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Abstract: The effect of Si content on the microstructures and growth kinetics of intermetallic compounds (IMCs) 
formed during the initial interfacial reaction (<10 s) between solid steel and liquid aluminum was investigated by a 
thermophysical simulation method. The influence of Si addition on interfacial mechanical properties was revealed by a 
high-frequency induction brazing. The results showed that IMCs layers mainly consisted of η-Fe2Al5 and θ-Fe4Al13. The 
addition of Si reduced the thickness of the IMCs layer. The growth of the η phase was governed by the diffusion process 
when adding 2 wt.% Si to the aluminum melt. When 5 wt.% or 8 wt.% Si was added to aluminum, the growth was 
governed by both the diffusion process and interfacial reaction, and ternary phase τ1/τ9-(Al,Si)5Fe3 was formed in the η 
phase. The apparent activation energies of the η phase decreased gradually with increasing Si content. The joint with 
pure aluminum metal had the highest tensile strength and impact energy. 
Key words: intermetallic compounds; Si content; solid steel; liquid aluminum; interfacial reaction; mechanical 
properties 
                                                                                                             

 

 

1 Introduction 
 

Steel/Al hybrid structure has great application 
prospects in many industrial fields because it 
integrates the advantages of those two widely used 
metals. For example, steel/Al hybrid structure can 
reduce the mass of automobile bodies as well as 
maintain a certain structure performance, which 
contributes to energy saving and emission  
reduction. In addition, aluminization produces a 
surface with improved oxidation resistance and hot 
corrosion resistance, thus extending the service life 
and temperature limits of the low carbon steel. 
However, it is hard to avoid the formation of 
intermetallic compounds (IMCs) such as θ-Fe4Al13, 

η-Fe2Al5, and ζ-FeAl2 due to the interfacial reaction 
between solid steel and liquid aluminum [1,2]. 
These IMCs badly deteriorate the mechanical 
properties of solid steel/liquid Al interfacial 
structure. Thus, the interfacial reaction between 
solid steel and liquid aluminum remains an essential 
problem to affect the bonding quality and coating 
quality. Researches on steel/Al interfacial reaction 
process and the microstructure of IMCs are of great 
significance to improve mechanical properties of 
steel/Al joint, develop new joining methods, and 
promote the application of steel/Al hybrid structure 
in the industry [3−7]. 

Many researchers have suggested that the 
reaction products between solid steel and liquid 
pure aluminum were mainly composed of the finger- 
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like η phase adjacent to steel and needle-like θ 
phase adjacent to aluminum. There was a high 
concentration of vacancies along the c-axis of the  
η phase, which induced the rapid growth of η  
phase [8]. The growth of the η phase obeyed a 
parabolic law with longer reaction time (tens of 
seconds to minutes) [9], and θ phase precipitated 
during the cooling process [10]. In recent years, it 
was found that the composition of IMCs layers 
might change under different reaction conditions. 
For example, very thin intermetallic phases 
κ-AlFe3C and β′-AlFe were observed between steel 
and η phase in the interdiffusion of solid steel and 
solid aluminum [1]. In addition, FeAl and Fe3Al 
were formed in the coatings of hot-dip aluminizing 
steel by high- temperature diffusion-treatment [11]. 

The formation mechanism and growth kinetics 
of IMCs were also the research hotspots of steel/Al 
interfacial reaction [10,12−15]. Some researches 
suggested that the IMCs had a fast growth process 
in the initial stage of reaction, when the growth of η 
phase deviated from the parabolic law, namely, the 
growth was not only governed by the diffusion 
process [12−15]. RONG et al [15] studied the 
growth kinetics of η phase between solid steel and 
molten aluminum in the initial stage (reaction time 
<10 s). They found that the growth of average 
thickness of η phase was controlled by both the 
diffusion process and interfacial reaction. 

Adding alloying elements is an important way 
to control the interfacial reaction [1,16−19]. 
Researchers have found that the addition of Si to 
aluminum melt could reduce the thickness of brittle 
IMCs as well as change the composition and 
morphology of IMCs [1,9,20−23]. However, the 
effect mechanism of Si on the formation and growth 
of IMCs was not clarified. NICHOLLS [20] and 
YIN et al [21] concluded that Si atoms would 
occupy the vacancies in the η phase, which 
suppressed the fast growth of η phase. LEMMENS 
et al [22] deduced that the growth reduction of η 
phase was attributed to the enrichment of Si at grain 
boundaries and phase boundaries of IMCs. ZHANG 
et al [23] suggested that the reduction of the activity 
value of Al caused by Si addition suppressed the 
interfacial reaction between Fe and Al. LEMMENS 
et al [9] concluded that the formation of Fe−Al−Si 
ternary phases might act as diffusion barriers. 

