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Abstract
In the present study, the relationship between microstructure and mechanical properties of steel-based intermetallic-metal-
laminated composites processed via diffusional reaction is clarified. Steel and pure Al foils were alternately stacked and 
isothermally heated in vacuum at 655 °C for 2–16 h and subjected to a pressure of 3.8 MPa ultimately leading to laminate 
composite. The phase formation sequence and mechanical properties of the steel/FeAl intermetallic-laminated composite 
was firstly studied using different characterization techniques. The intermetallics formed in the laminated composite were 
Fe2Al5 and FeAl phase, whose growth governed was the kinetics of diffusion. The microhardness distribution of the steel-
based MIL is consistent with the goal of combining high strength and stiffness of the intermetallic phase (1000 HV) with 
high toughness and ductility of the metal (100 HV). The compressive strength of laminated composites was 950 MPa. With 
the formation of FeAl phase between steel and brittle Fe2Al5, two peaks present in the stress-strain curve with the strain 
increase; the fracture morphology was characterized by a combination of ductile and brittle fracture.
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1  Introduction

Processing of laminated composites is an effective method 
to exploit the properties of individual bulk materials [1, 2]. 
The strength of intermetallics is good, but the room tem-
perature brittleness limits its use as structural materials. The 
toughness of intermetallics can be enhanced via particles 
[3], fibers, or layers of ductile metals [4] to compensate for 
the limited room temperature deformation and to inhibit 
crack growth. Among them, the laminated structure has 
superior reinforcement effect [5, 6]. The hybrid-laminated 
structure referred as metal-intermetallic-laminated (MIL) 
composites can be effectively designed to optimize the 

unique properties and exploit the benefits of the individual 
constituents by incorporating high strength and stiffness of 
the intermetallic phase with high toughness of the metallic 
constituent [7]. The appropriate MIL microstructure can be 
obtained by designing and optimizing the nature of initial 
foil, thickness, the number of layers of each constituent, and 
the process. MIL composites are generally characterized by 
excellent mechanical properties such as high strength, high 
stiffness, fracture toughness, wear resistance, and low cost 
[7–9]. Meanwhile, compared with methods such as rolling 
and explosive welding, the bonding interface formed by hot 
pressing of present study has stronger metallurgical interface 
and does not cause environmental pollution. Therefore, MIL 
laminate composites can be used as high-temperature struc-
tural materials and in applications that require high energy 
absorption [5, 10].

MIL composite systems of Ti/Al [11–13] and Fe/Al 
[14–16] system have been widely studied. The evolution of 
the intermetallic phase in the microstructure was studied by 
Vecchio [7] and Azimi et al. [14] and the fracture behavior 
was in detail by Rohatgi et al. [5, 13] and Brunelli et al. [16]. 
The unique mechanical properties of Ti-Al3Ti MIL compos-
ites were shown to be derived from the hierarchical structure 
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of laminates and the significant degree of toughening was 
achieved with a small volume fraction of remnant metal lay-
ers. Thus, it is desirable to fabricate similar MIL composites 
from lower cost sheet metals, specifically replacement of 
Ti with Fe-based sheet metal. Stainless steels (430SS and 
304SS) were used in place of Ti-based materials to prepare 
MIL composites with the aim to have mechanical properties 
comparable to Ti-Al3Ti composites. Microstructural studies 
on stainless steel-based MIL composites revealed that brit-
tle Al-rich intermetallic Fe2Al5 formed in the intermetallic 
layer increases the stress concentration at the intermetallic/
metal interface causing cracking or delamination [17]. The 
abrupt change of hardness between brittle aluminum-rich 
phase and flexible metal layer is the main reason for stress 
concentration and delamination at the interface of laminated 
materials [17].

