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STRUCTURAL CHARACTERIZATION AND PROPERTIES OF Al/Fe MULTI-LAYER COMPOSITES PRODUCED
BY HOT PRESSING

This study aimed to develop Fe/Al multilayered metallic/intermetallic composites produced by hot pressing under an air
atmosphere. Analyses were carried out on the composite plates made up of alternatively situated sheets of AA1050 aluminum
alloy and DNO4 low carbon steel, which were annealed at 903 K for 2, 5, and 10 h. Annealing was performed to obtain reaction
layers of distinct thickness. The samples were examined using X-Ray diffraction and scanning and transmission electron micro-
scope equipped with an energy-dispersive X-Ray spectrometer. To correlate the structural changes with mechanical properties,
microhardness measurements in near-the-interface layers were performed. All the reaction layers grew with parabolic kinetics with
n-AlsFe, intermetallic phase as the dominant component. After annealing for 5 and 10 hours, a thin sublayer of 0-Al;Fe, phase

was also detected.
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1. Introduction

Metal-intermetallic layered (MIL) composites based on
iron and aluminum are promising materials due to their high
specific strength and stiffness at intermediate temperatures and
the outstanding corrosion resistance at high temperatures. Such
features make them an excellent material especially for the trans-
portation industry [1-5]. Examples of such hybrid designs are
lightweight body-in-white structures in transportation systems
[6-10], protective aluminum coatings on steel sheets or tubes,
motor vehicle exhaust systems, domestic appliances and building
cladding panels [11] or heat exchangers in energy conversion
systems [12]. Anyway, it is quite difficult to join steel and alu-
minum using conventional fusion welding methods because of
the significantly different melting points (933 K for aluminum
and 1420-1768 K for carbon steel, according to the quantity of
carbon) and other physico-chemical properties [10]. The use of
conventional welding methods leads to the formation of inher-
ently brittle reaction layers in the joint zone. Ongoing research
is being carried out to find a solution that allows metallic layers
with strongly differing properties to be joined together in the
most efficient way. Until now, MIL materials have usually been
produced through joining metals, using roll-bonding [13-15],

explosive welding [4-8,16], vacuum/gas hot pressing [17-19],
friction stir welding [12], or laser welding [20-21]. However,
these methods have some disadvantages due to the quality of
the joint or the cost of manufacture. For example, in joints ob-
tained by the explosion welding method, strong waviness of the
joint surface is observed with a large number of solidified melt
regions mainly in the vortexes or on the crests of the wave. The
hot-welding technique requires pre-heating of the packets before
rolling to reduce the resistance to deformation. This process
makes hot-bonding technology expensive and complex. Hot
pressing in a gas atmosphere or vacuum requires expensive gas
or vacuum plants. Therefore, hot pressing in an atmosphere of air
and moderate pressure proves to be an interesting alternative to
previously used methods for manufacturing of MIL composites.

The main problem that arises during annealing in an air
atmosphere is the oxidation of the materials, therefore a protec-
tive atmosphere in the form of inert gas or a vacuum is used.
However, this problem can be overcome by applying high pres-
sure which makes it difficult for oxides to appear between the
layers. The effectiveness of this method was confirmed during
the preparation of Al/Ti composites [22]. During hot pressing,
the atoms diffuse from one layer to the other and no oxidation
occurs. As proved in [22], the intermetallic layer appeared after
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1 hour of hot pressing, and the mechanical tests of Al/Ti joints
obtained with this method were characterized by high strength
and impact strength.