The interfacial reaction between steel and 

aluminum is influenced by several factors such as 
reaction temperature, reaction time, and Si content 
in the aluminum melt. To simplify the experiment, 
researchers paid more attention to a small 
temperature range [1,9] or a small content range of 
Si [21,24−27]. SPRINGER et al [1] and 
LEMMENS et al [9] observed that excessive Si 
addition might increase the thickness of IMCs when 
the reaction temperature was relatively low. YIN  
et al [21] investigated the effect of Si content (from 
0 to 3 wt.%) on the growth kinetics of η phase at a 
relatively wide temperature range (from 700 to 
850 °C). They also observed that the apparent 
activation energy of the η phase decreased with 
increasing Si content. SPRINGER et al [1], 
LEMMENS et al [9], and YIN et al [21] suggested 
that when Si was added to the aluminum melt, the 
growth of η phase still obeyed a parabolic law in 
tens of seconds to minutes. It was noteworthy that 
YIN et al [21] suggested that the growth of the η 
phase deviated from the parabolic law in the initial 
stage. They suggested that there was an interface 
control reaction at the beginning of the process. 

The above investigations indicate that the 
effect mechanism of Si on steel/Al interfacial 
reaction is still controversial. Lack of systematic 
research on the effects of different Si contents on 
the interfacial reaction and mechanical properties 
makes it difficult to understand the effect 
mechanism of Si element. These researches are of 
great significance to control the mechanical 
properties of the interface between steel and 
aluminum. 

In this study, the effect of Si on the interfacial 
reaction between solid steel and liquid aluminum in 
the initial reaction stage (reaction time <10 s) at the 
temperatures of 700−900 °C was investigated by a 
Gleeble 1500 thermophysical simulator. Based on 
the thermophysical simulation results, the formation 
mechanism and growth kinetics of IMCs were 
analyzed. To investigate the effect of Si addition in 
aluminum-based filler metals on the interfacial 
mechanical properties under different thermal cycle 
processes, the Q235 steel brazing experiment was 
conducted by a high-frequency induction brazing 
method. The experimental results contributed to 
guide the selection of reaction temperature, reaction 
time, and Si content during the steel−aluminum 
brazing or hot-dip aluminizing process. 
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2 Experimental 
 
2.1 Thermophysical simulation experiment 

A commercial Q235 steel rod (0.19% C, 
0.80% Mn, 0.04% Si, 0.33% Al, balanced Fe, in 
wt.%) with a diameter of 10 mm was cut to a length 
of 90 mm. A keyway was machined in the center of 
the steel rod. Another two Q235 steel sheets with 
the same chemical composition were marked as A 
(6 mm × 5 mm × 1 mm) and B (see Fig. 1), 
respectively. Pure Al (99.99 wt.%) and high-purity 
Si (99.99 wt.%) were used to smelt Al−Si alloys by 
an arc melting method. The Si contents were 0, 2, 5, 
and 8 wt.%, respectively. 
 

 
Fig. 1 Diagram of sample dimensions and assemblage in 

thermophysical simulation experiment (Unit: mm) 

 
Greases and residues on the surface of steel 

sheets and the keyway were removed with acetone 
before the experiment. The Al−Si alloy blocks were 
immersed in 10% NaOH solution for 3 min to 
remove greases and oxides, then put in 10% HNO3 
solution for 10 s. The Al−Si alloy blocks were 
rinsed with deionized water and dried with a hair 
drier after chemical polishing treatment. The 
Nocolok flux mixed with alcohol was evenly spread 
over the surface of Q235 steel sheets, Al blocks, 
and Al−Si alloy blocks. 

The steel sheet A was clamped between two 
freshly processed Al−Si alloy blocks (or two Al 
blocks) in the keyway of the steel rod. Because the 
presence of oxygen could influence the growth of 
IMCs [28,29], the steel sheet B was used to seal the 
keyway to keep out the air and to prevent the liquid 
from splashing, which could minimize the effect of 
oxygen. Figure 1 shows the dimensions and 
assemblages of steel sheets, steel rod, and Al−Si 
alloy blocks (or Al blocks). The assemblage of steel 
sheets, Al−Si alloy blocks, and the keyway was an 

interference fit. 
A thermophysical simulator, Gleeble 1500, 

with the highest heating rate of 10000 K/s was used 
to heat the sample. The K-type thermocouples were 
welded at the bottom of the keyway to measure and 
control the temperature. An automatic water-spray 
nozzle controlled by the system was added to cool 
the specimen. Figure 2 shows the typical 
temperature curve, which shows that the measuring 
curve is in good agreement with the preset curve. 
The specimen was preheated to 600 °C holding for 
5 s. The interdiffusion influence of the preheating 
process was ignored because of the relatively low 
atoms diffusion rate between solid/solid and 
solid/semi-solid interdiffusion processes. The 
method shows high-precision control for the solid 
steel/liquid Al−Si alloys interfacial reaction. Thus it 
is suitable to investigate the non-equilibrium 
interfacial reaction and its kinetics during short 
durations (a few seconds). Further details about this 
experiment were provided in the previous 
publication [15]. 
 

