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1 Introduction
Magnesium (Mg) and Mg alloys are widely recognized 
as important structural materials for reducing the weight 
and fuel consumption of vehicles, high-speed trains, and 
aircrafts owing to their low density and high specific 
strength [1-3]. The mechanical performance of Mg alloys 
is strongly influenced by the metallurgical quality 
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Interfacial reaction between AZ91D magnesium 
alloy melt and mild steel under high temperature 

achieved during the melting process [4, 5]. For example, 
the presence of high iron (Fe) content in magnesium 
alloys can lead to the formation of Fe-containing
intermetallics, which negatively impact the mechanical 
performance. Meanwhile, the high content of Fe will also 
greatly reduce the corrosion resistance of the alloys [6-12].
Therefore, it is crucial to improve the melting process 
and ensure high metallurgical quality in Mg production.

During the melting process of Mg, mild steel crucibles 
are generally used due to the low solubility of Fe in Mg 
liquid [13-16]. Meanwhile, the Fe content in Mg alloys 
can be controlled by alloying, and manganese (Mn) is 
considered the most promising one due to its low cost [17-19].
However, Mn can react with Fe in Mg alloys at high 
temperatures, especially in AM and AZ systems, which 
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Fig. 1: Experimental apparatus used for melting AZ91D (a), and samples solidified at room temperature (b)

produces Al-Fe(-Mn) intermetallics [20-23]. Simultaneously, Fe 
element in the crucible may diffuse into the Mg melt [15, 24-27], thus 
leading to significant changes in alloy composition. In addition, 
the interfacial reaction leads to the gradual erosion of the crucible, 
which reduces its service life [15]. A good control of the interfacial 
reaction between Mg liquid and iron or steel is of vital importance. 

Pierre et al. [28] conducted a study on the chemical interaction 
between mild steel and liquid Mg-Mn alloys at 727 ºC. The 
results revealed the formation of a transition zone with a 
gradient in Mn concentration, consisting of an inner layer of 
α-Fe(Mn) and an outer layer of γ-(Fe, Mn). This transition zone 
grew at a slow rate through solid-state diffusion. Dai et al. [24] 
investigated the effect of Mn on the diffusion behavior of Fe in 
molten Mg and Mg-Mn alloys using diffusion couple method 
at the temperatures of 720, 760, and 800 °C. At the interface of 
the Fe/(Mg-2Mn) diffusion couple, a transition layer composed 
of β-Mn(Fe) and γ-(Fe, Mn) was formed. This transition layer 
acted as an effective barrier, preventing the diffusion of Fe 
atoms into molten liquid. Taninouchi et al. [27, 29-30] characterized 
the interfaces between Mg alloy and SUS316 crucibles. After 
heat treatment, a Ni-depleted layer was formed on the inner 
wall due to the preferential dissolution of Ni over Fe and Cr.
Scharf et al. [15] calculated the amount of precipitates formed in a 
steel crucible based on the influence of temperature changes, and 
determined the equilibrium phases of the AZ91 and AS31 melts. 
Additionally, they estimated the lifespan of the crucible by 
assuming a parabolic growth law for the crucible wall thickness. 
Peng et al. [16] systematically studied the effect of carbon content 
in Fe-(0-3.6%)C alloys on the interfacial reaction between 
Fe-(0-3.6%)C and AZ91 alloy. They observed the formation 
of AlFe3C and Al2MgC2 compounds at temperatures ranging 
from 700 to 800 ºC. It should be mentioned that the previous 
studies have primarily focused on thermodynamic aspect. 
However, the dissolution of Fe and the growth of interfacial 
layers between Mg liquid and Fe are more kinetically related, 

particularly at high temperatures. There is currently a shortage 
of comprehensive studies on this topic. Hence, it is crucial to 
investigate the kinetic interface reaction between the Mg melt 
and mild steel crucible during the melting process.  

In the present study, the interfacial reaction between AZ91D 
Mg alloy and mild steel crucibles was investigated. The kinetics 
of the interfacial reaction were studied at temperatures ranging 
from 700 to 800 °C, with holding times varying from 4 to 16 h. 
The microstructure, diffusion behavior of the elements, and growth 
kinetics of the intermetallics layers at the interfaces between 
AZ91D and mild steel crucibles were systematically studied.