The Fe-rich intermetallic compounds (FeAl and Fe3Al) 
have proven to exhibit coherent interface with iron-based 
alloy with higher toughness than the Al-rich intermetallics. 
The strength and hardness of Fe-rich intermetallic com-
pounds are slightly lower than Al-rich phases. They exhibit 
good plasticity and toughness because of more number of 
slip systems. Therefore, the formation of iron-rich phase 
(FeAl) at the intermetallic/metal interface can reduce the 
atomic mismatch at the interface, change the abrupt hard-
ness decrease between the intermetallic layer and the metal 
layer, and relieve the stress concentration at the interface 
[18, 19]. It is desirable to obtain relatively ductile interme-
tallics with as much iron content as possible (FeAl2, FeAl, 
and Fe3Al) between the the Fe2Al5/Fe interface to decrease 
the stress concentration. While the presence of 17 at.% Cr 
in the stainless steel acts as a barrier in the diffusional reac-
tion system suppressing the phase transformation from Fe-
rich intermetallic between Al and Fe by forming two types 
of chromium-aluminum intermetallic phases Cr2Al13 and 
Al10Cr5.5Fe2.5. Hence, steel without Cr or Ni elements has 
a reduced tendency to form aluminide via reaction of Cr 
with Al. It is a viable approach to potentially obtain Fe-rich 
compound with good toughness by using steel reacted with 
aluminum.

Previous studies focused on the interaction between Al 
and steel [20–22] have shown that the common Fe2Al5 

phases were nucleated on the surface of carbon steel, when 
steel was hot-dipping into a molten aluminum bath at 
700 °C and annealing at 750 °C in static air. The increase 
of exposure time in air led to the disappearance of Fe2Al5 
phase which was gradually replaced by FeAl phase [21]. In 
another study, steel was plasma pack aluminized at 700 °C 
in vacuum at 15 mbar, followed by oxidation at 800 °C 
temperature for 1 h. The results showed that besides FeAl3 
and Fe2Al5 phases, Fe3Al and FeAl intermetallic were also 
observed [22] on extended annealing treatment at elevated 
temperature.

In the present study, steel-based MIL composites were 
processed via diffusional reaction (at 655 °C) for different 
times to obtain Fe-rich intermetallic phases (FeAl phase). 
The microstructure evolution and growth kinetics of inter-
metallic layers were studied and related to mechanical prop-
erties together with the study of micro-hardness distribution 
across the intermetallic/metal interface and evaluation of 
static compression performance. The objective of the study 
is to elucidate the effect of microstructure of intermetallics 
formed at the interface of carbon steel/Al on mechanical 
properties of MIL composites.

2 � Experimental

2.1 � Materials

The materials used for fabricating the laminates were 
steel and 1060 Al foils of chemical composition listed in 
Tables 1 and 2, respectively. Both carbon steel and 1060 Al 
were commercially available metal foil strips of dimensions 
20 mm × 40 mm × 0.2 mm.

2.2 � Processing of laminated composite

1060 Al foils were etched with 9% NaOH solution for 
5 min, while steel was not subjected to etching. The metal 
foils were ground with 240 grit coarse SiC paper and 
cut to dimensions of 20 mm × 20 mm × 0.2 mm. Ground 
foils were ultrasonically cleaned for 10 min with etha-
nol and dried by cold air. Vacuum hot pressing furnace 

Table 1   Chemical composition 
of carbon steel (wt%)

Element C Si Mn S P Fe

Content 0.14–0.22 0.3 0.30–0.65  ≤ 0.05  ≤ 0.045 Balance

Table 2   Chemical composition 
of 1060 Al (wt%)

Element Si Fe Cu Mg Mn Zn Ti V Al

Content 0.25 0.35 0.05 0.03 0.03 0.05 0.03 0.05 Balance
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(OTF-1200X) manufactured by Hefei Kejing Material 
Technology Ltd. was used. The pre-processed carbon steel 
and Al foils were stacked alternately (18 layers of carbon 
steel, 17 layers of Al) and placed in a graphite mold. Next, 
the mold with the sample was placed between the upper 
and lower graphite pressure bars of the hot pressing fur-
nace and hot pressing of MIL composites accomplished.