 

Fig. 2 Curve of temperature with time in thermophysical 

simulation experiment 

 
The peak temperatures were set to be 700, 750, 

800, 850, and 900 °C, respectively. The holding 
time was 0, 1, 3, 5, 7, and 9 s, respectively. Though 
the heating rate and cooling rate were quite high, it 
was inevitable that interfacial reaction occurred 
during the heating and cooling process. To reduce 
the error, the thickness of the η phase obtained 
during the isothermal process was selected in the 
kinetics analysis, and the thickness was calculated 
by subtracting the thickness of η phase of 0 s from 
that of 1, 3, 5, 7, and 9 s, respectively. 
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2.2 Interfacial mechanical properties experiment 
The brazing experiments were conducted to 

investigate the mechanical properties of the 
interface. The Q235 low-carbon steel was selected 
as the base material. The pure aluminum, 
Al−5wt.%Si, Al−8wt.%Si, and Al−12wt.%Si were 
selected as filler metals. The Nocolok flux was 
coated homogeneously on the surface of steel and 
aluminum alloys. The sample dimensions and 
assemblage are shown in Fig. 3. Butt brazing was 
carried out by a high-frequency induction heating 
source under argon protection. The 304 stainless 
steel sheet with a thickness of 0.3 mm was used for 
presetting a gap so that liquid filler metal could wet 
the surface of steel successfully. 
 

 
Fig. 3 Diagram of sample dimensions and assemblage in 

brazing experiment (Unit: mm) 

 
The heating temperature was slightly higher 

than the liquidus temperature of filler metal and 
measured by the K-type thermocouples. The 
heating immediately stopped when the actual 
temperature reached the preset heating temperature 
of aluminum alloys. Table 1 lists the liquidus 
temperature of aluminum alloys and the preset 
heating temperature. The heating rate was 15 °C/s. 
The specimen was cooled in the air after reaching 
the peak temperature. 
 

Table 1 Temperature used in brazing experiment 
Brazing filler 

metal 
Liquidus 

temperature/°C 
Heating 

temperature/°C 

Pure Al 660 680 

Al−5wt.%Si 630 650 

Al−8wt.%Si 610 640 

Al−12wt.%Si 577 610 

 

2.3 Microstructure characterization and 
mechanical properties test 

After the thermophysical simulation, a typical 
cross-section of the specimen was cut and standard 

metallographic preparation procedures were carried 
out. The dimensions of the cross-section specimen 
are shown in Fig. 1. For the brazing test, the 
metallographic specimen (10 mm × 5 mm × 3 mm), 
the tensile specimen (130 mm × 10 mm × 3 mm), 
and the impact specimen (55 mm × 10 mm × 3 mm) 
were cut at the brazing seam by line cutting. No 
notch was designed on the impact specimen 
because the brittleness of IMCs in butt joints was 
higher than parent metals, which caused the 
specimen to easily fracture at the IMCs interface. 
The microstructures of IMCs were observed via a 
scanning electron microscope (SEM) equipped with 
energy dispersive spectroscopy (EDS). The 
thickness of IMCs was measured by image 
processing methods. The tensile and impact tests 
were carried out by a tensile testing machine and an 
impact testing machine, respectively. 
 
3 Results 
 
3.1 Thermophysical simulation 
3.1.1 Microstructure 

Figure 4 shows the SEM images of IMCs 
formed at 900 °C for 7 s. The image of IMCs 
between pure aluminum and steel is shown in 
Fig. 4(a). According to the EDS results, the reaction 
products consisted of η-Fe2Al5 and θ-Fe4Al13. The η 
phase exhibited a finger-like morphology towards 
the steel side. The θ phase presented a serrated 
shape towards aluminum or a free state within the 
aluminum. The boundaries between the two phases 
were highlighted by white dashed lines. The 
thickness of the η phase was much larger than   
that of the θ phase. An obvious crack in the η phase 
was observed, which indicated the brittleness of the 
η phase. 

Figure 4(b) shows the interfacial morphology 
when the solid steel reacted with the liquid 
Al−2wt.%Si. The thickness of the η phase 
decreased and the interface between η phase and 
steel became flatter compared with the reaction 
between pure aluminum and steel. The θ phase 
adhered to η phase still exhibited irregular serrated 
shape, and the free θ phase increased and grew. 
After the Si content in the aluminum melt increased 
to 5 or 8 wt.%, the interface between the η phase 
and steel remained a smooth morphology and the 
free θ phase further increased, as shown in 
Figs. 4(c, d). It was noted that a new punctate phase 
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was observed in η phase when the Si content 
exceeded 5 wt.%, and the distribution of this 
punctate phase became wider with increasing Si 
content. This new phase was identified as Fe−Al−Si 
ternary phase τ1/τ9-(Al, Si)5Fe3 according to the 
morphology, EDS-analysis results, and previous 
researches [21,30,31]. 

Figure 5 shows the effect of reaction 
temperature and time on the thickness and 
morphology of IMCs when Si content in the 
aluminum melt was 5 wt.%. The micrographs of 
reaction layers formed at 900 °C for 1 s and 9 s are 
respectively shown in Figs. 5(a, b). With prolonging 
the reaction time, the thickness of the η phase 
increased and the θ phase grew. Figure 5(c) shows 
the SEM image of reaction layers formed at 850 °C 
for 9 s. Compared Fig. 5(b) with Fig. 5(c), it was 

shown that thicker η phase and bigger θ phase 
formed at higher temperatures. 
3.1.2 Growth kinetics of η phase 

According to Fig. 4, the influence of Si content 
in the aluminum melt on the thickness of the η 
phase was greater than that on the thickness of the θ 
phase adhered to the interface, which was in 
accordance with the study of LEMMENS et al [9]. 
Thus, the present study mainly focused on the effect 
of Si on the growth kinetics of the η phase. 

