.: anodization [22], electrodeposition 
[23], ionic liquid bath [24], micro arc oxidation 
[25], physical vapour deposition (PVD) [26, 27] 
and even conversion coatings [28]. Also thermal 
spraying methods could be used in order to manu-
facture coatings on magnesium alloys, as follow: 
cold spray [29], arc spray [30, 31], detonation-
gun [32], flame spray [33] and plasma spray [34, 
35]. As it was described in previous papers [36, 
37], high velocity oxy fuel (HVOF) method is the 
most promising, especially for cermet coatings 
deposition. Although coatings sprayed on AZ31 
alloy substrates are already well described [38], 
there is a gap in the literature related to the appli-
cation of coatings on AZ91 alloy substrates. 

In general, the HVOF method is widely used 
in order to obtain well-quality coatings which ex-
hibit very good resistance against cyclic corrosion 
both, acetic acid salt spray and neutral salt spray 
from one hand and against electrochemical corro-
sion on the other hand [39–41]. One of the most 
frequently feedstock materials used for manufac-
turing corrosion resistance coating by HVOF pro-
cess are cermet based on tungsten carbide (WC) 

in cobalt or nickel matrix [42, 43]. However, there 
are only a few paper dedicated corrosion resis-
tance coatings manufactured by HVOF method 
on the Mg-based alloys, even though the feed-
stock materials were aluminum based metal ma-
trix composite [44] and 316L stainless steel [45].

The novelity of current paper was manufac-
turing of different WC-based cermet coatings on 
the Mg-based substrate. It was possible, like e.g. 
[46, 47], but this paper presents the comparison in 
comprehensively way in terms of corrosion resis-
tance sprayed coatings. In present investigations 
all technological parameters, as well as feedstock 
powder delivery state were chosen in this way to 
make the comparison unaffected by other factors 
as much as possible. The functional properties of 
the coatings were tested in electrochemical corro-
sion environment which was 3.5% NaCl solution.

MATERIALS AND METHODS

The substrate material was AZ91 magnesium 
alloy with chemical composition in Table 1. The 
dimensions were equal to 5 mm in the thickness 
and 100 mm in diameter. Before the spraying the 
surface of the substrate was sand-blasted by co-
rundum grit F40 (according to the FEPA standard). 
The last stage of preparation was cleaning samples 
in the ultrasonic bath in the presence of ethanol.

The feedstock materials used in current stud-
ies were in the form of powder. Three commer-
cially available powders were selected. The de-
tailed information about these materials could 
be found in our previous paper [48]. The sample 
code and chemical composition of the coatings 
are collected in Table 2.

The cermet coatings were deposited by HVOF 
method (Fig. 1) with JP 5000 gun of TAFA sys-
tem. As a fuel medium kerosene was used with 
flow rate equal to 26 l/h. Oxygen and nitrogen 
(transport gas) flow rate was equal to 900 l/min 
and 12 l/min, respectively. Powder was added 
with feed rate equal to 70 g/min, independently 
on material type.

The coatings’ topography as well as its mi-
crostructure were observed by scanning electron 

Table 1. Chemical composition of AZ91 magnesium alloy (according to ASTM B94 standard)
Chemical elements, wt%

Al Zn Si Mn Mg

8.3–9.7 0.35–1.00 0.0–0.5 0.0–0.2 balance
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microscopy (SEM) on the top of samples and 
its cross-sections, respectively. The SEM was 
equipped with Energy Dispersive X-ray Spec-
trometer (EDS) analyzer in order to determine 
chemical composition.

The surface roughness in the as-sprayed state 
was determine by stylus profilometer, according 
to the ISO 4288 standard. The Ra parameter has 
been selected as a comparative and representa-
tive factor of coatings’ surface roughness. For 
each sample five measurements were carried out 
and average, as well as standard deviation values 
were calculated.

The porosity of deposited coatings was as-
sessed by image analysis according to the ASTM 
E2109–01 standard. The 20 images under the 
1000x magnifications were taken into account in 
the open access software, ImageJ (1.50i version).

