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Abstract: Al-containing coatings were prepared on AZ31 magnesium alloy by pack-cementation technology. X-ray 
diffraction (XRD), backscattered electron imaging (BSEI) and energy dispersive spectroscopy (EDS) were jointly 
employed to characterize the phases, microstructure and composition of the coated samples. The results show that the 
feedstock composition has a significant impact on the phases, microstructure and thickness of the coatings. For the 
sample with AlCl3 powder as the activator, the coating is very thick and composed of gradient phases and structures 
from surface to inside, including small amount of β-Mg2Al3, coarse eutectic-like structure of γ-Mg17Al12 + δ-Mg, and 
fine γ-Mg17Al12 precipitations. In contrast, for the sample with AlCl3 and pure Al composite powders as the activator, 
the coating is relatively thin and contains a thin Al2O3 layer and a small amount of fine γ-Mg17Al12 precipitates. For the 
pack-cementation aluminizing that is not protected by high-vacuum or inert gas, the addition of pure Al powders can 
easily introduce the Al2O3 layer into the coating to prevent active Al ions further penetrating into the magnesium matrix, 
resulting in the thin Al-containing coating. The microhardness and corrosion behavior of the two kinds of aluminized 
coatings were also studied and discussed. 
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1 Introduction 
 

Magnesium alloys have broad application 
prospects in the fields of aviation, aerospace and 
transportation due to their excellent comprehensive 
properties, such as high specific strength [1], large 
elastic modulus [2], good heat dissipation [3], good 
shock suppression [4], and high impact load bearing 
capacity [5,6]. However, the poor corrosion 
resistance of magnesium alloys is one of the 
technical bottlenecks restricting their promotion and 
application [1,7]. In addition to surface alloying [8] 
or surface structure adjustment [9], surface coating 
is also considered to be a simple, effective and 

economical method that can greatly improve the 
corrosion resistance of magnesium alloys. Many 
coating technologies, such as physical/chemical 
vapor deposition [10,11], plasma electrolytic 
oxidation [12,13], surface laser cladding [14], and 
thermal spraying [15], have been widely studied to 
introduce coatings/films on the surface of 
magnesium alloys in order to improve their 
corrosion resistance.  

Pack-cementation is one of the most important 
low-cost methods for preparing thermal diffusion 
coating on metallic materials [16−18]. Generally, 
the coating deposited by pack-cementation is 
metallurgically bonded with the substrate and has 
strong adhesion [19]. ZHU and SONG [20] used Al 
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powder as the diffusion source and prepared an 
Al-rich coating on the AZ91D substrate to 
successfully improve its corrosion resistance and 
hardness. LU et al [21] reported that the Al-rich 
intermetallic coating is composed of Mg17Al12 
phase and α-Mg phase when the pack-cementation 
temperature reaches 430 °C. The Mg17Al12 (γ-phase) 
is a common intermetallic compound in the thermal 
diffusion Al-coating of magnesium alloy [22]. The 
large volume fraction of γ-phase can not only 
increase the hardness, but also improve the 
corrosion resistance of the magnesium alloy. This is 
because the γ-phase can act as an anode barrier to 
inhibit the overall corrosion of the magnesium alloy. 
However, the major challenge of the pack- 
cementation diffusion coating on metallic materials 
is to reduce the processing temperature to alleviate 
or even avoid the coarsen effect on the micro- 
structure and properties of the substrate [23]. 

It has been reported that the use of molten 
chloride (AlCl3 and NaCl) as diffusion activator can 
effectively reduce the diffusion temperature, and 
can prepare Al-rich coatings on Mg alloys at lower 
temperatures [24,25]. In this study, two kinds of 
packed powders were used to prepare the Al-rich 
coatings on the AZ31 alloy by the pack-cementation 
technology. The influence of the composition    
of the packed powders on the microstructure and 
performance of the Al-coating was studied through 
carefully microstructural characterization, hardness 
and potentiodynamic polarization tests. 
 
