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Abstract: The growth of intermetallic compounds at the interface between solid Al and Fe and the effects of intermetallic compound 
layers on the interfacial bonding of clad materials were investigated. The results showed that the interface between the solid Fe and 
Al formed by heat-treatment consisted of Fe2Al5 and FeAl3 intermetallic compound layers, which deteriorated the interfacial bonding 
strength. Fractures occurred in the intermetallic compound layer during the shear testing. The location of the fracture depended on 
the defects of microcracks or voids in the intermetallic compound layers. The microcracks in the intermetallic compound layer were 
caused by the mismatch of thermal expansion coefficients of materials during cooling, and the voids were consistent with the 
Kirkendall effect. The work will lay an important foundation for welding and joining of aluminum and steel, especially for 
fabrication of Al−Fe clad materials. 
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1 Introduction 
 

Aluminum can effectively improve the properties of 
Fe with excellent corrosion resistance, reduced mass and 
durability. To achieve the combined properties of Al and 
Fe, it is necessary to join these metals. Some different 
methods are used to produce Al/Fe clad materials [1−3]. 
The methods of hot-dipped-aluminum and roll bonding 
are important production method commonly used to 
manufacture Al−Fe cladding materials [4−7]. However, 
intermetallic compound (IMC) layers composed of  
FeAl3, Fe2Al5 and others were observed at the   
interface of Al coating and the steel substrate in the 
process [1−7]. 

The microstructure and phase evolution of the 
interface of hot-dipped-aluminized mild steel (at 700 °C 
for 180 s) during high-temperature treatment (at 750 °C 
for 5 min to 480 h) have been studied [5]. Fe2Al5 and 
FeAl3 are observed at the interface of materials. During 
high-temperature treatment, FeAl2 is formed at the 
interface of Fe2Al5−steel substrate in the hot-dipped- 
aluminized mild steel. Increasing the diffusion treatment 
time, Fe2Al5 and FeAl3 are gradually replaced by FeAl2 
and FeAl. Finally, the intermetallic compound layers are 

composed of FeAl2 and FeAl. The growth of the IMC 
layers has been found to be controlled by diffusion, and 
the solutions of diffusion equations have been  
presented [4]. 

The liquid−solid roll bonding (750 and 850 °C) 
methods of joining Al−Sn−Pb alloy and steel have been 
studied previously [6]. Al−clad Fe sheet is produced by 
solid−solid (450 and 600 °C) rolling process [7]. In these 
researches, the Fe−Al intermetallic compound layers 
were observed at the interface. 

The intermetallic compound layers are important to 
obtain materials with excellent performance. Thus, it is 
essential to understand the effect of different types of 
intermetallic compounds at the interface. In this study, 
solid Al and Fe were heat-treated, and the microstructure 
of intermetallic compounds was studied. The reaction 
between solid Al and solid Fe as well as influence of the 
Al−Fe intermetallic compound layers on interfacial 
bonding was discussed. This work provided guidelines 
for the prediction and control of interface intermetallic 
compounds during the welding and joining processes, 
including producing Al−clad Fe material by roll-bonding 
under solid-phase conditions, and it also provided a 
reference for the influence on the interfacial bonding of 
clad materials. 
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2 Experimental 
 

The 1.5 mm-thick plate of pure Fe coated with a 
0.07 mm-thick film of Al was used as core material in 
this study. The plates were cut to dimensions of 45 mm× 
10 mm×1.5 mm. Figure 1 shows the interfacial 
microstructure of the Fe coated with Al produced by 
roll-bonding. The interface was clean and not composed 
of Al−Fe intermetallic compounds. 
 

 
Fig. 1 Backscattered electron image of Al−Fe clad materials 
 

In this work, the solid Fe and solid Al were heated 
to 620 °C or (630±2) °C and held for 120 min in air. 
Thereafter, they were cooled to room temperature. 