The corrosion resistance studies of the de-
posited AZ91 alloy were realized by the poten-
tiodynamic Tafel method using an AUTOLAB 
PGSTAT100 potentiostat-galvanostat (Metrohm 
Autolab BV, The Netherlands). The investigation 
environment for corrosion tests was a 3.5% solu-
tion of NaCl at a temperature of 25°C. The surface 
area of the tested samples was 1 cm2 which was 
limited by a rubber o-ring. The procedure was 
as follow: samples were stabilized for 3600 s at 
open circuit before the polarization and then open 
circuit potentials (EOCP) were determined. The 
potentiodynamic measurements (represented by 
linear sweep voltammetry – LSV) were carried at 
potentials values in the range from EOCP–150 mV 

up to EOCP+150 mV with a scan rate equal to 
0.167 mV·s-1. The obtained voltammograms were 
analyzed by NOVA 2.1. software, which was able 
to obtain corrosion properties of polarization re-
sistance (Rp), corrosion current density (jcorr) and 
corrosion potential (Ecorr). Based on the corro-
sion current density the corrosion rate (CR) was 
calculated according to ASTM G102 standard. A 
double-walled (thermostatic) electrochemical cell 
with a three-electrode configuration was used. As 
the reference a saturated calomel electrode (SCE) 
was used, while as the counter electrode a plati-
num mesh was used. For comparison, analogical 
measurements were also conducted for not depos-
ited AZ91 magnesium alloy. The surface structure 
of the tested samples after the polarization was 
analyzed by means of Hitachi TM 3000 scanning 
electron microscope.

RESULTS

The SEM images of feedstock powders mor-
phology (Fig. 2) confirmed its spherical shape 
what is very important from the facility of pow-
ders particles feeding. Moreover, all tested pow-
ders had very similar particles size and its distri-
bution, which was important in the context of the 
comparison of deposits.

The topography of deposited samples con-
firmed a typical morphology of HVOF sprayed 
coatings (Fig. 3). The surface of the coatings is 
rather smooth, without craters or unexpected 
material peaks. Some irregularities could be ob-
served are probably related to the carbide parti-
cles which exhibit high melting point and cannot 
be dissolved in the flame [50, 51]. 

In Table 3 the results of EDS determination 
of chemical composition (as an average from the 
area equal to c.a. 20,000 µm2) of deposited coat-
ings are collected. The average values of surface 
roughness expressed by Ra parameter are: 4.39 

Fig. 1. Scheme of HVOF spraying method used in current studies [49]

Table 2. Sample code and chemical composition of 
coatings

Sample code Chemical 
composition, wt%

Spray distance, 
mm

C1D3 WC-12Co

400C2D3 WC-10Co-4Cr

C3D3 WC-20Cr3C2–7Ni
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± 0.45 µm, 4.97 ± 0.24 µm and 5.40 ± 0.34 µm 
for C1D3, C2D3 and C3D3, respectively. Such 
roughness values are in good agreement with the 
literature [52].

The SEM observations of the coatings’ mi-
crostructure at lower magnification (Fig. 4) con-
firmed that all samples exhibit compact and dense 
structure, as could be found for the same coatings 
type deposited by HVOF on steel substrates [53, 
54]. The average thickness of the coatings was in 
the range from 160 up to 200 µm.

The detailed microscopy observations at high-
er magnification (Fig. 5) also confirmed dense 
structure, which could be found in literature [55]. 
Nevertheless, there are some cracks, which could 
results from thermal stresses occurring during de-
position process [56]. Other cause of the cracks 
and small pores presence could be a short resi-
dence time in the flame of the powder particles 
and resulting relatively poor heat treatment [57]. 