After the sample was placed in a vacuum hot pressing 
furnace, the pressure of the sample was set to 3.8 MPa and 
evacuated to 1 × 10–1 Pa. The heating temperature and time 
curve are shown in Fig. 1. The temperature was increased 
from room temperature to 600  °C at a heating rate of 
10 °C/min. The sample was heated at 600 °C for a certain 
period of time to break the initial oxide layer and start the 
diffusion of iron and aluminum. After slowly heating up to 
655 °C, it is kept warm for a period of time and then finally 
cooled inside the furnace. The microstructural evolution 
associated with the reaction of carbon steel with Al after 
reaction was studied for samples kept for 2, 4, 6, 8, 12, and 
16 h at constant temperature.

2.3 � Microstructure evolution and characterization

The prepared samples were cut in the direction perpendicu-
lar to the reaction interface to obtain cross-section. Cross-
section of the samples was first ground with a series of SiC 
paper (240–2000 grit) and then mechanically polished with 
diamond paste using standard metallographic procedure. 
The microstructure of the cross-section was observed with 
Leica MEF-4 optical microscope and Hitachi SU5000 field 
emission SEM. EDS EBSD and XRD techniques were used 
to study chemical analysis and phases, respectively.

The following methods were used to measure density. The 
mass of each sample was measured by a scale with a hook at 
the bottom with an accuracy of 0.001 g, and then, the sample 
was tied with a fine wire of a certain length. The remaining 
fine line ends were fixed, the samples were weighed suc-
cessively in air and distilled water, and the density of the 
samples was calculated. The actual density was calculated 
and compared with the theoretical density value calculated 
in Sect. 3.2 below. The micro-hardness of the MIL compos-
ites was measured at an indentation load of 0.2 kg for 10 s 
using a Shanghai Siwei HVS-1000 micro-hardness tester. 
The quasi-static compression test was performed using a 
WE-30 microcomputer-controlled electro-hydraulic servo 
universal material testing machine. A cylindrical sample 
having a diameter of 5 mm was processed by a wire cut-
ting method. The loading direction was perpendicular to 
the lamination direction and the strain rate was 0.001 mm/s. 
After the test, the fracture morphology of the sample was 
observed by SEM.

3 � Results

3.1 � Microstructure

Figure 2 shows the image of steel-based MIL compos-
ite after 2 h of treatment. It can be seen from Fig. 2 that 
a uniform interlayer was obtained by hot-pressure diffu-
sion, which is called uniform layer. Al was not completely 

Fig. 1   The heating temperature and time curve for the laminated 
composite

Fig. 2   An image of carbon 
steel/Al heated at 655 °C for 2 h
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consumed and reacted with Fe in carbon steel to form an 
intermetallic layer with tongue-like morphology. When Fe 
and Al diffused, the intermetallic grew on both sides, form-
ing a tongue-like uneven interface on the near carbon steel 
side. At the same time, impurity oxides were present in the 
intermediate region, forming the “intermetallic centerline”. 
In addition, it was observed that there was a thin layer of 
gray scale between the intermetallic compound layer and the 
carbon steel, which is believed to be another intermetallic 
compound [23].

The results of EDS scan of the sample are shown in 
Fig. 3. Blue represents Al and green represents Fe. From 
the color distribution, the thicker layer on the right side and 
the thinner layer in the middle are both Fe-Al intermetallics. 
In order to understand the phase composition of the two 
Fe-Al intermetallics, EDS analysis was carried out from the 
Fe-rich side to the Al-rich side in the direction perpendicular 
to the interface. The line scan result suggested that the distri-
bution of Al and Fe was relatively uniform, and a two-stage 
platform appeared. The average atomic content (Al: 68.2 at% 
and Fe: 31.8 at%) in the main intermetallic layer (left part of 
the EDS line scan) indicated that the formed phase is Fe2Al5 

phase, which is the most thermodynamically stable phase in 
the Al-Fe system and is the first phase formed during Al-Fe 
interaction. EDS analysis results around the interface area 
(Al: 56.7 at% and Fe: 43.3 at%) indicated that high iron 
content intermetallic phases are formed at the interface area 
between Fe2Al5 and Fe.