The growth kinetics of the η phase was 
investigated according to the results of the 
thermophysical simulation experiment. The growth 
kinetics can be expressed as 
 
X−X0=ΔX=K(T)tn                                       (1) 
 

And Eq. (1) is calculated as 
 

 
Fig. 4 Typical SEM images of IMC layers formed at 900 °C for 7 s: (a) Al; (b) Al−2wt.%Si; (c) Al−5wt.%Si;        

(d) Al−8wt.%Si 

 

 
Fig. 5 Typical micrographs of reaction layers with 5 wt.% Si at different temperatures for different holding time:     

(a) 900 °C, 1 s; (b) 900 °C, 9 s; (c) 850 °C, 9 s 
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ln(X−X0)=ln(ΔX)=nln t+ln[K(T)]              (2) 
 
where X is the average thickness (μm) of η phase 
when holding time t is 1−9 s, X0 is the average 
thickness (μm) of η when t is 0 s, T is the 
temperature (K), K(T) is the growth rate constant, 
and the time exponent n is a constant. The growth is 
controlled by the interfacial reaction when n=1, 
whereas the growth is controlled by the diffusion 
process when n=0.5 [12]. When the contents of Si 
are 0, 2, 5, and 8 wt.%, the fitting curves of ln(∆X) 
and ln t at 750 °C are shown in Fig. 6. Table 2 
summarizes the slopes of fitting curves with 
different Si contents at different temperatures, 
which are the time exponent n according to Eq. (2). 
To simplify the mathematical model in the present 
work, the average time exponent was used to 
deduce the growth kinetics of η phase, and the 
average values of n were around 0.77 (Al), 0.52 
(Al−2wt.%Si), 0.76 (Al−5wt.%Si), and 0.86 
(Al−8wt.%Si). 

According to Eq. (1), the time exponent n can 
be verified by the results of the fitting curves 
between tn and ∆X. The slopes, namely the values of 
K(T), and the intercepts of the fitting curves with 

different Si contents at different temperatures are 
respectively listed in Tables 3 and 4. The intercepts 
listed in Table 4 show that ∆X is near to zero when 
t=0 s, which is in accordance with the reality and 
indicates that this method is exact to investigate the 
initial stage of the interfacial reaction between steel 
and aluminum. 

The relationship between temperature T and 
the growth rate constant K(T) is in accordance with 
the Arrhenius equation: 
 

a
0( ) exp

E
K T K

RT

 
   

 
                     (3) 

 
And Eq. (3) is calculated as 

 

a
0ln[ ( )] ln

E
K T K

RT
                       (4) 

 
where K0 is the pre-exponential factor and is a 
constant, Ea is the apparent activation energy (J) for 
the growth of the η phase, and R is the gas constant 
8.314 J/(Kꞏmol). Figure 7 shows the fitting curves 
between 1/T and ln[K(T)] (the data points at 900 °C 
are excluded when Si contents in the aluminum 
melt are 0 and 2 wt.%). The slopes of fitting lines 

 

 
Fig. 6 Linear fitting curves of ln(∆X) and ln t at 750 °C: (a) Al; (b) Al−2wt.%Si; (c) Al−5wt.%Si; (d) Al−8wt.%Si 
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Table 2 Time exponent n of growth kinetics of η phase 

with different Si contents 

Temperature/ 

°C 

Time exponent, n 

0 wt.% 2 wt.% 5 wt.% 8 wt.%

700 0.73 0.49 0.66 0.80 

750 0.67 0.49 0.70 0.82 

800 0.75 0.49 0.82 0.79 

850 0.85 0.59 0.80 0.91 

900 0.83 0.55 0.82 0.97 

Average 0.77 0.52 0.76 0.86 
 
Table 3 Slope (K(T)) of linear fitting curves of ∆X and tn 

with different Si contents 

Temperature/ 

°C 

K(T) 

0 wt.% 2 wt.% 5 wt.% 8 wt.%

700 1.90 1.69 0.27 0.32 

750 4.49 3.03 0.35 0.34 

800 7.97 4.08 0.71 0.22 

850 9.63 4.57 0.76 0.36 

900 10.68 3.75 0.87 0.39 

 

Table 4 Intercept (fitting error of ∆X) of linear fitting 

curves of ∆X and tn with different Si contents 

Temperature/ 

°C 

Fitting error of ∆X 

0 wt.% 2 wt.% 5 wt.% 8 wt.%

700 −0.05 −0.52 0.02 0.07 

750 −1.02 −0.33 0.10 −0.12

800 −0.95 −0.79 −0.45 0.11 

850 −2.37 −1.34 −0.38 −0.25

900 −1.14 −1.09 −0.49 −0.29

 

are the values of −Ea/R, and the intercepts are the 
values of ln K0. Table 5 shows the slopes and 
intercepts of fitting lines in Fig. 7 and summarizes 
the calculated values of Ea and K0. According to the 
data in Table 5, the mathematical models of X, 
namely the average thickness of η phase, with 
different Si contents in the aluminum melt are based 
on Eqs. (5−8):  

