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Protective surface coatings on an AZ91D magnesium alloy were formed in an atmosphere mixture of
nitrogen and 1,1,1,2-tetrafluoroethane (HFC-134a). The surface composition and microstructure were char-
acterized using X-ray diffraction analysis and scanning electron microscopy, respectively. The cross-sec-
tion morphologies of the coatings show that an increase in conversion time results in an increase in the
continuity and compactness of the coating generated on the surface of the AZ91D alloy. The corrosion
resistance tests performed by immersion into 3.5% NaCl solutions were investigated by electrochemical
measurements. The results showed that the coated samples had higher corrosion resistance than the un-
coated alloy. On the other hand, the corrosion density of the coated samples decreased by increasing the
conversion time by about two orders of magnitude, compared with the un-coated samples. This behaviour
is attributed to the formation of a protective surface film constituted mainly for MgF2, together with other
phases. The nature of these phases depends on the process conditions.

Keywords: magnesium alloy, surface film, corrosion, protection, microstructure

1. INTRODUCTION

Magnesium and its alloys are in demand in many industry
applications due to their good properties [1]. However, their
applications are still limited during service due to the extreme
reactivity between magnesium and oxygen [2] and the poor
corrosion resistance in particular in chloride containing solu-
tions [3-7]. The poor corrosion behaviour of Mg alloys results
from the high intrinsic dissolution tendency of magnesium,
which is only inhibited by the corrosion product film that
forms on the alloy surface. This protective film breaks due to
the anodic and cathodic partial reactions taking place pre-
dominately on the Mg metal surface [8]. 

Therefore, it is necessary to protect these alloys in aggres-
sive environments. Many efforts have been devoted to improv-
ing the anti-corrosion performance of magnesium alloys through
the formation of favourable intermetallics [9-11], producing
protective surface films [4,12-14] or modifiying the oxide
layer on the surface [15]. Some coating technologies have been
considered to be an effective way of controlling and reduc-
ing corrosion rates [16]. However, one of the main disadvan-

tages in these processes is the toxicity of precursors such as
SF6 gas mixture. This gas can form a thin, coherent and stable
film on the melt surface of Mg [17,18], but it has become
recognized as a high greenhouse effect gas [19]. 1,1,1,2-
Tetrafluoroethane (CF3CH2F, HFC-134a) has been developed
for magnesium melt protection [20-22]. Therefore, HFC-134a
is a good candidate for the replacement of SF6.

Studies on reduction or inhibition of the oxidation of molten
magnesium and its alloys in air using HFC-134a gas mixture
are available in the literature [23-25]. However, this work
investigates the generation of a protective surface film leav-
ing the substrate (Mg alloys) in a solid state with using a N2/
HFC-134a gas mixture. The aim of the present work is to
generate and characterize films on the AZ91D alloy surface
using as precursors a mixture of nitrogen and 1,1,1,2-tetra-
fluoroethane. The characterization of the films obtained was
investigated from the point of view of the microstructural
and oxidation resistance.

2. EXPERIMENTAL PROCEDURE

The material used for the investigation was a commercial
as-cast AZ91D magnesium alloy with a nominal composi-
tion (wt%) of Al 8.66, Zn 0.58, Mn 0.20, Si 0.019, Ni 0.008,
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Cu 0.003, Fe 0.0021 and Mg balance. The as-cast sheet was
cut into samples with dimensions of 20×20×3 mm3. Before
exposure to the mixture gas, the samples were ground down
to a 600 grit silicon carbide paper and cleaned in acetone fol-
lowed by air drying. In order to form a surface coating on the
AZ91D, thermal treatments were carried out at 550 °C during
a conversion time of between 30 and 90 min. The chemical
composition of both gases HFC-134a and technique N2 was
99.998% pure. The furnace atmosphere was filled by N2

containing 2% of HFC-134a and was controlled by flow meters.
Surface and cross section morphologies of the coating

obtained were examined by scanning electron microscopy
(JEOL 6400 operating at 20 kV). The main phases in the coat-
ing were detected using X-ray diffraction measurements (Philips
X’Pert PD P3040 diffractometer with a CuK source at 40 kV
and 40 mA) and X-ray induced photoelectron spectroscopy
(Perkin-Elmer 5400 ESCA Series attached with a 15 kV X-ray
gun).