To further determine the phase composition of Fe-Al 
intermetallic compounds, XRD analysis was performed, 
as shown in Fig. 4. Phase identification was performed by 
XRD detection. The diffraction peak of FeAl phase was also 
observed, together with the diffraction peaks of (110) crystal 
planes of elemental steel and file of Fe2Al5 with the first and 
second peaks at 44.55° and 43.78°, respectively.

3.2 � Density

In order to study the compactness of steel-based MIL com-
posites by hot pressing, the microstructure was observed, 
and the theoretical density of the materials was calculated. 
Images for different heating time are presented in Fig. 5.

According to the structural characteristics of the samples 
shown in Fig. 6, the theoretical density of MIL composites is

Fig. 3   Cross-sectional EDS spot 
and line scan analysis of carbon 
steel/Al reaction
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where �T is the theoretical density of MIL composite and 
the unit is g/cm3. mT is mass and its unit is g. VT is volume 
and its unit is cm3. i = 1,2, 3 represents Fe2Al5, FeAl, and 
carbon steel, respectively. a and b are the length and width 
perpendicular to the laminated interface, respectively. For 
the determination of length and width of each layer, the 
length is equivalent for all Fe2Al5 layers at each cross sec-
tion after the oxidation layer is broken. The contrast between 
compound /Fe and compound/oxide interfaces is clearly dis-
cernible. Therefore, the length and width of Fe2Al5 layers 
can be obtained by using the capture boundary function of 
Photoshop. �i , �i , and ni indicate the density, the thickness, 
and the number of layers of each phase, respectively. All 
length units are µm. The actual density of carbon steel is 
7.85 g/cm3, the theoretical density of Fe2Al5 is 4.46 g/cm3, 
and FeAl is 5.56 g/cm3, respectively [23]. The carbon steel 
and Al used in the experiment had 18 and 17 layers, respec-
tively, and considering the binary phase diagram of Fe-Al, it 
was found that n1 = 17 , n2 = 34 , and n3 = 18 , respectively, 
�1 and �3 are thickness at different time.

Since the shape of the sample after cutting and grinding 
is not regular, the actual volume was measured as using the 
method described in Sect. 2.3. The actual mass was meas-
ured by an electronic balance. For samples with different 
heating times, the actual density is calculated by

(1)�T =
mT

VT

=

∑3

i=1
�i × ab × ni�1

∑3

i=1
ab × ni�i

=

∑3

i=1
�i × ni�1

∑3

i=1
ni�i

The theoretical density and the calculated density are 
shown in Table 3.

The density map of each time period was drawn and is 
shown in Fig. 6. The picture notes that during the 2 h reac-
tion time of incomplete Al reaction, the calculated density 
was reduced due to the formation of Fe2Al5. The metallo-
graphic images of a, b, c, d were for 6 h, 8 h, 12 h, and 16 h, 
respectively. After complete reaction of Al, with the exten-
sion of time, further diffusion occurred and Fe2Al5 trans-
formed to FeAl phase and the thickness increased with time, 
as shown in the Fig. 6a–d. Therefore, the calculated density 
in the subsequent reaction time was lower than the theoreti-
cal density. In order to investigate the growth of intermetallic 
compounds, the growth kinetics were investigated (Fig. 7).

3.3 � Kinetics

As described above, at 655 °C, a thick Fe2Al5 layer and a 
very thin FeAl layer were formed at the carbon steel/Al 
interface, and Al was completely consumed. According 
to the binary phase diagram of Fe-Al [24], stable Fe-Al 
intermetallics are FeAl, FeAl2, Fe2Al5, and FeAl3 phases 
at 655 °C. However, according to above, Fe2Al5 phase and 
a thin FeAl layer were present. It is not certain that all the 
stable phases can be formed while some of them cannot 
grow into a visible layer after a long period of heating. In 

(2)�c =
�waterma

ma − mwater

Fig. 4   XRD of carbon steel/Al 
heated at 655 °C for 4 h
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order to understand the specific reaction diffusion mecha-
nism of the two intermetallics, it is necessary to study the 
growth kinetics (Table 4).