1 0.77
0wt.%Si

12028.92877
5.03722 10 exp( )X t

T
    (5) 

3 0.52
2wt.%Si

7250.8651
3.22217 10 exp( )X t

T
      (6) 

4 0.76
5wt.%Si

7177.48311
4.43621 10 exp( )X t

T
     (7) 

7 0.86
8wt.%Si

896.46138
7.44435 10 exp( )X t

T
      (8) 

 

 
Fig. 7 Linear fitting curves between 1/T and ln[K(T)] 
 
Table 5 Values of slope (−Ea/R) and intercept (ln K0) in 

Fig. 7 
Si 

content/
wt.%

(−Ea/R)/ 
K 

ln[K0/ 
(μmꞏs−n)] 

Ea/ 
(kJꞏmol−1) 

K0/ 
(mꞏs−n) 

0 −12028.92877 13.12978 100.01 5.03722×10−1

2 −7250.8651 8.07781 60.28 3.22217×10−3

5 −7177.48311 6.09497 59.67 4.43621×10−4

8 −896.46138 −0.29513 7.45 7.44435×10−7

 
3.2 Interfacial mechanical properties  

To investigate the effect of Si content on the 
interfacial mechanical properties of steel/ aluminum 
dissimilar metals, a butt brazing of steel plates with 
different Al−Si filler metals was designed. The 
interfacial microstructure of brazing joints is shown 
in Fig. 8. Figure 8(a) shows the reaction layers with 
pure aluminum filler metal. The morphology of 
IMCs is similar to that in Fig. 4(a). The IMC 
adjacent to steel exhibited a finger-like morphology 
and the IMC adjacent to aluminum presented an 
irregular serrated or needle-like shape. Figures 
8(b−d) show the micrographs of reaction layers 
when the Si contents in aluminum base filler metals 
are 5, 8, and 12 wt.%. The interface between IMCs 
and steel transformed to a planar morphology from 
a finger-like morphology. The thickness of IMCs 
significantly decreased. When the Si contents in 
filler metals were 0, 5, 8, and 12 wt.%, the average 
thicknesses of IMCs were 14.74, 6.98, 6.61, and 
5.86 μm, respectively. 

The average tensile strength of the brazing 
joint is shown in Fig. 9(a). The joint with pure 
aluminum filler metal had the highest tensile 
strength of 100.42 MPa. When the Si contents in 
filler metals were 5, 8, and 12 wt.%, tensile strengths 
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Fig. 8 Typical micrographs of brazing experiment reaction layers with different Si contents: (a) Al; (b) Al−5wt.%Si;   

(c) Al−8wt.%Si; (d) Al−12wt.%Si 

 

 

Fig. 9 Mechanical properties of brazing joints with different Si contents: (a) Tensile strength; (b) Impact energy 

 

of joints were 52.56, 70.93, and 66.41 MPa, 
respectively. All the fracture surfaces were formed 
by brittle fracture. When the Si contents were 0, 5, 
and 8 wt.%, fractures occurred in both the filler 
metal layers and IMCs layers. When the Si content 
was 12 wt.%, the fracture mainly occurred in IMCs 
layers. The results of impact tests are shown in 
Fig. 9(b). The results indicated that the joint with 
pure aluminum filler metal had the highest impact 
energy of 0.2 J, compared with about 0.1 J with 
three Al−Si filler metals. 

Figure 10 shows the tensile fracture surfaces of 

joints with different filler metals. There were some 
bulges on the fracture surfaces of joints with pure 
Al filler metal (Fig. 10(a)), while the fracture 
surfaces of joints with Al−Si filler metal were 
smoother (Figs. 10(b−d)). 
 
4 Discussion 
 
4.1 Evolution of interfacial microstructure and 

morphology 
Figure 4(a) shows a finger-like morphology of 

the η phase for the interfacial reaction between pure 
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Fig. 10 Tensile fracture surfaces of brazing joints with different Si contents: (a) Al; (b) Al−5wt.%Si; (c) Al−8wt.%Si;  

(d) Al−12wt.%Si 

 
aluminum and steel. This irregular morphology is 
the result of high concentration (near 30%) 
vacancies along the c-axis of the η phase, which 
provide a fast channel for atom diffusion. CHENG 
and WANG [8] found that the η phase preferentially 
grew along the [001] direction of the crystal 
structure, namely the c-axis, thereby presenting a 
tongue-like morphology. The θ phase adjacent to 
aluminum exhibited a discontinuous serrated shape. 
A small amount of free needle-like θ phase is 
distributed in the aluminum, as shown in Fig. 4(a). 
Previous researches considered that Fe atoms 
dissolving into aluminum melt precipitated in the 
form of θ phase in the cooling process [13], and 
when the temperature dropped to a certain level the 
Fe-containing aluminum melt transformed into 
eutectic structures of θ phase and Al [1].  In 
addition, some studies suggested that the formation 
of θ phase adhered to the interface was related to 
the interfacial reaction [10], or the reaction 
diffusion [12]. 