Potentiodynamic polarization experiments were performed in
a three-electrode cell, using a platinum foil as counter elec-
trode, an Ag/AgCl (satured KCl) electrode as a reference
electrode and AZ91D or coated-AZ91D as a working elec-
trode, which were covered with cold setting resin exposing
an area of 1 cm2 in a 3.5 wt% NaCl aerated solution (pH
6.84). Tests were carried out using a scanning rate of 1 mVs1.
The corrosion potential and intensity were calculated from
the polarization curves. All electrochemical measurements
were repeated more than three times at 25 °C using an Amel
model 2049 potentiostat for better reproducibility. The surface
morphology and chemical composition of the phases were
investigated after the corrosion tests.

3. RESULTS AND DISCUSSION

Both surface microstructure and chemical composition of
the substrate change when it is exposed to temperature in a
mixture gas. The process conversion time exerted an influence
on the morphology of the surface film. Figure 1 shows the
SEM images of the surface of AZ91D magnesium alloy after

exposure to nitrogen containing a 2 wt% HFC-134a at 550°C
for times ranging from 30 to 90 min. It is clear that the sur-
face morphology varies with the process time.

After exposure to the mixture gas during 30 min (Fig. 1a),
the surface of substrate alloy was rough and contained numer-
ous discontinuities, which indicated that the surface film will
not provide effective protection to the substrate. Increasing
the time to 60 min (Fig. 1b), the surface morphology is flat-
ter and a smoother surface film could be seen on the surface
of the AZ91D magnesium alloy. When the time was increased
to 90 min a uniform and compact protective surface film

Fig. 1. SEM micrographs of the surface film under the atmosphere of N2 containing 2% HFC-134a at 550 °C formed on AZ91D magnesium
alloy for (a) 30 min, (b) 60 min and (c) 90 min.

Fig. 2. Cross-sectional morphology and analysis of coated AZ91D
magnesium alloy samples in N2/2% HFC-134a gas mixture at 550°C,
obtained for different conversion time: (a) SEM image and (b) energy
spectrum image of F of sample obtained for 30 min; (c) SEM image
and (d) EDS spectrum of sample obtained for 60 min; (e) SEM image
and (f) EDS spectrum of sample obtained for 90 min.
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(Fig. 1c) can clearly be observed. Analysing the cross-section
morphology of the coating, we confirmed that the increase in
conversion time results in an increase in the continuity and
compactness of the coating generated on the surface of the
AZ91D alloy. As can be seen from Fig. 2, the thickness of
the surface film was estimated to be about 1-1.5m for 40 min
and about 2-2.7 m for 60 min. These thickness increased up
to 5 m for the longest time used. Good adhesion between
the coating and the substrate is seen without a visible bound-
ary in some cases, which is due to the fact that the coating is
growing on the substrate by chemical conversion. However,
discontinuities on the coating can be observed in the condi-
tion of the longest time. It seems that a part of the film had
been dissolved. XRD analysis was used to analyse the surface
composition change associated with these microstructures. It
can be seen from Fig. 3 that the reaction products in the sur-

face film varied with the conversion time. When the time
used is between 30 and 60 min, the surface film consisted of
MgO, MgF2 and nitride of Mg and Al (Fig. 3a). The Mg peak
may be caused by the X-ray radiation penetrating the thin
film into the substrate alloy. The phases detected in these films
are associated with the thermodynamic values of reaction.
Mg and Al react with F2, N2 and O2 contained in the mixture
gas at 550 °C, with negative ΔG to these processes. As the
time increases the no AlN was detected likely because the
amount of this phase is too low to be detected by X-ray. However,
the formation at a long conversion time of a new phase, AlF3, is
detected on the coating together with the phases detected for
short conversion times. This phase (AlF3) is water soluble so
it could explain the presence on the film of gaps which form
during the metallographic preparation process. 

In order to confirm the presence of minor phases, the sur-
face of all the films formed on AZ91D alloy were examined

Fig. 3. XRD patterns of the film formed on AZ91D magnesium alloy
samples after exposure to the atmosphere of N2 containing 2% HFC-
134-a for (a) 30 min, (b) 60 min and (c) 90 min.