From Fig. 3, the thickness of Fe2Al5 and FeAl layers 
can be calculated from [25]

where the area, length, and thickness of the intermetallic 
layer are Ai , w , and li , respectively. The unit of length is µm 
and w of each intermetallic layer is obtained from the cross 
section. Fe2Al5, FeAl, and carbon steel have different gray-
level scale, or contrast. Thus, the interface corresponding to 
Fe2Al5 and FeAl can be distinguished clearly. The Fe2Al5 
and FeAl layers are defined i = 1,2, respectively.

(3)li =
Ai

w

The basic empirical formula for the growth of interme-
tallics [25] is given by

where t and t0 are the heating time and the unit time, respec-
tively. Time unit is h and t∕t0 is dimensionless. The propor-
tional coefficient k is the same dimension as li , so its unit is 
also µm.

Taking logarithm on both sides of Eq. (4), get that:

where the relationship between the thickness of intermetallic 
layer is fitted according to the Eq. (5), and the curve of 

(4)li = k(
t

t0

)
n

(5)lnli = nln
t

t0

+ lnk

Fig. 5   Images of carbon steel/
Al heated at 655 °C for different 
time (a 2 h, b 4 h, c 6 h, d 8 h, e 
12 h, f 16 h)
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li − ln
t

t0

 is shown in Fig. 7. The fitted equation is shown in 
Table 4. It can be seen that the index obtained by fitting is 
close to 0.5, which indicates that the thicknesses of Fe2Al5 
and FeAl phases are both proportional to the square root of 
the heating time. That is the growth of Fe2Al5 and FeAl 
phases is controlled by volume diffusion.

3.4 � Microhardness

The reaction-generated intermetallic compounds were iden-
tified and their growth kinetics studied. In order to further 
explore the influence of the newly generated intermetallic 
compounds on the laminated materials, their micromechani-
cal properties were characterized. Interface performance 

Fig. 6   Density distribution of 
different heating time (a) and 
the corresponding microstruc-
ture (b 4h, c 6h, d 12h, e 16h)

Table 3   Theoretical density and 
calculated density of samples 
for different heating time

Heating time (h) 2 4 6 8 12 16

(g/cm3) 5.2860 5.1727 5.1400 5.1201 5.1187 5.0938
(g) 6.0 6.5 5.2 5.4 3.0 6.9
mwater (g) 4.8600 5.2400 2.1800 4.3400 2.4100 5.5400
(g/cm3) 5.2632 5.1587 5.0980 5.0943 5.0847 5.0735
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is closely related to the microscopic structure of the inter-
face. Therefore, in order to analyze the interface properties 
after diffusion, the microhardness near the interface of the 
intermetallic layer was determined. The microhardness of 
MIL composites after 2 h and 16 h of reaction is shown in 
Fig. 8. The microhardness of Fe2Al5 phase was ~1000 HV, 
the microhardness of carbon steel on both sides was 150 HV 
or greater. The microhardness of Fe2Al5 phase in the litera-
ture [26] was suggested to be 1000 HV, which is consist-
ent with this study. The microhardness distribution (Fig. 8) 
was as expected. Compared with stainless steel, carbon steel 
had very low Cr content, so in the vicinity of the centerline 
region, Cr-containing Cr2Al13 phase was not formed, and 
between adjacent carbon steel was mainly hard Fe2Al5 phase, 
which can be considered to uniform layer. The uniform layer 
is hard and brittle, so there were small cracks in the vicinity 
of diamond microhardness indentation in the uniform layer, 
as shown in Fig. 8c. The microhardness distribution near the 
interface after 16 h of carbon steel/Al reaction is shown in 
Fig. 8d, and the microhardness distribution trend is essen-
tially identical to Fig. 8e. However, the microhardness at the 
interface was 863 HV, which is because of the formation of 
Fe-rich phase FeAl with B2 structure. There were no cracks 