It can be seen from Fig. 4 that Si in the 
aluminum melt played an important role during the 
interfacial reaction between solid steel and liquid 
aluminum. The reduction of the thickness of the η 
phase was attributed to the hindrance effect of Si on 

the diffusion of Fe and Al atoms. Because the η 
phase preferential growth along the c-axis was 
impeded, the irregular finger-like morphology 
finally disappeared. Some researchers suggested 
that Si could occupy part of vacancies along the 
c-axis of the η phase [20,21]. Other researchers 
suggested that the growth reduction of η phase was 
caused by the aggregation of Si at the boundaries of 
grains and phases [22], the decrease of activity of 
aluminum [23], or the ternary phases acting as 
diffusion barriers [9]. 

Increasing Si content could reduce the melting 
point of aluminum alloys and increase the solubility 
of Fe in the liquid phase [32]. In addition, because 
the Si atoms preferentially diffused to the interface 
of dissimilar metals [22,29,33] and the solubility of 
Si in the η phase was relatively low, Fe−Al−Si 
ternary phase τ1/τ9 precipitated within the η phase 
with the further increasing Si content [34]. CHENG 
and WANG [31] considered that τ1/τ9 phase was 
formed by the reaction between the steel substrate 
and the η phase containing a solid solution of Si, 
which flattened the interface between steel and η 
phase. In the present research, the τ1/τ9 phase did 
not form a continuous layer (Figs. 4(c−d)). We 
deduced that the τ1/τ9 phase had an influence on the 
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growth kinetics of the η phase later in this work. 
When the Si content in the aluminum melt 
exceeded 5 wt.%, LEMMENS et al [9] observed the 
τ5 phase in the reaction layers formed at 685 °C for 
60 s. This indicated that more different ternary 
phases would form with time prolonging. Other 
researches [1,34] showed that Fe−Al−Si ternary 
phases were varied and had complex distribution. 
Thus, the effect of ternary phases on the interfacial 
reaction between solid steel and liquid aluminum 
should be investigated further. 

With the increasing reaction time, the IMCs 
grew by the interfacial reaction, and more Fe atoms 
diffused to the aluminum melt. Therefore, the 
thickness of the η phase gradually increased and 
both the adhered θ phase and free θ phase gradually 
grew, as shown in Figs. 5(a, b) and Fig. 6. 

The influence of temperature on the η phase 
was relatively complex. The results in Table 3 show 
that the η phase growth rate constant K(T) increases 
with temperature increasing for the interfacial 
reaction of steel and pure aluminum, but the 
increment of K(T) decreases at high temperature. 
The fitting value of K(T) at 900 °C was lower than 
that at 850 °C for the reaction between steel and 
Al−2wt.%Si. These phenomena were attributed to 
the relatively high dissolution rate and solubility of 
Fe in the aluminum melt at high temperature. 
However, for higher Si contents the phenomena 
were not apparent. Previous research showed that 
the thickness of the η phase would almost remain 
unchanged when the growth and dissolution were 
balanced at high temperature [12]. Besides, the Si 
addition also made the solubility of Fe in the 
aluminum melt increase [32], and thereby prompted 
the dissolution of steel. When Si content was more 
than 5 wt.%, the thickness of IMCs was so small 
that the measurement error was large, which made 
the effect of dissolution not obvious. Moreover, 
CHEN et al [13] suggested that the order-disorder 
transformation of the η phase at high temperature 
would suppress the growth of the η phase. Because 
both the solubility and dissolution rate of Fe in the 
aluminum melt increased with increasing 
temperature, the steel dissolved sharply in the 
aluminum at high temperature. Thus, the θ phase 
increased with increasing temperature, as shown in 
Figs. 5(b, c). The growth mechanism of IMCs is 
complicated because it is influenced by the reaction 
temperature, reaction time, and Si content in the 

aluminum melt. 
From the analysis above, the reaction between 

solid steel and liquid aluminum alloys could be 
divided into three modes in the initial reaction stage 
(0−10 s) at the temperature ranging from 700 to 
900 °C, as shown in Fig. 11. 

In the first mode, the steel reacted with the 
pure aluminum, as shown in Fig. 11(a). During the 
heating process, liquid aluminum wetted the surface 
of the steel, and Al atoms diffused into the solid 
steel. Then, the η phase nucleated and grew toward 
the steel side in a finger-like morphology. The 
dissolution process of IMCs had an obvious 
influence on the growth of η phase at high 
temperature. During the cooling process, Fe atoms 
diffusing into aluminum melt precipitated in the 
form of θ phase, which induced the formation of the 
serrated adhered θ phase and free θ phase in the 
aluminum substrate. 

In the second mode, the steel reacted with the 
liquid Al−2wt.%Si, as shown in Fig. 11(b). During 
the heating process, the steel was wetted by the 
liquid Al−Si alloys. The Al atoms diffused into the 
solid steel, while Si atoms aggregated at the 
interface. Because Si suppressed the preferential 
growth of the η phase, the η phase nucleated and 
grew in a smooth wave-like morphology. Some Si 
atoms dissolved in the η phase. During the cooling 
process, more θ phases were formed. 