2 Experimental 
 
2.1 Sample preparation 

AZ31 hot-rolled sheet with a chemical 
composition of 3.05% Al, 1.05% Zn, 0.42% Mn, 
0.04% Si, 0.01% Cu, 0.003% Fe, 0.001% Ni (mass 
fraction), and Mg in balance was selected as the 
substrate material. Rectangular specimens with the 
gauge dimensions of 15 mm × 20 mm × 7 mm were 
cut from the sheet by wire-cutting. Prior to the 
pack-cementation aluminizing, the specimens were 
ground by SiC papers to 48 μm, and then 
ultrasonically cleaned in acetone solution. 

Two types of packed powders were used to 
prepare the coatings on the AZ31 specimens. The 
coated samples were named as PA-1 and PA-2 
according to their different packed powders. The 
powder composition of PA-1 sample was 50% 

AlCl3 (mass fraction, and hereafter) as Al feedstock, 
50% NaCl as activator, while the powder 
composition of PA-2 sample was 33% AlCl3 and  
33% pure Al as feedstock, and 34% NaCl as 
activator. The diameter of all the powders was less 
than 75 μm. Prior to aluminizing treatment, the 
mixed powders were thoroughly stirred and put into 
a ceramic crucible, and then sealed with the mixture 
of refractory and sodium silicate. The aluminizing 
treatment of both PA-1 and PA-2 samples was 
performed in a box-type heating furnace at 400 °C 
for 8 h. After the pack-cementation treatment, the 
samples were cooled to room temperature in the 
furnace. 
 
2.2 Characterization  

The surface phase analysis of the coated 
samples was carried out by using an X-ray 
diffraction instrument (XRD, Empyrean Series 2, 
PANalytical, Almelo, The Netherlands) with Cu Kα 
radiation. The scanning range was 20°−90°, with an 
increment of 0.013° per step. Secondary electron 
imaging (SEI) and backscattered electron imaging 
(BSEI) detectors installed on a field emission gun 
scanning electron microscope (FEGSEM, Zeiss 
Sigma HD, Zeiss, Dresden, Germany) were used  
to characterize the microstructure from the 
cross-sectional view of the coated samples. The 
distribution of each element in the coating was 
analyzed by an energy-dispersive spectroscopy 
(EDS, AZtech Max2, Oxford Instruments, London, 
UK) installed on the FEGSEM. Prior to the 
microstructure characterization, the samples were 
ground by SiC papers to 48 μm and then corroded 
with magnesium alloy etching solution (mixing 
equal amounts of ethanol, glacial acetic acid and 
deionized water, and then adding picric acid until 
saturated). 

Potentiodynamic polarization test was 
performed on a Gamry instrument (reference 3000, 
PA Warminster, USA). The experimental conditions 
were as follows: room temperature, 1 cm2 of the 
sample surface as the working area, and 3.5% NaCl 
aqueous solution as the corrosive solution. The 
reference electrode was a saturated calomel 
electrode, the auxiliary electrode was a platinum 
electrode, and the working electrode was the 
samples. The dynamic potential range was from 
−1.8 to −1.0 V, and the scan rate was 2 mV/s. The 
microhardness of the sample section was 
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determined by the automatic location table digital 
microhardness tester (HVS−1000Z, Shanghai 
CSOIF Co., Ltd., China) with a load of 0.5 N and a 
holding time of 10 s. 
 
3 Results and discussion 
 
3.1 Phase composition and element distribution 

of coating 
Figure 1 shows the XRD patterns of the 

uncoated and coated samples. The phases were 
determined based on the International Diffraction 
Data Center (ICDD) database. After aluminizing 
treatment, the intensity of the diffraction peaks of 
Mg substrate is significantly reduced compared 
with that of the as-received sample, and the second 
phases are detected in the coated samples of PA-1 
and PA-2. The Mg17Al12 phase is observed both in 
the PA-1 and PA-2 samples. The difference is that 
there is a small amount of Mg2Al3 phase existing in 
the PA-1 sample. 
 