2 Experimental procedure
The compositions of the commercial AZ91D and mild steel 
were measured utilizing the inductively coupled plasma-
optical emission spectroscopy (ICP-OES), and the results 
are listed in Table 1. For making the diffusion couple, the 
AZ91D was fabricated into rods with a diameter of 14.5 mm 
and longth of 32 mm using wire electrical discharge machining 
(EDM). Mild steel rods were machined into crucibles with an 
outer diameter of 20 mm, an inner diameter of 15 mm, and a 
depth of 30 mm. The experimental apparatus used for melting 
process is illustrated in Fig. 1(a). The AZ91D rods were placed 
inside the mild steel crucibles. The crucibles were sealed in 
quartz ampoules, vacuumed, and backfilled with Ar to avoid 
oxidization and burning during melting process. Then, the quartz 
ampoules were placed into a preheated Muffle furnace at 700 °C, 
750 °C, and 800 ºC, respectively, and held for 4-16 h. Samples 
were collected at intervals of every 4 h, as shown in Fig. 1(b).

To characterize the microstructure and the Fe content in 
AZ91D, samples with thickness of 5 mm were machined by 
wire EDM in the vertical direction at the center of the crucible 
axis. Meanwhile, a cylinder with a diameter of 7 mm was cut 
from the center of AZ91 sample to determine the Fe content 

Table 1: Chemical compositions of AZ91D magnesium alloy and mild steel (wt.%)

Alloy Al Zn Mn Fe Si Ni  Cu Mg Cr C S P

AZ91D 9.5 0.58 0.25 0.004 0.08 0.001 0.002 Bal. - - - -

Mild steel - - 0.45 Bal. 0.3 0.19 0.20 - 0.19 0.21 0.003 0.0031
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Fig. 3: OM images of interfaces between AZ91D and mild steel held at 700 °C (a), 750 °C (b), and 800 °C (c) for 16 h 

Fig. 2: Sampling position 

by ICP-OES, as shown in Fig. 2. The sample for interfacial 
microstructure observation was prepared along cross-section as 
well. The cross-sections of the mild steel crucibles containing 
AZ91D were ground and polished to #2000 papers, and etched 
by 4vol.% nitric acid alcohol solution.

The interfacial cross-section was examined by optical 
microscopy (OM) and scanning electron microscopy (SEM) 
equipped with an energy-dispersive X-ray spectroscope (EDS) of 
Oxford. Elemental distributions were determined by using electron 
probe microanalysis (EPMA). The thickness of the diffusion 
layer was determined by averaging the measurements taken at ten 
different positions within the diffusion layer using SEM images.

3 Results and discussion
3.1 Microstructure of interfaces between 

AZ91D and mild steel crucible
The OM images of the interfaces between AZ91D and mild 
steel crucible are shown in Fig. 3. The results demonstrate that 
the number of pearlites in the mild steel crucibles obviously 
decreases near the interfaces. Meanwhile, a clear decarbonized 
layer is formed at the surface of mild steel side. This 
decarbonization is caused by the burning of carbon during the 
high temperature holding process [32]. The formed intermetallic 
can be found at the interface while the boundaries of formed 
intermetallic layers are hard to distinguish from OM.

The formed intermetallic layer between AZ91D and mild 
steel at the interface was observed by means of back scattered 
electron (BSE) micrographs, as shown in Fig. 4. It can be clearly 
found the solidified intermetallic layers at 700 °C and 750 °C. 
Moreover, numerous black wormlike structures are present in the 
intermetallic layer at 700 °C and 750 °C, whereas they are absent 
at 800 °C. For the formed intermetallic layers, the initial steel 
surface can be found at the mid of interaction region, indicating 
the formation of intermetallic and the formed intermetallic layer 

has an atomic contrast close to that of mild steel.
To characterize the intermetallic layer, EDS line scanning of 

the interfaces between AZ91D and mild steel was conducted for 
the samples held at 800 °C for 4 to 16 h. Figure 5 indicates the 
line scanning results. It can be seen Al diffuses from the interface 
into the interior of the mild steel crucible and its content decreases 
gradually. Therefore, the thicknesses of the intermetallic layers are 
approximately 28, 39, 48, 55 μm for samples holding for 4 h, 8 h,
12 h and 16 h, respectively, depending on the dissolution of Al 
element. The thickness of the intermetallic layers is increased with 
the increase of holding time.