In the third mode, the solid steel reacted with 
liquid Al−5wt.%Si and Al−8wt.%Si, as shown in 
Fig. 11(c). The enriched level of the Si atoms 
increased with the increasing Si content. The 
preferential growth of the η phase was almost 
suppressed. The thickness of η phase decreased 
obviously and the interface between η phase and 
steel flattened completely. At the same time, some 
Si atoms in the η phase precipitated in the form of 
punctate τ1/τ9 phase because the Si saturated 
solubility in the η phase was exceeded. In addition, 
the higher Si content led to the severer dissolution 
of the steel. During the cooling process, adhered θ 
phase and free θ phase increased and grew with 
increasing Si content. 
 
4.2 Growth kinetics of η phase 

The time exponent constant of the η growth 
kinetics is 0.77 in the initial stage of reaction 
between solid steel and liquid pure aluminum,    
as shown in Table 2. The result indicated that the 
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Fig. 11 Growth process of IMCs between solid steel and molten Al/Al−Si alloys in short time 

 
growth of η phase average thickness was controlled 
by both the interfacial reaction and diffusion 
process. RONG et al [15] suggested that the growth 
along the c-axis of η phase was governed by the 
interfacial reaction, while the growth along other 
directions was governed by the diffusion process. 
Thus, the growth of η phase average thickness was 
governed by the interfacial reaction combined with 
the diffusion process. For longer reaction time, 
because the comparatively thick IMCs layers and 
some small-angle twist boundaries could hinder 
atoms diffusion [10,35], the diffusion process 
became the control mechanism of the η phase 
growth and then the growth obeyed a parabolic law. 

When Si content in the aluminum melt was 

2 wt.%, the time exponent was 0.52. This result 
indicated that the growth of the η phase was mainly 
governed by the diffusion process. Because the fast 
diffusion of Al atoms in the η phase was hindered 
by Si, the diffusion process became the dominant 
factor to suppress the growth of the η phase. Thus, 
the interface between η phase and steel in Fig. 4(b) 
presents a smooth morphology. 

When Si contents in the aluminum melt 
reached 5 wt.% and 8 wt.%, the time exponents 
were respectively 0.76 and 0.86, as shown in 
Table 2. This result showed that the growth of the η 
phase was governed by both the interfacial reaction 
and diffusion process. Combining with analysis of 
the interfacial microstructures (Fig. 4), the reason 
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was as follows. When the solid solution of Si in the 
η phase reached a certain concentration, ternary 
phase τ1/τ9 preferentially formed. In the areas near 
the τ1/τ9 phase, the interfacial reaction forming η 
phase was suppressed by the reaction forming τ1/τ9 
phase. Thus the growth of the η phase was mainly 
controlled by the interfacial reaction. In the areas 
away from the τ1/τ9 phase formation reaction, the 
growth of η phase was controlled by the diffusion 
process because of the suppression effects of Si on 
the atom diffusion process. Therefore, the growth of 
average thickness of the η phase was governed by 
the interfacial reaction combined with the diffusion 
process. When Si content in the aluminum melt was 
8 wt.%, the time exponent n was higher than that 
when Si content was 5 wt.%. The higher 
concentration of Si might promote the formation of 
τ1/τ9 phase and further suppress the interfacial 
reaction forming the η phase. Previous researches 
showed that more kinds of ternary phases formed 
when the reaction time was longer [1,9]. These 
ternary phases might hinder the diffusion of the 
atoms by acting as diffusion barriers, and the 
growth of the η phase obeyed a parabolic law. The 
time exponent of η phase in Table 2 has an 
increasing trend with increasing temperature. The 
reason was that the increasing temperature 
increased the atom diffusion rates and thereby 
reduced the restriction of the diffusion process. 

The partial data at high temperature in Fig. 7 
are excluded in linear fitting, which is attributed to 
the increase of the dissolution rate. Because both 
the increasing temperature and the increasing Si 
content in the aluminum melt prompted the 
dissolution of Fe (mainly in the form of η phase), 
the dissolution process had a great effect on the 
kinetics calculation at high temperature. The growth 
kinetics of η phase was influenced by several 
factors such as measurement error, calculation error, 
and the dissolution of η phase in this work. 

Table 5 shows that the value of Ea, namely the 
apparent activation energy of η, decreases with the 
increasing Si content, which is in accordance with 
previous research results [1,9,21]. From the trend of 
fitting lines in Fig. 7, when the temperature dropped 
to a certain level, the growth rate constant of η 
phase with 8 wt.% Si in the aluminum might be 
higher than that of η phase with 5 wt.% Si in the 
aluminum. Current research confirmed this 
phenomenon. SPRINGER et al [1] found that the η 

phase formed by the reaction between Al−5wt.%Si 
and steel was much thicker than the η phase formed 
by the reaction between pure aluminum and steel at 
600 °C. LEMMENS et al [9] found that when Si 
content in the aluminum melt rose to 10 wt.%, the 
thickness of η phase gradually decreased with the 
temperature increasing from 670 to 725 °C. 
Moreover, ZHANG and LIU [36] suggested that the 
fast growth of IMCs at low temperature was related 
to the finer grain size and the faster grain boundary 
diffusion. Therefore, the phenomenon might be 
caused by the joint influence of increasing Si in the 
aluminum and the enhanced grain boundary 
diffusion. 
 