or evidence of delamination in the indented interface area, as 
shown in Fig. 8f. This indicates a good combination strength 
of two layers with a third ductile phase. It is obvious that the 
B2 layer can reduce the stress concentration at the interface 
and suppresses the crack growth. At the same time, the two 
are also closely combined by B2 layer to reduce the stratifica-
tion effect in the multi-layer system.

3.5 � Quasi‑static compression (σ‑ε curve) 
and fracture morphology

The special structure of the MIL composite is envisaged to 
have superior properties. At identical strain, the stress per-
pendicular to the laminar direction was greater than the stress 
parallel to the laminar direction [27]. Therefore, the compres-
sion performance perpendicular to the layered direction was 
studied. Stress-strain curve of carbon steel/Al after reaction 
for 4, 6, 12, and 16 h is presented in Fig. 9. The compression 
σ-ε curve of MIL composite after 4 and 16 h only had elastic 
deformation region and failure occurred at the end of the 
elastic deformation stage. That is, the sample broke almost 
immediately after the end of elastic region and no plastic 
deformation occurred. When Al was completely extruded, it 
entered the next stage. With the extension of reaction time, 
the FeAl phase generated gradually increased, so two dif-
ferent peaks appeared at hours 12 and 16. According to the 
microstructural analysis of the laminated composite, two 
peaks can be considered to be governed by two different 
phases, Fe2Al5 and FeAl phases in MIL composites. FeAl 
intermetallic material has low density, high specific strength, 
good oxidation resistance, good corrosion resistance, and 
high-temperature friction and wear resistance. Compared 
with Fe2Al5 uniform layer, FeAl provides better toughness 

Fig. 7   Thickness-heating time relationship and linear regression results of Fe2Al5 and FeAl phases, respectively (a Fe2Al5, b FeAl)

Table 4   Fitted equation of thickness and time of intermetallic com-
pound layer

Intermetallic phase Kinetic index Log of the 
reaction 
rate

Fe2Al5 0.463 4.646
FeAl 0.498 −0.133
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[28]. In view of the existence of FeAl layer between the uni-
form layer and carbon steel, the complex tongue-like mor-
phology of FeAl layer was weakened. Therefore, when the 
interlayer layer with toughness and toughness is destroyed, 
part of the crack propagation energy is dissipated. The FeAl 
layer reduces the interfacial stress concentration, inhibits 
crack growth, and reduces the delamination effect in the mul-
tilayer system. Since the MIL material forms an alternating 
stack of carbon steel and intermetallic compounds at the end 
of the reaction, cracks will break layer by layer when pres-
sure is applied. That is, the crack forms the first peak in the 

Fe2Al5 layer and then passes through the Fe2Al5 layer. The 
crack extends to the intermetallic compound FeAl layer and 
forms the second peak. Therefore, there are two peaks in the 
stress/-strain curve. Table 5 lists values of the compressive 
strength and failure strain of all the tested samples.

It can be seen from Table 5 that with the increase of reac-
tion time, the FeAl phase increases, and the stress decreases 
after reaching the maximum value. However, with the 
increase of reaction time, FeAl phase increases and strain 
increases, which can absorb more energy, increase plasticity, 
and prevent brittle fracture.