 
Fig. 1 XRD patterns of various samples 
 

During the pack-cementation processing, 
permeation and formation of coating are purely due 
to the diffusion and transfer of atoms and/or ions, 
which is caused by the difference in the stability of 
the concentration maintained on both sides of the 
packed powders and the matrix. As the temperature 
rises, the concentration of active Al atoms and ions 
in the packed powders continues to increase and 
becomes unstable, which causes Al atoms/ions to 
diffuse to the side of the Mg substrate, and vice 
versa [24]. According to the Al−Mg binary phase 
diagram [22], when the Al concentration exceeds its 
solid solubility in Mg, the γ-Mg17Al12 will first form, 
and when the Al concentration continues to increase, 

the β-Mg2Al3 phase will form. During the 
pack-cementation processing, the Al concentration 
gradually decreases from the outside to the inside, 
so the β-Mg2Al3 with higher Al content in the 
coating is closer to the outer layer, while the 
γ-Mg17Al12 with relatively low Al content is closer 
to the Mg substrate. In addition, it can also be 
inferred that the absence of Mg2Al3 in the PA-2 
sample is because the Al concentration is 
insufficient in the Al-coating, that is, the diffusion 
flux is not sufficient in the PA-2 sample during the 
pack-cementation. 

Figure 2 displays the microstructure and EDS 
results of the two kinds of coated samples. From 
Fig. 2(a), it can be seen that an Al-coating with a 
thickness of 180 μm was prepared on the PA-1 
sample. The coating thickness is uneven and the 
coating surface is rugged. Moreover, coarse second 
phases can be clearly seen in the coating. Unlike the 
PA-1 sample, as shown in Fig. 2(b), a uniform 
Al-coating with a thickness of only 25 μm was 
fabricated on the PA-2 sample. Moreover, the 
coating of the PA-2 sample is much flatter than that 
of the PA-1 sample, and no obvious second phases 
are observed on the coating. The mass fraction ratio 
of the penetrating element to the matrix element can 
be used to reflect the reaction of the elements 
between the penetrating agent and the matrix, that  
is, whether the coating is composed of a solid 
solution or a compound [26,27]. Figures 2(c) and (d) 
show the mass fraction ratio of Al/Mg along the 
scanning line in the PA-1 and PA-2 samples, 
respectively. Obviously, the mass fraction ratio of 
Al/Mg of the former is zigzag, while the latter is 
linear, indicating that the former is dominated by 
Al−Mg compounds, while the latter is Al−Mg solid 
solution (Al−Mg SS). From the above comparison, 
it can be seen that although the Al element has 
penetrated into the magnesium matrix, the 
penetration depth and the interaction with the 
magnesium matrix are completely different due to 
the difference of the penetrating agents. 
 
3.2 Microstructure of coating 

Figure 3 presents the highly-magnified micro- 
structure and EDS results of the PA-1 sample. 
Coarse eutectic-like structure can be clearly 
observed on the outmost surface of the coating,   
as shown in Fig. 3(a). The coarse eutectic-like 
structure composed of alternating bright region (P1)  
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Fig. 2 SEM images and EDS line scanning spectra (a, b), and Al/Mg mass fraction ratio along depth direction (c, d) of 
PA-1 sample (a, c) and PA-2 sample (b, d) 
 