The steel/aluminum MIL composites were previously in-
vestigated by many researchers. Kostka et al. [12], investigated
friction stir welded joints in plates composed of low carbon-
steel/pure aluminum and between joints made of carbon steel/
aluminum with a thin sheet of Al-5wt.% Si as intermediate layers.
The aluminum/steel interface was characterized on the as-welded
samples and samples annealed at temperatures ranging between
473 and 873 K for 9-64 min. For both Al-based alloys, the bond-
ing zone grows with the dominant n-AlsFe, phase after annealing
at 723 K and above. The addition of 5wt.% of Si in aluminum
alloy results in the formation of ternary t4-Al, sFeSi phase and
significantly accelerates the growth of the intermetallic layer. The
tensile strength of composites based on pure Al is governed by
the Kirkendall porosity at the interface near the reaction layer
and the aluminum sheet. Kostka et al. [ 18], investigated also the
formation of intermetallic layers between low-carbon steel and
pure Al (99.99%) and between a low-carbon steel and an Al-Si
alloy (Al-5 wt.% Si) by solid/solid, solid/semi solid and solid/
liquid diffusion at both 873 and 948 K. In both solid/solid and
solid/liquid interdiffusion experiments with low-carbon steel
and Al, the major dominant was the n-AlsFe, phase. The results
shows, that the addition of Si to Al accelerates the reaction with
low-carbon steel and finally results with much thicker intermetal-
lic layer as compared to the reaction with pure Al. The formation
of ternary Al-Fe-Si phases, designed in the paper as t;, 15, T3,
Ts, T and 11 [ 18]. Springer et al. [19], Yang et al. [20], and Xia
et al. [21] reported that the addition of Zn to Al sheet results
in the formation of a thick intermetallic layer with n-AlsFe, as
a dominant component and a thin layer of the 0-Al;;Fe, phase.
The addition of Zn to Al sheet did not result in the formation of
ternary phases in the bonding zone, but significantly accelerated
the parabolic growth of the intermetallic layer.

A few recent studies have been conducted on aluminum/
steel MIL composites obtained by explosive welding [4,5,16].
Loureiro et al. [4], investigated the series of welds to analyze the
weldability of stainless steel to aluminum. The results show that
the explosive welding was successful only in the case of using
stainless steel as a baseplate. Using stainless steel as a flyer plate
results in unsuccessful welding due to the very low thermal con-
ductivity of the flyer sheet compared to the baseplate. The weld-
ing was always successful when the aluminum alloy sheet was the
flyer one. Carbon steel (CS) and aluminum composites obtained
by explosive welding were studied by Galvao et al. [5]. In their
paper, the structural composition of the interface was analyzed
using Kikuchi diffraction in the EBSD technique. Two Al-rich
intermetallic phases — AljsFe4 and AlsFe, were reported in the
as-welded state [5]. The structure and the mechanical properties
of the stainless steel/Al MIL composites obtained by explosive
welding were investigated by Yang et al. [ 16]. The melted regions
contained mainly Al;4,Fe; and AlsFe, phases, similar as in [4].

Until now, six intermetallic phases have been identified by
previous studies [3-6,9-13,16,18-21] near the Fe/Al interface.
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The FeAl phase has a simple cubic (B2-type) crystal structure,
whereas the Al-rich intermetallic phases FeAl,, Fe,Als, and
Fe,Al;; (described also as FeAls [9]) have more complex struc-
tures of the triclinic, orthorhombic, and monoclinic type, respec-
tively [9]. The high temperature of the Fes;Alg phase has often
been designated in the literature as an e-phase since their structure
was unknown for a long time. This phase decomposes during
cooling in a fast eutectoid reaction and cannot be preserved at
room temperature [3,9,10,23]. The structure of the Fe;Al phase
from the Fe-rich region of the Al-Fe binary phase diagram was
found to be face-centered cubic (Fm3m) [9].

This study aims to thoroughly analyze the interfacial micro-
structure developed in Al/Fe composite during hot pressing in air.
The peculiarities of Al Fe,, intermetallic formation induced by
annealing of such composite under elevated pressure were at the
center of interest. The microstructures and chemical composition
changes were analyzed using transmission (TEM) and scanning
(SEM) electron microscopes equipped with energy dispersive
spectrometry (EDS) detectors. Additional XRD diffraction and
microhardness measurements for bonding zone were conducted.

2. Materials and methods

AA1050 alloy (hereafter denoted as Al) and DC04 low
carbon steel (hereafter denoted as Fe) sheets were selected to
prepare Al/Fe composite using the hot pressing method. Three
composites were made from ten square-shaped Al and eleven Fe
sheets, where the Fe sheet was on the top and the bottom of the
composites (Fig. 1). The sheet dimensions were 13x13%0.5 mm®
(lengthxwidthxthickness). All sheets were ground with abrasive
papers of up to 600 grit size, and then cleaned in acetone and
rinsed in ethanol to remove the oxides from their surfaces. Then
the sheets were stacked in a furnace and pressed with a load of
30 MPa and then annealed at 903 K for 2, 5, and 10 h.
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Fig. 1. The scheme for Fe/Al multilayer composite prepared for hot
pressing

After hot pressing, the samples were prepared for the
microstructure observations. For SEM observations in the
backscattered electrons (the SEM/BSE technique) the samples
were ground with abrasive papers of grit sizes ranging from 600
to 7000, then polished with a diamond suspension of 3 pm and
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1 um particle sizes. These mesoscale analyses used Philips XL30
SEM operated at 20 kV and equipped with an EDS system for
chemical composition analysis.