Fig. 8   Microhardness distribution for different treatment (a microhardness curve heated for 2 h, b, c microhardness diagram heated for 2 h, d 
microhardness curve heated for 16 h, e, f microhardness diagram heated for 16 h)
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In order to further analyze the specific failure mode, the 
microfracture morphology of the materials after deformation 
was observed. Quasi-static compression specimens experi-
enced both axial and radial deformation because of the partial 
fracture of the brittle uniform layer and plastic deformation of 
the ductile carbon steel. In view of energy dissipation com-
bined with the deflection mechanism of the crack, the MIL 
composites did not undergo macroscopic fracture. The frac-
ture morphology of the MIL composites is shown in Fig. 10. 
Figure 10a–c is the fracture morphology of the MIL com-
posite after 4 h of reaction. It may be noted that the MIL 
composite cracked at the intermetallic centerline, forming a 
stratification phenomenon. However, there were also local 
areas that cracked. It can be seen from Fig. 10b that the micro-
cracks perpendicular to the intermediate line were generated, 
and Fe2Al5 phase ruptured, leaving voids. Since the B2 layer 
was present between the uniform layer and the carbon steel, 

with complex tongue-like morphology of the uniform layer, 
the interface between the two did not undergo any cracking. 
It can be seen from Fig. 10c from the crack source that the 
two main cracks, 1 and 2, propagated in two 45° directions of 
the sample. Main crack 2 along the intermetallic centerline 
produced a secondary crack 3, which absorbed part of the 
crack growth energy until the crack reached the carbon steel 
layer, the secondary crack was stopped, and its growth also 
stopped. In addition, closer to the crack source, more severe 
cracking of the intermetallic centerline and the deformation of 
the carbon steel was observed, and the carbon steel was bent 
in the direction opposite to the crack source. Taking the main 
crack 1 of Fig. 10e as an example, in the direction in which 
the main crack 1 grew, the tough and ductile bonded sand-
wich structure layers were broken, and a part of the energy 
of crack propagation was dissipated. When the main crack 1 
grew, a weak intermetallic centerline was encountered, and 
lateral micro-cracks extended along the intermediate line until 
another part of the energy of the crack propagation was con-
sumed, and then, the lateral micro-crack stopped growing. 
The crack propagation after 16 h was similar. It can be clearly 
seen from Fig. 10 that the cracks of the samples with short 
reaction time are mostly in vertical direction and correspond 
to brittle fracture. While, with the increase of reaction time, 
FeAl phase increases, majority of the cracks in the sample 
were along the 45° direction, belonging to ductile fracture. In 
subsequent studies, the structure of the MIL composites was 
further analyzed to study the influence of material structure 
on compression performance.

Table 5   Compressive strength and failure strain of carbon steel/Al 
reaction at 4, 6, 12, and 16 h

Time/h Compressive 
strength/MPa

Failure 
strain/%

4 912 4.1
6 950 7.6
12 First peak 850 8.1

Second peak 895 9
16 First peak 868 7.1

Second peak 810 6.6

Fig. 9   Quasi-static compression curve of carbon steel/Al laminate after reaction for 4 (a), 6 (b), 12 (c), and 16 h (d)
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4 � Discussion

According to the Fe-Al binary phase diagram and previ-
ous studies [20–22], when the carbon steel reacts with Al at 
T = 655 °C and P = 3.8 MPa, a Fe2Al5 phase with a tongue-
like morphology is present at the interface. In the present 
studies, as the reaction time progresses, Fe2Al5 phase is rap-
idly transformed (Fe2Al5 → FeAl) during the cooling pro-
cess. These phase transformation sequences are analyzed 
below:

First, Fe2Al5 phase was formed at carbon steel/Al interface. 
When carbon steel was in contact with solid Al, atomic inter-
diffusion and interfacial reaction occurred to form an inter-
facial diffusion layer composed of a Fe-Al intermetallic. The 
generation of the interface is governed by thermodynamics 

and kinetics. Both thermodynamic driving force and diffu-
sion rate determine the chemistry of the interface. From the 
thermodynamic point of view, the most easily formed Fe-Al 
intermetallic is FeAl3 phase, but from the kinetic point of 
view, the growth kinetic coefficient of Fe2Al5 phase is signifi-
cantly larger than FeAl3 phase. At the same temperature, the 
growth rate of Fe2Al5 phase is greater than FeAl3 phase [28]. 
At longer time, interdiffusion reactions occur, and the growth 
rate has a certain relationship with the melting point. At a con-
stant temperature, the interdiffusion coefficient of the lower 
melting temperature intermetallic may be larger than the inter-
diffusion coefficient of intermetallic with high melting tem-
perature. Furthermore, the growth rate of intermetallic with 
a larger interdiffusion coefficient is greater than the growth 
rate of the intermetallic with a small interdiffusion coefficient. 