 
Fig. 3 Microstructures and element distribution of PA-1 sample: (a, b, c) BSEI image; (d) EDS map 
 
and dark region (P2) can be clearly identified. The 
EDS maps also confirm that the bright regions are 
Al-rich phase (see Fig. 3(d)). As shown in Table 1, 
the EDS results show that the P1 contains more Al 

than the P2, respectively corresponding to the 
γ-Mg17Al12 and δ-Mg phases according to the 
Al−Mg binary phase diagram [22]. That is, the 
coarse eutectic-like structure is γ-Mg17Al12 + δ-Mg. 
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Figures 3(b) and (c) show the high-magnification 
microstructure of the layer close to the 
Mg-substrate. Fine eutectic-like structure also 
consisting of alternating bright region (P3 and P4) 
and dark region (P5) can be observed. According to 
the molar fraction (Table 1) and the binary phase 
diagram of Al−Mg, P3 and P4 are considered as 
γ-Mg17Al12, while P5 is δ-Mg. The fine sized 
γ-Mg17Al12 is considered to precipitate from the 
δ-Mg during cooling after the pack-cementation 
treatment. This fine Mg17Al12 is considered to have 
no negative impact on the mechanical properties of 
the alloys [24]. The microstructure observation 
once again proves that as the Al concentration 
gradually decreases from the surface to the inside of 
the coating, two kinds of eutectic-like structures 
with different morphologies are formed in the 
coating of the PA-1 sample: the outer coarse 
eutectic-like structure of γ-Mg17Al12 + δ-Mg and the 
inner fine γ-Mg17Al12 precipitates on the δ-Mg 
matrix. It should be noted that the β-Mg2Al3 is not 
directly observed in the microstructure of the PA-1 
sample. This may be due to its small amount and 
small size. Additionally, since the β-Mg2Al3 phase 
is distributed in the outermost layer of the coating, 
it cannot be ruled out that the β-Mg2Al3 phase may 
fall off during the metallographic sample preparation. 
 
Table 1 EDS analysis results at Points P1−P5 in Fig. 3 

Point 
Mass fraction/%  Molar fraction/% 

Mg Al  Mg Al 

P1 57.82 42.18  60.34 39.66 

P2 88.18 11.82  89.23 10.77 

P3 82.48 17.52  83.94 16.06 

P4 83.90 16.10  85.26 14.74 

P5 95.33 4.67  95.77 4.23 

 
Figure 4 shows the microstructure and element 

distribution of the PA-2 sample. Consistent with the 
XRD results, the second phase in the coating is very 
small and almost unobservable, as shown in 
Fig. 4(a). As discussed above in Fig. 2(b), the 
coating of PA-2 sample is mainly composed of 
Al−Mg SS (δ-Mg) and a small amount of Mg17Al12. 
Clearly, a slight Zn-rich Al-coating can be identified. 
Because Zn is nobler than Al and Mg, it remains 
virtually unaffected and therefore enriches on the 
surface [24]. The EDS point analysis results are 

shown in Table 2. It can be seen that with the 
increase of the diffusion depth from R1 to R3, the 
concentration of Al decreases and that of Mg 
increases. Moreover, the outermost layer of the Al 
coating is oxidized to form a thin aluminum oxide 
layer. For the PA-2 sample, pure Al powders were 
added as the feedstock to the packed powders. 
During the aluminizing treatment, the pure Al 
powder can directly react with O to form Al2O3, and 
the Al2O3 is concentrated in the outermost layer of 
the coating. It should be noted that the Al2O3 layer 
is too thin to be identified by the XRD. It is well 
known that the structural stability of aluminum 
oxide is very high, and it is very dense, which is the 
fundamental reason for the addition of Al and/or 
aluminizing to improve the corrosion resistance and 
high temperature resistance of the alloys [28−30]. 
 

 
Fig. 4 Secondary electron imaging (SEI) image (a) and 
EDS maps (b) of PA-2 sample 
 
Table 2 EDS analysis results at Points R1−R3 in 
Fig. 4(a) 

Point
Mass fraction/%  Molar fraction/% 

Mg Al  Mg Al 

R1 53.18 46.82  55.76 44.24 

R2 87.24 12.76  88.36 11.64 

R3 97.46 2.54  97.71 2.29 
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Figure 5 shows the growth mechanisms of the 
coatings of the two samples. For the PA-1 sample, 
AlCl3 will react with NaCl firstly [24,31]:  
AlCl3+NaCl→NaAlCl4                                (1)  