Figure 6 displays the EDS maps illustrating the atomic 
distributions of Fe, Al, Mn, Mg, C, and Zn at the interfaces 
between AZ91D and mild steel after being held at temperatures 
ranging from 700-800 °C for a duration of 16 h. It is clearly 
shown that Al and Mn in AZ91D are abundant on the surface 
of mild steel during melting process. Mg and Zn are uniformly 
distributed in the AZ91D side. The differences in distribution 
among them are related to their formation heat with Fe. The 
formation heat of Fe-Al ( -  kJ·mol-1) and Fe-Mn 
( -  kJ·mol-1) is significantly lower than that of Fe-Mg 
( -  kJ·mol-1) and Fe-Zn ( -  kJ·mol-1) [31].
Therefore, Al and Mn are the dominant diffusing species 
throughout the entire interfacial reaction process, which aligns 
with our experimental results regarding the interface reaction 
between AZ63 and galvanized Q235 during composite casting [32].
It is interesting that a clear carbon enrichment is observed 
near the interface between the AZ91D matrix and mild steel 
in the samples held at 700 °C and 750 °C. However, this kind 
of enrichment is not observed in the sample at 800 °C. This 
can be attributed to the fact that as temperature increases, the 
solubility of carbon in the Mg matrix also increases [33-34].

From the element distribution results in Figs. 5(d) and Fig. 7,
it can be seen that Fe and Al elements show mutations in the 
interface between AZ91D and mild steel at 700 °C and 750 °C, 
while their concentrations in the intermetallic layers remains 
in a relatively stable range. However, at 800 °C, Fe elements 
show a linear decreasing trend from mild steel matrix to 
AZ91D matrix, and Al elements also show a linear decreasing 
trend but from AZ91D matrix to mild steel matrix.

For better analysis the formation mechanism of intermetallic 
layer, the EPMA quantitative analysis was used to measure 
the compositions at Positions 1-15 in Fig. 8. The results are 
listed in Table 2. Based on the localized atomic ratio and 
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Fig. 4: BSE micrographs of interfaces between AZ91D and mild steel held at 700-800 °C for 4-16 h

Fig. 5: EDS line scanning of interfaces held at 800 °C for 4 h (a), 8 h (b), 12 h (c), and 16 h (d)
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the previous report about interface phase formation [9], the 
corresponding phases of these 15 points can be determined. It 
can be observed that the intermetallic layer is mainly consisted 
of Al(Fe, Mn) phases. At 700 °C and 750 °C, numerous thin 
dark vertical plates are found, which identified as Al2MgC2, 
and some cracks appear. A layer consists of Al8(Mn, Fe)5 is 
formed at the bottom of the Al(Fe, Mn) layer. Additionally, 
there is a thin layer of AlFe3C between the Al(Fe, Mn) and 
Fe layers at 700 °C and 750 °C; however, this layer is absent 
at 800 °C. During initial stages of the experiment at 700 °C 
and 750 °C, sufficient aluminum beyond its local solubility in 

Fe diffuses into steel due to decarburization of the mild steel 
crucible. This leads to carbon diffusion towards the interface 
and subsequent formation of an AlFe3C phase. In contrast, 
Al has a significantly higher solubility in the mild steel at 
800 °C, thus all carbon may have diffused and dissolved into 
the mild steel before enough Al had diffused into the mild 
steel. In addition, even though the steel surface undergoes 
decarburization, it has been observed that the solution of 
carbon in AZ91D liquid at 800 °C remains high [35, 36]. As a 
result, the formation of the AlFe3C phase is not possible at 
this temperature. Similar findings have been reported for the 

Fig. 6: EDS mapping of interfaces at holding temperature of 700 °C (a), 750 °C (b), and 800 °C (c) for 16 h
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Fig. 8: Microstructures of intermetallic layers held at 700 °C (a), 750 °C (b), and 800 °C (c) for 16 h

Fig. 7: EDS line scanning of interfaces held at 700 °C (a) and 750 °C (b) for 16 h

Table 2: EPMA results of Points 1-15 in Fig. 8

Point C (at.%) Mn (at.%) Al (at.%) Fe (at.%) Mg (at.%)  Phase

1 26.212 0.308 15.837 54.869 2.774 AlFe3C

2 18.684 0.495 37.474 29.742 13.605 Al2MgC2

3 3.673 1.918 46.347 47.262 0.8 Al(Fe, Mn)

4 1.871 4.293 49.591 40.578 3.667 Al(Fe, Mn)

5 2.001 10.626 45.623 39.141 2.609 Al(Fe, Mn)

6 1.973 8.144 59.444 27.379 3.06 Al8(Mn, Fe)5

7 20.721 0.637 19.131 57.219 2.292 AlFe3C

8 16.781 1.269 39.559 32.735 9.656 Al2MgC2

9 3.134 6.815 45.625 43.346 1.08 Al(Fe, Mn)

10 2.774 8.802 46.152 42.108 0.164 Al(Fe, Mn)

11 4.001 12.646 57.952 22.898 2.503 Al8(Mn, Fe)5

12 2.615 1.294 21.023 74.978 0.09 AlFe3

13 6.038 2.868 30.144 60.865 0.085 Al(Fe, Mn)

14 2.945 8.146 45.323 43.411 0.175 Al(Fe, Mn)

15 3.308 7.701 64.537 21.193 3.261 Al5(Mn, Fe)2
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interfacial reaction between Mg melt and carbon steel [9, 37], 
as well as for hot dip iron-plated carbon alloys on molten 
aluminum alloys [38-41].