The porosity assessment results revealed that 
with HVOF method it is possible to obtain rela-
tively dense coatings, especially at the investigated 

spray distance (400 mm). Obtained porosity val-
ues are as follow: 2.9 ± 0.6%, 2.2 ± 0.5% and 
3.0 ± 0.5% for C1D3, C2D3 and C3D3, respec-
tively. Such porosity level is in good agreement 
with the literature [58, 59].

On the basis of the conducted corrosion stud-
ies the beneficial influence of the HVOF sprayed 
coatings on the corrosion resistance of the magne-
sium-based substrate was observed. For all types 
of cermet coatings it were found higher values of 
polarization resistance (Rp), as well as lower val-
ues of corrosion current density (jcorr) in the com-
parison to the uncoated AZ91 which was taken as 
a reference. All the results are collected in Table 4. 
The corrosion resistance of the AZ91 alloy was 
slightly outstanding but the obtained results of the 
potentiodynamic measurements were relatively 
similar to the reported in literature [60,61]. Be-
sides reported corrosion rates of cermet coatings 
(Table 4) have higher values than those signalised 
for bare metal alloys such as stainless steel, which 
could be used as reference [62].

Fig. 2. Morphology of the feedstock powders: WC-12Co (a), WC-10Co-4Cr (b), WC-20Cr3C2–7Ni (c)

Fig. 3. The surface topography of the sprayed coatings: C1D3 (a), C2D3 (b), C3D3 (c)

Table 3. Chemical composition of sprayed coatings, determined by EDS

Sample
Chemical composition, wt%

W C Co Cr Ni

C1D3 78.5 3.0 18.5 – –

C2D3 72.2 3.3 18.0 6.5 –

C3D3 64.4 3.8 – 22.3 9.5
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After corrosion test the obtained results for 
corrosion potential (Ecorr) of the sprayed samples 
were shifted towards more positive values than 
the reference AZ91 one. A typical values of the 
Ecorr for AZ91 in chloride solutions are in the 
range from – 1.60 up to – 1.50 V [63,64]. For all 
the coatings higher values of Ecorr are observed 
(Table 4). It shows the cathodic nature of the de-
posited coatings and could be related to the some 
discontinuities (e.g. porosity). In such corrosion 
cell, the magnesium substrate becomes an anode 
and starts to corrode. From corrosion prevent it is a 
fundamental issue, because requirements for such 
coatings (as tightness and compactness). Other-
wise the corrosion rate of such defected coating 
will be even higher than uncoated AZ91 alloy. 
This phenomenon was described in [46] dur-
ing neutral salt spray tests carried out on HVOF 

sprayed coatings. As it could be seen in Table 4 
and Fig. 6, Ecorr and Rp values for C3D3 sample 
are relatively close to the AZ91 substrate. It could 
be explained by the highest porosity of this coat-
ing. Moreover, the more complex chemical com-
position promotes the formation of more corro-
sion cells [65]. The sample was also characterized 
by the highest roughness which influences on the 
improvement of the real tested area which is also 
important here. There are much more number of 
corrosion cells on the more expanded surface in 
comparison to a smoother surface. On the other 
hand, two others samples are characterized by 
much better corrosion resistance. The good cor-
rosion resistance of the C1D3 sample may be ex-
plained by its relatively simple composition (just 
two components, without nickel) which limits the 
corrosion cells formation. The best performance 

Fig. 4. The SEM images of coatings’ cross sections: C1D3 (a), C2D3 (b), C3D3 (c)

Fig. 5. The SEM images detailed microstructures of samples: C1D3 (a), C2D3 (b), C3D3 (c)

Table 4. The results of the potentiodynamic measurements in 3.5% NaCl solution
Sample jcorr, µA·cm-2 Rp, Ω·cm2 Ecorr, V CR, mm·yr-2

AZ91 1612.1±265,3 17.8±2.9 - 1.559±0.019 34.52±5.68

C1D3 59.1±8.7 432.5±63.5 - 0.978±0.011 1.27±0.19

C2D3 14.3±2.0 2621.1±358.8 - 0.697±0.016 0.31±0.04

C3D3 1249.0±155.3 24.9±3.1 - 1.230±0.014 26.74±3.32
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is exhibited by C2D3 coating, because of pres-
ence of Cr addition. Chromium is a metal which 
may easily transform to passive state so the prop-
erty make the WC-Co-Cr coating the best among 
the studied ones. The Rp and jcorr values for C2D3 
sample were c.a. 150 and 115 times better, respec-
tively than for AZ91 reference sample.