4.3 Relationship between interfacial micro- 

structure and mechanical properties 
There was rougher fracture surface for the 

reaction of steel and pure aluminum filler metal 
case (Fig. 10(a)) than those of steel and Al−Si filler 
metals (Figs. 10(b−d)). Figure 9(b) shows that the 
impact energy of joint with pure aluminum filler 
metal is higher than that of joint with Al−Si filler 
metals. These indicated that the joint formed by the 
reaction between steel and pure aluminum filler 
metal had higher toughness. 

In general, reducing the thickness of brittle 
IMCs was helpful to improve the performance of 
the Fe/Al joint [37]. In this research, the joint with 
pure aluminum filler metal had the thickest IMCs 
layer, but it had the optimum mechanical properties. 
We suggested that the unique finger-like 
morphology of the η phase induced good interfacial 
microstructures. The Fe-based solid solution with 
better toughness between η phase fingers 
suppressed effectively crack propagation. In 
addition, the solid solution of Si might lead to the 
poor mechanical properties of IMCs. The interface 
between steel and η phase exhibited smooth 
wave-like morphology when Si was added to the 
aluminum. The joint with Al−12wt.%Si filler metal 
had thinner IMCs layer but lower tensile strength 
than the joint with Al−8wt.%Si filler metal. This 
might be because a higher Si content in the 
aluminum melt induced the formation of more 
ternary phases in the IMCs, which reduced the 
mechanical properties of joints. SONG et al [32] 
found that the welding-brazing joint with 
Al−5wt.%Si filler metal had higher tensile strength 
than that with Al−12wt.%Si filler metal. They 
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suggested that when Si content in aluminum-based 
filler metal was 12 wt.%, the supersaturated solid 
solution of Si in the θ phase reduced the mechanical 
properties of IMCs. 

Conclusively, the mechanical properties of 
joints formed by the reaction between low-carbon 
steel and aluminum-base filler metal were affected 
by the morphology, composition, and thickness of 
IMCs as well as the solid solution of Si in IMCs. In 
many applications related to the interfacial reaction 
between solid steel and molten aluminum, such as 
steel−aluminum brazing or welding−brazing, steel 
aluminizing, and bi-metallic manufacturing, Si was 
added in the aluminum to reduce the melting point 
of filler metal and the thickness of IMCs. However, 
this study showed that Si in the aluminum-based 
filler metal deteriorated the interfacial mechanical 
properties, although the thickness of IMCs 
decreased. Therefore, the effects of Fe−Al−Si 
ternary phases and the solid solution of Si in IMCs 
on the mechanical properties of joints should be 
taken into account when Si content in 
aluminum-based filler metal is relatively high. 
 
5 Conclusions 
 

(1) The reaction layers between steel and pure 
aluminum mainly consisted of the finger-like η 
phase adjacent to steel and the thinner serrated θ 
phase adjacent to aluminum. When Si content in the 
aluminum melt was 2 wt.%, the thickness of the η 
phase decreased and the interface between η and 
steel became smooth. When Si contents in the 
aluminum melt increased to 5 and 8 wt.%, τ1/τ9 
phase formed in the η phase. 

(2) The amount of IMCs increased with the 
increase of temperature and time. The dissolution 
process had an appreciable effect on the thickness 
of IMCs at high temperature. 

(3) The growth of the η phase between steel 
and pure aluminum was governed by both the 
interfacial reaction and diffusion process at the 
temperature of 700−900 °C in the initial reaction 
stage. When Si content in the aluminum melt was 
2 wt.%, the growth of the η was mainly controlled 
by the diffusion process. When Si contents in the 
aluminum melt were 5 and 8 wt.%, the growth of 
the η phase was governed by both the interfacial 
reaction and diffusion process. The apparent 
activation energy of the η phase decreased with 

increasing Si content. 
(4) The joint with pure aluminum filler metal 

had higher mechanical properties than those with 
Al−Si filler metals. The joint with Al−8wt.%Si 
filler metal had the highest tensile strength among 
all the joints with Al−Si filler metals. When Si 
content is relatively high, the effects of more 
ternary phases and more solid solution of Si in 
IMCs might deteriorate the mechanical properties 
of Fe/Al joints. 
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摘  要：采用热物理模拟方法研究 Si 含量对固态钢与液态铝界面反应初始阶段(反应时间<10 s)内金属间化合物的

显微组织和生长动力学的影响。同时，通过高频感应加热的方式研究 Si 添加对钢/铝界面力学性能的影响。结果

表明，在界面反应初期，金属间化合物层主要包括 η-Fe2Al5 和 θ-Fe4Al13 两相。铝液中添加 Si 后金属间化合物层

的厚度减小。当 Al 液中含 2% Si(质量分数)时，η相的生长仅由扩散过程控制；当铝液中 Si 含量增至 5%或 8%时，

η相的生长由扩散过程与界面反应共同控制，同时，τ1/τ9-(Al, Si)5Fe3三元相也在 η相中形成。随着铝液中 Si 含量

的增加，η相的激活能逐渐减小。界面力学性能结果显示，纯铝与钢形成的接头具有最高的抗拉强度和冲击功。 

关键词：金属间化合物；Si 含量；固态钢；液态铝；界面反应；力学性能 
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