When the matrix comes into contacting with 
molten salt, Mg may undergo the following 
replacement reaction with Al3+ in molten salt and 
produce active Al atoms:  
3Mg+2NaAlCl4→2Al+3MgCl2+2NaCl       (2)  

The Gibbs free energy of Reaction (2) varies 
as ∆G=−461997+5.071t (calculated using thermo- 
dynamic data [24]). In the temperature (t) range of 
this study, the ∆G is far less than zero, which means 
that the reaction can occur spontaneously. By 
synthesizing Reactions (1) and (2), the following 
equivalent reaction can be obtained:  
3Mg+2Al3+→2Al+3Mg2+                           (3)  

During the pack-cementation treatment, the 
Al3+ ions continue to penetrate into the Mg matrix, 
resulting in high Al concentration in the coating. 
When the Al concentration exceeds the solid 
solution limit in Mg, the eutectic-like structure of 
γ-Mg17Al12 + δ-Mg will form firstly. Subsequently, 
during the cooling process, the supersaturated δ-Mg 
phase will precipitate the Al-rich Mg17Al12 phase, as 
shown in Fig. 5(a). Since these phases are formed  
at low temperatures during the cooling process, 
their size is smaller than that of the Mg17Al12 phase 
in the eutectic-like product of the diffusion reaction. 
Additionally, during the cooling process, the 
outmost layer precipitates out the Mg-rich phase of 
Mg2Al3 according to the Al−Mg binary phase 

diagram [22]. The melting point of the AlCl3−NaCl 
system is very low (157 °C at equal molar fraction). 
The AZ31 sample originally exists in the molten 
salt, and the surface reacted with the salt, which can 
also be considered as a kind of corrosion behavior. 
However, as the chemical reaction occurs, Al-rich 
coating is formed on the surface of AZ31, which 
can effectively slow down the corrosion of the Mg 
substrate. 

For the PA-2 sample, pure Al powders were 
added as the feedstock to the packed powders. The 
Al powder at 400 °C is not activated [32], and the 
number of Al atoms directly diffused into the 
magnesium substrate is very small. Since the 
packaging powder and the aluminizing process are 
all carried out under atmospheric pressure, a small 
amount of oxygen is inevitable in the packed 
powders. As the strong oxidizing element, at high 
temperatures, Al atoms can react with oxygen to 
form alumina during the pack-cementation. 
Although Al ions in AlCl3 powder can still penetrate 
into the matrix by Reaction (3) to form the Al−Mg 
SS (δ-Mg) and Mg17Al12 precipitate. However, the 
alumina layer is dense, which hinders the diffusion 
of Al ions into the magnesium substrate, resulting in 
the formation of very thin layer of the γ-Mg17Al12 + 
δ-Mg, as shown in Fig. 5(b). One would presume 
that the Al2O3 layer may also be formed during 
sample preparation for the microstructure 
characterization, because the Al-containing coating 
is also exposed to oxygen during grinding and 
polishing. However, by comparing the distribution 
of O in the coatings of PA-1 (see Fig. 3) and PA-2 
(see Fig. 4) samples, we can find that the O in the 

 

 

Fig. 5 Microscopic mechanism of coating formation: (a) PA-1 sample; (b) PA-2 sample 
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PA-1 sample is mainly enriched in the Mg-rich area, 
while the O content in the Al-rich area is 
significantly low, as shown in Fig. 3(c). Such 
phenomena aptly indicate that O in the coating of 
the PA-1 sample was introduced during the sample 
preparation. This is because Mg is more likely to be 
oxidized in an environment exposed to air and 
water than Al during the sample preparation [33]. 
On the contrary, the low O content in the Mg-rich 
region of the PA-2 sample just means that the Al2O3 
layer is not formed in the subsequent sample 
preparation for the microstructure characterization. 
In addition, it should be pointed out that due to the 
high chemical stability and high density of 
aluminum oxide, once the aluminum oxide layer is 
formed, it will seriously slow down the active Al 
atoms or Al ions continue to diffuse into the matrix. 
This is the reason why the coating thickness of the 
PA-2 sample is much lower than that of the PA-1 
sample. 
 