The courses of the OCP curves (Fig.7) pro-
vided additional, interesting information about 
the stability of the tested samples immersed in the 
3.5% NaCl solution. In the case of the well-re-
sistant coatings (C2D3 and C1D3), the OCP was 
very stable throughout one hour of the immersion 
which confirms their good tightness and no influ-
ence of the magnesium alloy substrate. The open 

circuit potential of the significantly worse coating 
(C3D3) was practically stable for about 1700 s 
and has been staying on a relatively high level of 
the potential (about -0.9 V vs. SCE). After this 
time the OCP began to drop drastically, finally 
reaching a value of less than -1.2 V. The observed 
fast falling of OCP towards the value of EOCP of 
magnesium alloy substrate indicates a soaking of 
the WC-Cr3C2-Ni coating by the corrosive me-
dium resulting from its poor tightness (and the 
highest porosity). As a result, relatively strong 
corrosion cells could have formed, especially in 
the area of the coating/substrate interface. Apart 
from the complexity of the chemical composition 
of the C3D3 HVOF coating, the penetration of 

Fig. 7. The open circuit potential curves for the tested samples

Fig. 6. Potentiodynamic curves for the tested samples
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the solution clearly explains its weak corrosion 
resistance.

The degree of corrosion resistance of the 
HVOF coatings was also confirmed by micro-
scopic analysis of surface structure after the po-
tentiodynamic measurements (Fig. 8). The struc-
ture of the samples C1D3 and C2D3 are practical-
ly unchanged in comparison to their appearance 

before the polarization which proved their high 
corrosion resistance in the aggressive chloride so-
lution. In the case of the C3D3 sample the surface 
of tested area was covered by white-gray corro-
sion products of magnesium alloy substrate. The 
layer of corrosion products was characterized by 
porous and well-expanded structure which was 
very similar to structure of corrosion products of 

Fig. 8. The SEM images of the surface structure of coatings after the potentiodynamic tests
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AZ91 sample. The remains of HVOF coatings 
were no observed is the testes area. The WC-
based coating was degrading by intensive hydro-
gen evolution during the anodic polarization and 
the remains were on the bottom of corrosion cell. 

CONCLUSIONS

Based on the tests carried out on the different 
cermet coatings deposited on the AZ91 magne-
sium alloy substrate with high velocity oxy fuel 
(HVOF) spraying, the following conclusions 
could be made. The interface between coating and 
substrate was clear, no evidence of delamination 
either other discontinuities was observed. The 
coating adheres tightly to the substrate and fills all 
surface irregularities. Microscopic investigation 
revealed that there are some voids and cracks, 
which could promote porosity and small quantity 
of partially melted initial powder particles which 
was especially observed for WC-Cr3C2-Ni coat-
ing where porosity was equal to 3.0 ± 0.5 vol.%. 
The surface roughness of the sprayed coatings 
was greater than the roughness of the AZ91 mag-
nesium alloy substrate (Ra = 0.4 ± 0.15 µm) espe-
cially in the case of double carbide coating C3D3 
(Ra = 5.40 ± 0.34 µm). The porosity values are 
relatively high, as for HVOF sprayed coatings, 
nevertheless it is connected with high spray dis-
tance (400 mm) which was selected in order to 
prevent magnesium alloy against the flame. The 
best corrosion resistance is exhibited by C2D3 
coating. Also, good resistance was characteristic 
for C1D3 coating. In case of C3D3 coating the 
corrosion, resistance was similar like uncoated 
AZ91 substrate. It could be because of relatively 
high porosity of the C3-D3 coating.
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