3.2 Growth kinetics of intermetallic layers
The thickness (d) of the intermetallic layer at the interface 
between AZ91D and mild steel was plotted against the square 
of time (t1/2) for three different temperatures studied, as shown 
in Fig. 9. The plots shown in Fig. 9 demonstrate a linear 
relationship between d and t1/2, indicating that the growth of 
intermetallic layers at the interface is controlled by diffusion 
mechanisms. The data fits perfectly into the parabola:

where k is the growth constant. 
Furthermore, the activation energy (Q) for the intermetallic 

layers can be estimated by the Arrhenius relation:

(1)

(2)

3.3 Analysis of Fe content in AZ91D 
magnesium alloy

Figure 11 shows the measured Fe content of AZ91D at 
different temperatures and times. At 700 °C and 750 ºC, the 
Fe content in AZ91D linearly increases with the increase of 
holding time. Meanwhile, the Fe content becomes higher 
with the increase of holding temperature. At 800 ºC, the Fe 
content in AZ91D follows a similar trend as at 750 ºC when 
the holding time is less than or equal to 8 h. However, after 
holding for 8 h, there is a significant increase in Fe content 
with a further increase in holding time. In summary, increasing 
the melting temperature and holding time leads to an increase 
in Fe content in AZ91D. Moreover, it is observed that the 
holding temperature plays a more crucial role than holding 
time in determining the Fe content of AZ91D after holding at 
800 °C for 8 h.

where k0 is frequency factor, T is the melting temperature, and 
R is gas constant. Figure 10 shows the plots of lnk against 1/T.
The calculated activation energies and frequency factors from 
the growth of intermetallic layers are listed in Table 3. It is 
observed that the growth constant of the intermetallic layer 
increases with the melting temperature.

Fig. 9: Growth of intermetallic layers at different 
temperatures and times

Fig. 10: Arrhenius plot of growth constant k

Table 3: Parameters of growth kinetics for intermetallic layer

T (ºC) k (m2·s-1) k0 (m2·s-1) Q (kJ·mol-1)

700 1.89(±0.03)×10-12

9.31(±0.59)×10-8 87.43±4.98750 3.05(±0.05)×10-12

800 5.18(±0.05)×10-12

Fig. 11: Changes of Fe content in AZ91D alloy at 
different temperatures and times

4 Conclusions
In this study, the interface reaction between AZ91D melt and 
mild steel was investigated at the holding temperatures of 700-
800 °C for 4-16 h. The interfacial reaction and the formation 
of intermetallic layers were kinetically analyzed. The main 
conclusions are summarized as follows:

(1) During melting and holding process, both Al and Mn 
in AZ91D are enriched on the surface of mild steel and 
reacted with Fe to form intermetallic layer. Al and Mn are the 
dominant diffusing species throughout the interfacial reaction. 
The concentration of Al in the intermetallic layer remains 
relatively stable at 700 °C and 750 °C. However, at 800 °C, the 
concentration of Al in the intermetallic layer decreases linearly 
from AZ91D to the mild steel crucible matrix.
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(2) The formed intermetallics in the reaction layer are 
predominantly the Al(Fe, Mn) phase, and an AlFe3C phase is 
formed near the substrate of mild steel owing to decarburization 
of the mild steel at 700 °C and 750 ºC. However, the AlFe3C 
phase does not form at 800 °C.

(3) The linear fit between the intermetallic layer thickness (d) 
and square of time (t1/2) suggests that the growth of the intermetallic 
layer is controlled by the diffusion mechanism. At 700 °C, 750 °C
and 800 ºC, the growth constants of the intermetallic layer are 
determined as 1.89(±0.03)×10-12 m2·s-1, 3.05(±0.05)×10-12 m2·s-1,
and 5.18(±0.05)×10-12 m2·s-1, respectively. The activation 
energy Q is 87.43±4.98 kJ·mol-1.

(4) As the melting temperature and holding time increase, 
the Fe content in the AZ91 magnesium alloy linearly increases. 
However, there is a rapid increase of Fe content at the holding 
temperature of 800 ºC after 8 h. The result indicates the holding 
temperature is more crucial to determine the Fe content of 
AZ91D than holding time after holding at 800 °C for 8 h. 
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