3.3 Properties 
3.3.1 Microhardness 

Figure 6 shows the microhardness distributions 
of the various samples. Obviously, compared with 
the original AZ31 magnesium alloy (HV 53), the 
surface microhardnesses of the aluminized PA-1 
and PA-2 samples are increased to HV 167 and 
HV 111, respectively. Moreover, compared with the 
uncoated sample, the microhardness of the internal 
matrix does not change much after surface 
aluminizing, and no obvious softening is found. The 
increase in surface hardness of the PA-1 and PA-2 
samples is mainly due to the formation of 
eutectic-like products and the precipitation of 
γ-Mg17Al12 phase and alumina layer during the 
aluminizing and cooling processes. The Mg17Al12 is 
a hard and brittle phase with a microhardness of 
HV 220−280 [34,35], which is 3−5 times that of the 
Mg alloy substrate. Therefore, when the content of 
Mg17Al12 phase in the coating increases, the 
microhardness is bound to increase significantly. It 
has been reported that the intermetallic compound 
of γ-Mg17Al12 is one of the main strengthening 
phases of magnesium alloys, which can hinder the 
movement of dislocations and improve the strength 
and hardness of the material [36]. In addition, 
although alumina is harder than γ-Mg17Al12, it can 
be clearly seen that the surface layer of the PA-2 
sample has a lower hardness than that of the PA-1 

sample. This may be because the alumina layer on 
the surface of the PA-2 sample is too thin, and the 
length of the Vickers hardness indentation is greater 
than the thickness of the alumina layer, resulting in 
the microhardness of the PA-2 sample being much 
lower than that of pure alumina. 
 

 
Fig. 6 Cross-section microhardness curves of two 
samples 
 
3.3.2 Corrosion behavior 

Figure 7 shows potentiodynamic polarization 
curves of various samples. All the polarization data 
were measured by Tafel extrapolation method, and 
the corrosion rate (CR, RC) was calculated by [16]  

3
e corr

C
3.27 10 W JR

ρ

−×
=  

 
where We is the weighted average of the ratios of 
relative atomic mass and valences of Mg, Al, and 
Zn in the sample, calculated as 12 g in this study; 
Jcorr is the corrosion current density (μA/cm2); ρ is 
the density (1.79 g/cm3). The corrosion parameters 
are shown in Table 3. Compared with the uncoated 
sample, the self-corrosion potential of the PA-1 and 
PA-2 samples is significantly increased. The CR of 
the two samples is significantly reduced, while the 
corrosion current density is reduced by more than 
an order of magnitude, indicating that the corrosion 
resistance is improved after aluminization. Since 
the self-corrosion potential of the Al−Mg 
compounds is higher than that of Mg [20], it 
reduces the potential difference of the 
electrochemical corrosion and electromotive force 
of the corrosion battery. Studies have shown that 
the large volume fraction of Mg17Al12 intermetallic 
compound (γ-phase) can not only increase the 
hardness of the alloy, but also improve the corrosion 
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Fig. 7 Potentiodynamic polarisation curves of different 
samples 
 
Table 3 Corrosion potential (φcorr), corrosion current 
density (Jcorr) and average corrosion rate of samples 

Sample 
φcorr(vs SCE)/ 

V 
Jccor/ 

(A·cm−2) 
RC/ 

(mm·a−1)
As-received −1.48 2.91×10−4 6.393 

PA-1 −1.13 4.38×10−6 0.097 

PA-2 −1.21 1.01×10−5 0.223 
 
resistance of the magnesium alloy. This is because 
the γ-phase can be used as an anode barrier to 
inhibit the overall corrosion of the alloy [22]. This 
is the main reason for the lower corrosion rate of 
the PA-1 sample. Although the corrosion resistance 
of Al2O3 is stronger than that of any second phase in 
magnesium alloy, the thickness of Al2O3 coating is 
too thin and not uniform enough, but it may be 
damaged prematurely during sample preparation 
and testing, resulting in the lower corrosion 
resistance of PA-2 sample. 