The mechanical properties of the interfacial bonding 
were measured using a special method for shear strength 
tests. A 5A06 aluminum plate with dimensions of 45 
mm×10 mm× 4 mm was joined to a Fe−Al clad materials 
plate, as shown in Fig. 2. The bonding strength between 
the 5A06 Al and the pure Al coating layer is stronger 
than that between the Fe substrate and the Al coating 
layer. Tensile shear strength tests were carried out at 
room temperature at a cross-head speed of 1 mm/min 
using a tensile testing machine (Instron−5569). 
 

 
Fig. 2 Schematic diagram of tensile shear samples 
 

The specimens were cross sectioned for 
metallographic analyses using an electrical-discharge 
cutting machine. The cross sections of the 
metallographic specimens were polished with a diamond 
polishing agent. The interfacial structure and elemental 
distribution in the joint were analyzed by SEM equipped 
with an EDX spectroscopy analysis system (HITACHI 
S−4700). The phase structure on the surface of fracture 
of the joints was determined by XRD (D/max-rB). 

 
3 Results and discussion 
 
3.1 Interface structure of Al−Fe clad materials heated 

at 630 °C 
Figure 3 shows the microstructure and elemental 

distributions of the interface of Al−Fe clad materials 
heated at 630 °C for 120 min. There were defects (Fig. 
3(a)), such as microcracks and voids, in the intermetallic 
compound layers. Most of the microcracks ran along 
almost the length of the interface direction. Figure 3(b) 
shows the lap joints consisted of four parts: an un-reacted 
Al coating, a darker gray phase, a lighter phase layer and 
a Fe substrate. There were continuous lines in Fig. 3(b), 
indicating that intermetallic compound layers existed at 
the interface. The darker gray phase was Al-rich, and the 
lighter phase was Fe-rich. The Al-rich and Fe-rich 
intermetallic compound layers were termed IMC1 and 
IMC2, respectively. A small amount of IMC1 existed 
close to the Al coating. Majority of the intermetallic 
compounds was IMC2.  

Figure 4 shows the cross section of the fracture of 
Al−Fe clad materials heated at 630 °C for 120 min after 
the tensile test. The fracture location was in the IMC2,  
 

 

Fig. 3 Microstructure and elemental distributions of Al−Fe clad 
materials heat treated at 630 °C for 120 min: (a) Backscattered 
electron image; (b) Elemental distribution along white scanning 
line in (a) 
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Fig. 4 SEM image showing fracture location of Al−Fe clad 
materials heat treated at 630 °C for 120 min after tensile test 
 
and the fracture was along almost the length of the 
interface direction with IMC2. 

Figure 5 (a) shows the secondary electron image of 
the fracture surface of Al−Fe clad materials heat treated 
at 630 °C for 120 min after the tensile test. In Fig. 5(a), 
the bright and dark zones occurred because the fracture 
occurred in different compound layers. The fracture 
location of the black zones was deeper from the Fe side 
and closer to the Fe substrate than the light zones. 

 

 

Fig. 5 Secondary electron image (a) and XRD pattern (b) of 
tensile fracture surface morphology of Fig. 4 

To further determine the type of intermetallic 
compound layers formed at the interface of Al−Fe clad 
materials heated at 630 °C for 120 min, the XRD pattern 
from the fractured surfaces of the Fe sides was analyzed 
(Fig. 5(b)). Fe2Al5, FeAl3, Fe, Al and Al2O3 were 
detected in the XRD pattern and majority of the 
intermetallic compounds was Fe2Al5 phase. Therefore, 
the interface of Al−Fe clad materials heated at 630 °C for 
120 min mainly consisted of Fe2Al5 and FeAl3 layer. 
IMC1 was FeAl3 and IMC2 was Fe2Al5. The fractures 
mainly occurred at the Fe2Al5 intermetallic compound 
layer during the tensile−shear test. 
 