Fig. 4. XPS spectra of surface film formed on AZ91D alloy in N2 con-
taining 2% HFC-134-a for 30 min. (a) whole survey spectra, (b) Mg
2p, (c) Al 2p (d) N 1s and (e) F 1s.
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by XPS. Figure 4a shows the XPS spectrum of the surface
film formed for 30 min in a protective atmosphere of N2 con-
taining 2% HFC-134a. Based on the integrated peak inten-
sity and taking into account the atomic sensibility factor, the
elemental compositions of the film formed under different
conversion times are shown in Table 1. The surface films con-
sisted of magnesium, fluorine, aluminium, nitrogen and oxy-
gen, which is in agreement with the results determined by X-ray. It
can be seen that the content of magnesium and fluorine did
not change significantly. The chemical structures of the films
were determined by examining the Mg 2p, Al 2p, N 1s and F
1s core levels. Figure 4b gives the Mg 2p photoelectron spectrum.
It can be deconvoluted into three components assigned to
Mg-F (51.3 eV), Mg-N (50.5 eV) and Mg-O (49.7 eV) bonding.
The existence of the last one confirms the extremely high
chemical affinity of the magnesium with the oxygen. However,
since the intensity of the peak at 49.7 eV was lower than that
of the peak at 51.3 eV, it could be deduced that the content of
MgO in the film was very small. The Al 2p state in Fig. 4c
shows the peak shift due to nitride and fluoride formation at
74.6 eV and 75.9 eV, respectively. According to the N 1s spec-
trum (Fig. 4d), nitrogen presented in two chemical states.
The lower binding energy peak at 397.2 eV was assigned to
AlN and the higher binding energy peak at 396.4 eV was
attributed to Mg3N2. The F 1s spectrum (Fig. 4e) yields at the
surface two main bonding states with binding energies 685.3
eV and 683.2 eV attributed to the Mg-F bond in MgF2 and
the Al-F bond in AlF3, respectively.

Based on the above XPS analysis results, we concluded
that AlF3 and AlN phases existed in the surface films on all
the conversion times. However, because the amount of these
compounds were much less than that of other compounds,
such as MgF2, these phases were not detected in the X-Ray
analysis.

Therefore, increasing the conversion time favoures the dif-
fusion processes that are associated with the formation and
growth of secondary phases. These phases are not always
desirable because they may adversely affect the corrosion
resistance of these generated layers.

Aside from what is expected, an increase of the exposure
time will not allow a better corrosion resistance, because the
formation of a water soluble phase (AlF3) increases. On the

other hand, at 30 min exposure the film formed is not enough to
protect the sample from corrosion. Therefore a 60 min expo-
sure will be the best option due to an adequate film thickness
and a concentration of AlF3 that will not affect the corrosion
resistance. In addition, at 90 min exposure, the film could have
overcome a limit thickness, which causes an increasing residual
stress. These stresses could be responsible for layer cracking
and the loss of continuity of the same decreasing this way of
the corrosion resistance.

The coatings produced have different morphological and
compositional characteristics, which will significantly influ-
ence in their protective behaviour. Thus, polarization curves
were carried out to investigate the influence of the conver-
sion time on the corrosion resistance of the produced coat-
ings. The polarization curves of the AZ91D and coated-
AZ91D samples are shown in Fig. 5. 

The polarization curves are fitted and the corresponding
Tafel data are shown in Table 2. The corrosion potential,
Ecorr, of coated samples, measured at the intersection between
the anodic and cathodic slopes, was relatively constant at
-1.5 VAg/AgCl and the coated samples exhibited a higher corro-
sion potential than the un-coated alloy. The rise in corrosion
potential of the coated samples can be associated with an
improvement of the integral coating, while a drop can be due
to the film rupture. The formation of the film improving the

Table 1. Element composition of the surface films formed on 
magnesium alloy after exposure to N2 containing a 2 wt% HFC-

134a for different conversion time at 550 °C

Element 30 min 60 min 90 min
 F 53.33 56.38 53.34

Mg 37.38 38.04 39.27
N  4.82  1.95  3.48
Al  2.77  3.00  3.44
O  1.70  0.63  0.47

Fig. 5. Polarization curves of un-coated and coated AZ91D magne-
sium alloy in 3.5 wt% NaCl aqueous solution.