Nanoscale investigations along the interfaces were con-
ducted using FEI Tecnai G2 200 kV FEG TEM equipped with
Fischione High-Angle Annular Dark Field (HAADF) detector
for STEM observations and EDAX/EDS spectroscope. For TEM
observations, the thin lamellas were obtained using FIB (Focused
Ion Beam) technique using FEI Quanta 3D 200 Focused lon
Beam microscope equipped with an Omniprobe lift-out system.
Phase analysis was performed using an X-Ray diffractometer
(CoKal radiation, 2 = 1.79A) equipped with a Bragg-Brentano
camera. The microstructural observations were supplemented
with the microhardness measurements using CSM Instruments
microhardness tester. The investigations were performed on pol-
ished surfaces of samples annealed for 5 h. The microhardness
tests were performed with a Vickers-type indenter and maximum
applied load of 1.9614 N. The obtained result was the average
of 5 indentations.

3. Results and discussion
3.1. Microstructural observations
SEM/BSE micrographs show the reaction regions formed

between Fe and Al as a result of interdiffusion (Fig. 2). After
annealing at 903 K the intermetallic layers (hereafter denoted
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as Intm.) were formed near all the interfaces for times rang-
ing between 2 h and 10 h. However, a significant increase in
the thickness of the intermetallic layer is seen between 2 and
10 h of annealing. The reaction layers are continuous, but their
thicknesses vary along the baseline. Regardless of the annealing
time, the intermetallic phase grows in the form of finger-like
protrusions on the Fe site and is finely serrated toward the Al
(Fig. 3a). Such structure was observed earlier by Kostka et al.
[18] and Springer et al. [19]. A thin layer at the edge of “the
fingers” is observed on SEM/BSE micrographs (Fig. 3b) under
all applied annealing times and temperature conditions. Another
thin layer was found between the broad intermetallic layer and
Al (Fig. 3¢). During the growth of the intermetallic layer [12],
the formation of structural discontinuities between these layers
may be related to the Kirkendall porosity. The volume fraction
of pores increases with annealing time. In the central part of the
samples annealed for 10 hours, the Al layer completely trans-
forms into an intermetallic phase (Fig. 2c).

The mean layer thickness of the reaction layer is shown
in TABLE 1. Based on measurements of the diffusion layers
thickness (Fig. 4) the growth kinetic of the intermetallic phase
was evaluated. The layer thickness and the annealing time were
assessed using the following formula [19]:

d=kt" (1)

where: d is the mean layer thickness, £ is the growth coefficient,
t is the annealing time, and » is the exponential factor.The
thickness changes as a function of annealing time showed that

903K, 10h

AL = ,_-,.‘

Fig. 2. SEM/BSE images of the bonding zone in Fe/Al MIL composites after hot pressing at different times of annealing. Intm. refers to the
intermetallic layer. Images were taken from the central part of the sample (9" interface)

|

Fig. 3. SEM/BSE observations of the reaction regions between Fe and Al sheets: a) finger-like extrusions of the intermetallic phase in sample
annealed at 903 K for 2h; b) the thin layer observed between Fe and Intm. c¢) the Kirkendall porosity between Intm. and Al
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TABLE 1

The average thicknesses (d) of intermetallic layers based on the
SEM/BSE measurements. The standard deviation is marked as (p)