3.2 Interface structure of Al−Fe clad materials heated 

at 620 °C 
Figure 6 shows the microstructure and elemental 

distribution at the interface of Al−Fe clad materials 
heated at 620 °C after 120 min. The continuous lines 
were observed in Fig. 6(b), indicating that intermetallic 
compound layers were generated. Figure 6(a) shows that 
the lap joints consisted of four parts: an un-reacted Al  
 

 

Fig. 6 Microstructure and elemental distribution of Al−Fe clad 
materials heat treated at 620 °C for 120 min: (a) Backscattered 
electron image; (b) Elemental distribution along white scanning 
line in (a) 
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coat, a darker gray phase, a lighter phase layer and a base 
material of Fe. The darker gray phase was Al-rich, and 
the lighter phase was Fe-rich, which were termed IMC3 
and IMC4, respectively. The IMC3 layer was thicker 
than the IMC4 layer. There were no obvious microcracks 
or voids in IMC4. However, there were some defects 
such as voids and microcracks in IMC3. 

Figure 7 shows the cross section of the fracture of 
Al/Fe clad materials heated at 620 °C for 120 min after 
the tensile test. The fracture existed along almost the 
length of the interface direction, and occurred at IMC3. 
SEM micrograph of the fracture surface is shown in  
Fig. 8(a). The bright and dark zones were observed 
because the fracture occurred in different compound 
layers. The fracture location of the light zones was much 
shallower from the Fe substrate and closer to the Al coat 
layer than the dark zones. 
 

 
Fig. 7 SEM image showing fracture location of Al−Fe clad 
materials heat treated at 620 °C for 120 min after tensile test 
 

The intermetallic compound layers formed at the 
interface of Al−Fe clad materials heat treated at 620 °C 
for 120 min were analyzed by XRD from the fractured 
surface of the Fe sides. The results from the fractures are 
shown in Fig. 8(b). The intermetallic compound of FeAl3 
with Fe2Al5, Al and Al2O3 elements was found to be 
present. IMC3 was FeAl3 and IMC4 was Fe2Al5. The 
light zones were FeAl3 phase. The overwhelming 
majority of fractures occurred in the FeAl3 intermetallic 
compound layer during the tensile test and only a few 
fractures occurred in the Fe2Al5 intermetallic compound 
layer. 
 
3.3 Reaction of solid Al and solid Fe 

From the above analysis and Fe−Al binary diagram, 
it was concluded that the interface of solid Al coating 
and solid Fe substrate involved the formation of Fe−Al 
intermetallic compounds. The layer composition 
gradually approached the composition of the Al-rich 
intermetallic compounds from the Fe substrate to the Al 
coating. 

 

 
Fig. 8 Secondary electron image (a) and XRD patterns (b) of 
tensile fracture surface morphology in Fig. 7 
 

During the reaction between solid Al and solid Fe, 
the formation of the Fe2Al5 and FeAl3 phase was detected 
and other Fe−Al phases were not found, which was 
consistent with the reaction between liquid Al and solid 
Fe as observed by other authors [4,5,8]. However, the 
morphology of intermetallic compounds at the 
solid–solid interface was different from that at the 
solid–liquid interface. 

The Fe2Al5 phase was slightly tongue-like and 
regular with peaks oriented towards Fe. However, the 
FeAl3 layer was slightly thicker than the Fe2Al5 layer in 
this work, and the morphology of the FeAl3 phase was 
not thin needles or platelets uniformly dispersed in the 
solidification aluminum matrix which was reported by 
other authors [4,5,8]. The thickness of the two 
intermediate phases was 20−50 μm. However, the 
thickness of the two intermediate phases was more than 
100 μm when the solid–solid interface reacted only a few 
minutes [4,5,8]. The inter-diffusion controlled their 
growth, and the growth rate of the two intermediate at 
solid–solid interface was slower than that at solid–liquid 
interface. 
 