The corrosion morphology of each sample 
after the polarization test is shown in Fig. 8. It can 
be clearly seen that the surface corrosion pits of the 
untreated sample are very large (see Figs. 8(a) and 
(d)), indicating that the sample has been severely 
corroded. The corrosion surface morphology of the 
PA-1 sample (see Figs. 8(b) and (e)) is much flatter 
than that of the as-received sample, and the 
corrosion pit of PA-2 sample (see Figs. 8(c) and (f)) 
is much smaller than that of the as-received sample, 
but slightly larger than PA-1 sample. This further 
illustrates that the Al−Mg coating can improve the 
corrosion resistance of AZ31 magnesium alloy, 
while the corrosion resistance of the PA-2 sample is 
slightly lower than that of the PA-1 sample. The 
continuous Al−Mg intermetallic compound layer 
can play an anti-corrosion role, thereby greatly 
enhancing the corrosion resistance of magnesium 
alloy [20]. 

 
4 Conclusions 
 

(1) When AlCl3 powder is used as the activator, 
the coating thickness is larger than the coating using 
AlCl3 and pure Al composite powder as the 
activator, but the latter has better flatness. 

(2) The coating is composed of a small amount 
of β-Mg2Al3, coarse eutectic-like structure of 
(γ-Mg17Al12 + δ-Mg) and fine γ-Mg17Al12 
precipitations when using AlCl3 powder as the 
activator, while it only contains a thin Al2O3 layer 
and a small amount of fine γ-Mg17Al12 
precipitations when using the mixture powders of 
AlCl3 and pure Al as the activator. 

(3) For pack-cementation aluminizing that is 
 

 
Fig. 8 Corrosion morphologies of different samples: (a, d) As-received; (b, e) PA-1 sample; (c, f) PA-2 sample 
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not protected by high-vacuum or inert gas, the 
addition of pure Al powders can easily introduce an 
Al2O3 layer into the coating to prevent active Al 
ions further penetrating into the magnesium matrix, 
resulting in a thin Al-containing coating. 

(4) Both Al-containing coatings can effectively 
improve the surface hardness and corrosion 
resistance of AZ31 magnesium alloy, but the 
hardness and corrosion resistance of the coating 
with AlCl3 as pack-cementation feedstock are 
slightly better than those of the coating with AlCl3 
and pure Al composite as pack-cementation 
feedstock, owing to the thicker coating of the 
former. 
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摘  要：采用包埋渗法在 AZ31 镁合金表面制备 Al 涂层。利用 X 射线衍射(XRD)、背散射电子成像(BSEI)和能谱

仪(EDS)等技术对 Al 涂层的物相、显微组织和成分进行表征分析。结果表明，包埋粉的成分对涂层的物相、显微

组织和厚度有显著影响。对于以 AlCl3 粉末为活化剂的样品，涂层较厚，涂层从表面到内部由呈梯度分布的相和

组织构成，包括少量的β-Mg2Al3、粗大的 γ-Mg17Al12 + δ-Mg 类共晶结构和细小的 γ-Mg17Al12 沉淀相。相比之下，

以 AlCl3和纯 Al 复合粉末为活化剂的样品，涂层相对较薄，且含有一层薄的 Al2O3层和少量细小的 γ-Mg17Al12沉

淀相。这是因为对于不受高真空或惰性气体保护的包埋渗铝，以纯铝粉为渗源材料易在涂层中引入 Al2O3层，从

而阻碍活性 Al 离子进一步渗入到 Mg 基体中，最终导致形成的富 Al 涂层较薄。此外，还对两种不同铝涂层样品

的显微硬度和腐蚀行为进行研究和讨论。 
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