Sample T[K] ¢ [h] d [pm] p [pm]
AS-1 2 61 6
AS-2 903 5 153 10
AS-3 10 256 20

the intermetallic layer exhibits parabolic growth kinetics with
a growth coefficient of k£ = 35.2 pm/h" (Fig. 4) and the value of
exponential factor of n=0.85. The exponential factor n describes
the relationship between the intermetallic layer thickness and
the time of annealing at a certain temperature. When the growth
of the intermetallic layer occurs only due to the chemical reac-
tion, the value of n is 1, but in the case of volume diffusion, the
value of n is 0.5 [8]. In the case when the value of n is in the
range between 0.5 and 1 the growth of the intermetallic layer is
governed by a mixed mechanism of the chemical reaction and
volume diffusion. Growth of the intermetallic layers was mainly
in “the direction” of the Al layer, causing its rapid “disappear-
ance’ that finally results (after annealing for 10 h) in its complete
transformation into intermetallic phases. (Fig. 2¢). The growth
kinetic calculated in this work is shown in (Fig. 4), and it is
compared with the literature data presented in [18,19]. The main
differences between the data obtained in this work and the one
presented in the literature result from the presence of additional
elements in Al or Fe sheets. Based on the literature data, the ad-
dition of Si to Al and Zn to Fe results in the formation of much
thicker reaction layers than those observed between pure Al and
Fe at the same temperature. Furthermore, the ternary t4-Al, sFeSi
phase [18], produces another thin layer and makes the bonding
region even thicker.

400
350 o Al/Fe this work L]
300 A Al/Fe [18]

250 * (Al+Si)/Fe [18]

200 u (Al+Zn)/Fe [19]

Intermetallic layer thickness d [um)]

150 o o
e
100 e
*
50 o2 ¥
A
0 A = -
0 1 2 3 4 5 6 7 8 9 10 11

Annealing time t [h]

Fig. 4. Effect of annealing time on the average thickness of the inter-
metallic layer’s against the background of the literature data [18,19]

The high-magnification SEM/BSE micrographs revealed
the morphology of the intermetallic phases. In areas close to the
Al sheet the grains are small (below 10 um) and nearly equiaxed,
whereas in the areas near the Fe sheet the grains are much larger
(up to ~60 um) and elongated (Fig. 3). Similar structures at the

interface of the Al/Fe composite fabricated in an air atmosphere
were observed by Springer et al. [18].

The chemical composition measurements using STEM/EDS
system were conducted in two areas. At first, the point analysis
close to the interface between Fe and the intermetallic phase
(Fig. 5) revealed the ratio between Al and Fe to be about 71 at. %.
and 29 at. % respectively (TABLE 2), which corresponds to the
n-AlsFe, phase as the dominant component. The measurements
in the thin areas visible at the border of “the fingers” (Fig. 3b)
did not reveal any essential chemical composition changes. The
X-Ray diffraction patterns from interfacial layers (Fig. 6) and
the electron diffraction pattern (Fig. 7) confirmed only the exist-
ence of Fe and the n-AlsFe, phase. The STEM/HAADF (Fig. 5)
and TEM/bright-field (Fig. 7a) images revealed a formation
of elongated grains and small equiaxed grains in this area.The
TEM/SAED patterns (Fig. 7b-c) confirmed the different orienta-
tions of the n-phase grains of the thin area, compared to the grains
inside “the fingers”; this could be the reason for the difference
in contrast (channeling) on SEM/BSE images (Fig. 3b).

Fig. 5. STEM/HAADF image of the interface between Fe and Intm.
with highlighted chemical composition measurement points. The cor-
responding results were shown in Table 2

TABLE 2
Chemical compositions at points marked in Fig. 5
Point number Al (at.%) Fe (at.%)
1 70 30
2 69 31
3 72 28
4 72 28
5 0 100
6 73 27
7 0 100

STEM/EDS point analysis of the intermetallic layer close
to the Al-layer revealed a difference in chemical composition
between measured points (Fig. 8, TABLE 3). The Al concentra-
tion at points 2, 3, and 5 was about 77 at. % while at point 7 did
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Fig. 6. X-Ray diffraction pattern from the interface between Fe and Al
showing AlsFe, intermetallic phase formation

Fig. 7. (a) TEM/bright field image showing the interface between Fe
and intermetallic phase and (b-d) corresponding the electron diffraction
patterns from areas marked in (a)

Fig. 8. STEM/HAADF image of the interface between Al and Intm.
with highlighted chemical composition measurement points. The cor-
responding results were shown in Table 3

not exceed 73 at. %. The line scan across the intermetallic phase
in the sample annealed in 10 h (Fig. 9) also revealed a significant
increase of the Al concentration.