3.4 Effect of Fe−Al intermetallic compounds 

Figure 9 shows that the shear strength to fracture 
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occurred at different locations after the tensile−shear test. 
The shear strength of the original Al−Fe clad materials 
was about 70 MPa. However, the shear strength was only 
about 20 MPa when the fracture occurred at the 
intermetallic compound layers. Both Fe2Al5 and FeAl3 
caused deterioration of the Al−Fe clad materials bonding. 
 

 

Fig. 9 Shear strength to fractures occurring at different 
locations 
 

In this study, the defects at the interface of Fe−Al 
reaction layers were observed [3,9,10]. However, the 
fractures mainly occurred at the intermetallic compound 
layer of Fe2Al5 or FeAl3, which was different from other 
reports [11−15]. The location of the fracture depended on 
the defects in Fe2Al5 and FeAl3 layers. The intermetallic 
compounds led to the fracture of the weakest part of the 
interface. Therefore, the intermetallic compound layer 
significantly deteriorated the mechanical properties of 
the interface. 

The thermal expansion coefficients for Fe (12.2× 
10−6 K−1), Al (23.5×10−6 K−1) and Al−Fe intermetallic 
compounds (18.94×10−6 K−1 for Fe2Al5, 19.68×10−6 K−1 
for FeAl3) [16,17] were different from each other. The 
intermetallic compound layers usually formed at a higher 
temperature. During cooling, the different thermal 
expansion coefficients of the Fe substrate, Al coating and 
intermetallic compounds caused residual stress along the 
interface direction. This further caused internal 
microcracks which were found in the intermetallic 
compound layer. Microcracks were the main factor of the 
fracture. 

According to results of CHENG and WANG [5], the 
formation of internal voids resulted from the Kirkendall 
effect. The different diffusion rates of Fe and Al caused a 
net flux of vacancies to the interface where voids 
condensed out. The Kirkendall effect was a rational 
mechanism for voids observed at the interface. The voids 
resulted in stress concentration which accelerated the 
expansion of the crack. 

 
4 Conclusions 
 

1) Intermetallic compounds of Fe2Al5 and FeAl3 
were detected at the interface of Al−Fe clad materials 
with heat-treatment. The interface between the solid Fe 
and solid Al with heat-treatment consisted of Fe2Al5 
intermetallic compound layer and FeAl3 intermetallic 
compound layer. The morphology of intermetallic 
compounds at the solid−solid interface was different 
from that at the solid–liquid interface. 

2) The intermetallic compound layers significantly 
deteriorated the mechanical properties of Al−Fe clad 
materials. Shear strength decreased from 70 to 20 MPa. 
The fractures mainly occurred at the Fe2Al5 or FeAl3 
intermetallic compound layer after tensile test. 

3) The defects in the Fe2Al5 and FeAl3 layers are the 
dominant element of controlling the location of the 
fracture. The formation of internal microcracks in the 
intermetallic compound layers was caused by the thermal 
expansion coefficient mismatch between the materials, 
and the formation of internal voids was consistent with 
the Kirkendall effect. 
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Al−Fe 金属间化合物对复合板界面结合的影响 
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摘  要：对固态铝和固态铁界面金属间化合物的生长及金属间化合物对界面结合的影响进行了研究。结果表明，

固态铝和固态铁热处理后的界面主要包括 Fe2Al5和 FeAl3化合物层，金属间化合物恶化了界面结合强度。在拉剪

测试中，断裂主要发生在 Fe2Al5或 FeAl3化合物层，断裂的位置主要取决于化合物层内部的缺陷，包括微裂纹和

空洞。热膨胀系数不匹配产生的应力导致内部微裂纹产生，内部孔洞产生的原因是 Kirkendall 效应。该研究对铝

和铁的焊接与连接，尤其是对铝钢复合板的制备，奠定了一定的基础。 

关键词：Al−Fe 复合板；界面结合；Al−Fe 金属间化合物；界面结构；力学性能 
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