Table 2. Polarization data of tested samples in 3,5 wt% NaCl, as a 
function of conversion time in N2/HFC-134a

Sample Time (min) Ecorr (V)  Icorr (A/cm2) Rp (cm2)
Un-coated AZ91D  0 -1.59 7.9·104  37.25

Coated AZ91D 30 -1.52 3.4·105 2431.91
60 -1.53 8.7·106 4794.75
90 -1.56 5.2·104  159.84
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corrosion resistance of the coated samples takes place as a
consequence of the interaction of F with Mg and Al.

The cathodic polarization curve shifts to left for coated
samples obtained at 30 and 60 min, indicating the inhibition
of the reduction of hydrogen in these cases. However, the
cathodic curve for the coating obtained at a longer time
presents a similar trend to that of the un-coated alloy. The
corrosion current density was also calculated directly from
the polarization curves by Tafel region extrapolation from
the polarization curves. We found that the corrosion den-
sity of the coated samples decreased with an increasing
conversion time (up 60 min) from 7.9·104 A cm2 to 8.7·106 A
cm2 by about two orders of magnitude, compared with the
un-coated samples, which indicates that the coating gener-
ated on the surface decreased the corrosion rate of the un-
coated AZ91D alloy. 

These behaviours can be associated with the nature and
composition of the coating obtained by chemical conver-
sion. The un-coated sample presents a surface film of MgO
which formed on the substrate by reaction with atmospheric
oxygen. However, the coated samples present films com-
posed mainly of fluorides. The corrosion rate increases for
the coated samples obtained at a long conversion time. This
fact can be due to the existence of a greater amount of alu-
minium fluoride in the coatings, which can be formed as
consequence of the diffusion processes. This phase has a
high solubility in water, so that its dissolution may cause
pitting during the electrochemical measurements, thus
increasing the corrosion rate.

The corrosion morphologies of the corroded specimens are
shown in Fig. 6. The difference in polarization resistances is
caused by a difference in the microstructure, composition and
quantity of surface products formed on the surface of the
samples. On the surface of the un-coated AZ91D alloy, the
morphology of corrosion attack in chloride-containing media
revealed localized corrosion at the -Mg/-Mg17Al12 inter-
face (Fig. 6a). The separation between anodic (-Mg phase)
and cathodic zones (-Mg17Al12 phase) is large and not effec-
tively blocked either by the -phase or by the corrosion products

deposited between the -phase and the -phase, causing the
early pitting observed in AZ91 based specimen.

The coating obtained at short and medium conversion
times has a good corrosion resistance, and local corrosion is
not visible, which we attribute to its compact structure (Fig.
6b). Therefore, the continuity of the coating becomes more
protective and inhibits anodic dissolution. Due to the existence
of large pores in the outer films of the coating, the coating
produced at a long time is not satisfying and it loses its pro-
tection effect on the AZ91D alloy (Fig. 6c).

4. CONCLUSIONS

We studied the influence of conversion time for the AZ91D
magnesium alloy on N2/HFC-134a atmospheres and drew
the following conclusions.

(1) A protective film of MgF2 formed on the AZ91D mag-
nesium alloy surface in an atmosphere of N2 containing a 2
wt.% HFC-134a at 550 °C for 60 min. 

(2) An increase in the conversion time resulted in an
increase in the continuity and compactness of the coating
generated on the surface of the AZ91D alloy. However, the
formation of a greater number of phases as AlF3 at a long
conversion time (90 min) caused discontinuity in the film
because this phase is water soluble. Therefore, a 60 min
exposure is the suitable time to find a balance between the
formation of water soluble phases and film thickness.

(3) The corrosion density current of coated samples
decreased by increasing the conversion time (up 60 min)
by about two orders of magnitude, compared with the un-
coated samples, which indicates that the coating generated
on the surface decreased the corrosion rate of the un-coated
AZ91D alloy. 
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Fig. 6. SEM surface micrographs after potentiodynamic polarization test of: (a) un-coated AZ91D magnesium alloy; (b) coated AZ91D alloy
obtained for 30 min of conversion time, and (c) coated AZ91D alloy obtained for 90 min of conversion time.
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