a) SEM-BSE
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Fe ' Fe
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Fig. 9. a) SEM/BSE image showing the intermetallic layer in the
sample annealed for 10h and b) SEM/EDS line scan along the green
line marked in a)

The TEM examinations of this area revealed a thin “stripe”
composed of equiaxed grains (Fig. 10a). The electron diffraction
patterns (Fig. 10b-d) are taken from the areas marked as ‘1’ and
2’ in Figs. 10b, ¢ show a monoclinic symmetry; this strongly
suggests the presence of the 6-Al;;Fe, phase, well-described in
the literature [9-10]. The shape of grains of this narrow phase
and the electron diffraction patterns vary considerably from
the adjacent wide intermetallic phase, which was found to be
n-AlsFe, phase (Fig. 10d).

The structure of 6-phase is described as a complex struc-
ture because of the large unit cell [9]. This complex structure is
strongly related to quasicrystals and gives similar (but periodic)
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Al sFe,

[011]

Fig. 10. (a) TEM/bright field image showing the morphology of interface
between Al and intermetallic phase and corresponding (b-d) the electron
diffraction patterns from areas marked in (a)

X-Ray and TEM/SAED diffraction patterns. The addition of
a third element from the group of transition metals (groups 3-12
in the periodic table of elements) could result ininformation of
stable quasi-crystalline phase [24].

The full transformation of Al into intermetallic phases after
10 h of hot pressing gives a possibility for further annealing in
temperatures higher than the melting temperature of Al, thus it
is possible to produce the composites with more intermetallic
phases like AlFe and Al,Fe.

3.2. Microhardness measurements

The microhardness measurements were conductednear the
18™ interface along with the intermetallic layer and also in Fe
and Al sheets for comparisonof the sample annealed for 5 hours.
The average microhardness value for the n-AlsFe, phase is about
780 HV, which makes it one of the hardest phases occurring in
metal alloys. However, some cracks appear in the intermetallic
layer during indentation, which confirms its high brittleness
(Fig. 11). The average microhardness values for Fe and Al are
about 99 HV and 20 HV, respectively (Fig. 12, TABLE 4). The
total volume of the intermetallic layer increases with the anneal-

TABLE 4
’Average’ microhardness. of layers. p is the standard deviation +
Phase pHV p
Al 20 1
Fe 100 3
Intm (AlsFe,) 780 9

ing time and finally, after 10 hours their volume fraction reaches
the value of 52% (Fig. 13a). Thus, the ‘average’ hardness of
the composite, estimated by multiplying the hardness value of
the component by its volume fraction, is the highest (Fig. 13b).

Fig. 11. The optical microscopic image of the intermetallic layer after
indentation

Intm.
800

W

600

500

uHV

400
300

200
Fe

100
Al

Layer

Fig. 12. Microhardness of particular component of the composite

4. Conclusions

The hot pressing under an air atmosphere shows to be an
interesting alternative as compared to other methods used for
producing MIL composites with attractive mechanical properties.
Using this method, it is possible to reduce the costs of manu-
facturing because it does not need a complicated and expensive
vacuum or inert gas installations.

In Al/Fe system, the intermetallic phase forms just after
2 hours of annealing at 903 K under the pressure of 30 MPa.
Increasing the time of annealing results in the growth of the
reaction layer’s thickness and finally after 10 hours, the Al layer
completely transforms into intermetallic phases. The total vol-
ume of the intermetallic layer reaches a value above 50% of the
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Fig. 13. (a) Volume fraction of individual composite components and
(b) ‘averaged’ composite microhardness including volume fraction of
individual components

sample volume. Two intermetallic phases have been confirmed,
i.e. AlsFe, with orthorhombic symmetry and Al;;Fe, with mono-
clinic symmetry and complex structure.

Microhardness measurements showed a very high hardness
of the layers composed of intermetallic phases, which is close
to 780 HV. Using hot pressing of Al and Fe at 903 K for 10 h
it is possible to obtain composites with very high hardness and
stiffness.

The complete transformation of Al into intermetallic phases
gives the possibility for further heat treatment of these compos-
ites at a temperature higher than the melting temperature of Al.
The present intermetallic phases, which are very hard but also
brittle, could react with Fe and produce other phases like AlFe
and Al,Fe; thus it is possible to produce MIL composites with
better mechanical properties.
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