Fig. 10   Fracture morphology of 
quasi-static compression test of 
carbon steel/Al laminate after 
reaction for 4 (a–c), 12 (d, e), 
and 16 h (f)
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Thus, the intermetallic with lower melting point grows faster 
than one with a higher melting point. In the Fe-Al binary 
alloy system, the melting points of Fe2Al5, FeAl3, FeAl2, and 
FeAl phases are 1442, 1433, 1433, and 1583 K (1169, 1160, 
1160, and 1310 °C), respectively. The melting point of Fe2Al5 
phase is relatively low, so its coefficient of mutual diffusion 
is larger. The reaction preferentially generates orthorhombic 
Fe2Al5 phase at 655 °C.

From the Fe2Al5 stacking model shown in Fig. 11, it can 
be seen that there are two C axis in the crystal structure, 
and the lattice nodes along the C axis are occupied only 
by Al atoms. Given that the atomic radii of Fe and Al are 
similar and 30% vacancies on the C axis, the Al atoms dif-
fuse through the lattice of Fe2Al5 at a higher rate to form 
Fe2Al5 with tongue-like structure. A portion of the tongue-
like structure extends inside the carbon steel, but majority of 
it is deposited on the carbon steel substrate, i.e., occupying 
the position of Al before the reaction. When the Al atoms 
diffuse to carbon steel side, the Fe atoms diffuse toward Al 
side, and the formation of the diffusion layer is a result of 
bidirectional diffusion of iron and aluminum.

The formation of Fe2Al5 phase is completed in a short 
time, which is about a few minutes. In this study, Fe2Al5 
phase was also rapidly formed in the first few minutes of the 
reaction. Since the main phase of carbon steel is BCC ferrite, 
compared with austenitic stainless steel with FCC structure, 
the density is different, which is more conducive to the dif-
fusion of atoms, so the Fe2Al5 intermetallic compound layer 
is expected to grow faster in carbon steel.

5 � Conclusions

1.	 The MIL composites prepared by reacting carbon steel/
Al at 655 °C. The resulting intermetallics were Fe2Al5 
and FeAl, and Fe2Al5 as the main phase. When the heat-

ing time was increased, the thickness of the FeAl inter-
metallic compound was gradually increased.

2.	 The thickness of Fe2Al5 and FeAl layers was propor-
tional to the square root of the holding time. The growth 
of Fe2Al5 phase and FeAl phase with time followed par-
abolic relationship. The growth of both the phases was 
controlled by bulk diffusion.

3.	 The MIL composite obtained by the reaction was dense. 
The microhardness of Fe2Al5 was ~1000 HV, and the 
microhardness of carbon steel was ~150 HV. The thin 
FeAl toughness layer between carbon steel and Fe2Al5 
can buffer the interface microhardness between high 
microhardness Fe2Al5 and carbon steel with relatively 
low microhardness, and thereby reduces the stress con-
centration at the interface of the material and reduces 
delamination.

4.	 The compressive strength of laminated composites 
approached ~ 810–950 MPa, and the static compres-
sion performance of MIL materials heated for 16 h was 
the best. The sample after static compression fractured 
locally and did not break completely; axial and radial 
deformation occurred. The carbon steel layer experienced 
ductile fracture, and the uniform layer experienced brittle 
fracture demonstrating a mixed fracture condition.

5.	 The phase formation sequences in the carbon steel/Al 
reaction are shown as: complete transformation rapidly 
occurred and followed the sequence (Fe2Al5 → FeAl).
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