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One of the major challenges in welding of aluminium (Al) alloys and steels is the growth of brittle intermetallic
phases, which depends on the thermomechanical processing history and the alloying elements. This work focuses
on the intermetallic phase layers formed in roll bonded composites of Al alloy 6082 and stainless steel 316L after
interdiffusion at temperatures in the range of 400 — 550 °C. Scanning and transmission electron microscopy
characterisation showed that during interdiffusion, an a.-Al;s5(Fe,Cr,Mn)3Siy phase layer formed first, before a
discontinuous layer of 7;-FeNiAlg formed at the Al-a. interface. Subsequently, a layer of #-FesAl;s and 711-
AlsFe,Si formed at the a.-steel interface, followed by a layer of 5-FesAls with precipitates rich in Cr and Si or Ni.
Nanoindentation and density functional theory calculations were performed to assess the mechanical properties
of the formed phases. Miniature tensile testing confirmed that the bond strength decreased as the thicknesses of
brittle phase layers increased. Further, it was found that the growth rate of the total intermetallic phase layer was
significantly reduced for the high alloyed 6082-316L composites compared to unalloyed reference composites of
1080-S355. Altogether, this work provides insight into the combined effects of the alloying elements Si, Mn, Cr
and Ni on the formation, growth and mechanical properties of the interfacial intermetallic phases in Al-steel
joints.

1. Introduction during loading [2-6]. Therefore, it is important in Al-steel joining to
understand both the mechanisms that govern IMP growth, and how the
formed IMPs impact the joint properties.

The formation and growth of IMPs are governed both by the ther-

The use of joints between aluminium (Al) alloys and steels in struc-
tural components enables improved strength to weight distribution. Al-

steel joints can be beneficial, for instance in automobiles, since they may
facilitate improvements of the energy efficiency. However, there are
several challenges with welding of dissimilar metals, and growth of
intermetallic phases (IMPs) is a major one. During Al-steel welding,
elevated temperatures are typically reached, which promote interdif-
fusion. Subsequently, formation and growth of IMPs occur, due to the
low solid solubility of iron (Fe) in Al [1]. The IMPs are inherently brittle,
and porosity may form as they grow [2]. Consequently, excessive growth
of IMPs typically leads to strength reduction and interfacial fracture
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momechanical processing history and the chemical compositions of the
used alloys. In general, increasing heat input leads to thicker interfacial
IMP layers, since the growth is predominantly diffusion controlled [7,8].
In joints of low-alloyed Al and steel, 6-Fe4Al; 3 (FeAls) and subsequently
n-FeoAls form at the bonded interfaces [7,9]. With time at elevated
temperatures, 1 dominates the IMP layer growth and typically develops
an irregular saw-tooth morphology with columnar grains [6,10]. Al-Fe
phases richer in Fe may also form with prolonged heat treatments or
at higher temperatures [8], while metastable phases have been reported
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for high cooling rates [11]. However, the presence of alloying elements
in the steel and/or the Al alloy can markedly alter the IMP phase for-
mation sequence and growth rate.

When it comes to alloying elements, Al alloys with silicon (Si) have
been studied extensively since Si has been found to notably reduce the
IMP growth rate [12-19]. Presence of Si may result in formation of an
Al-Fe-Si IMP layer that acts as a diffusion barrier to Fe and thereby re-
duces the IMP growth rate [14]. Several Al-Fe-Si phases have been
described [20-22], and various of these have been identified in joints.
Most often, the ap-Al; 1FesSi (75) phase [18,19,23] or the $-Aly sFeSi (z6)
phase [2,19,23] has been reported to form first at Al-Fe interfaces. For
prolonged IMP layer growth, growth of the Al-Fe-Si phase(s) is typically
followed by growth of the 6 and 5 phases [14,17], which then contain
minor amounts of Si [24]. Other Al-Fe-Si phases have also been identi-
fied [19,23,25,26]. The formation of IMPs may however, be influenced
by alloying elements that are only present in minor amounts. One
example is that the presence of certain transition elements M, e.g. Mn
and Cr, lead to formation of the a.-Al;5(Fe, M)3Sis phase instead of the
otherwise expected ay phase [27-29]. The a, phase has been observed in
Al-steel joints both where the Al alloy contained Mn and/or Cr [17,30,
31] and where the steel contained Cr [25]. This advocates the impor-
tance of studying the combined effects of alloying elements contained
within both the Al alloy and the steel, to gain further insight into IMP
formation and growth.

When it comes to steels, stainless steels are widely used due to their
high strengths and superior corrosion resistances. These contain
considerable amounts of Cr and often Ni, which reduce the IMP growth
rates [25,32,33]. Previous studies have reported that the ¢ and n phase
layers can incorporate both Cr and Ni [33-36], and various Al-Ni(-Fe)
[11,33,37]or Al-Cr phases [38,39] have been identified at Al-steel in-
terfaces. More research is needed to fully understand the effect of Ni and
Cr additions and their interplay with other alloying elements.

This study concerns the combined effects of the alloying elements Cr,
Ni, Si and Mn contained within a commonly used stainless steel and a
widely used Al alloy, on the IMP formation and layer growth. The
formed interfacial IMPs are assessed in terms of morphology, chemical
composition and crystal structure, using electron microscopy tech-
niques. Their mechanical properties are evaluated by first principles
calculations, nanoindentation and miniature tensile testing. Together
the findings give insights into how heat treatments and alloying ele-
ments affect welds of Al alloys and stainless steels, which may be
valuable for fabrication of improved Al-steel joints using a wide range of
welding methods.

2. Materials and methods
2.1. Materials, roll bonding procedure and heat treatments

The starting materials were 1 mm thick sheets of Al alloy 6082-T4
and stainless steel 316L. For reference, sheets of industrially pure Al
1080 and low-alloyed and low-carbon structural steel S355 were used.
The nominal compositions are given in Table 1.

The sheets were cut into specimens for rolling, measuring 15 x 120
x 1 mm. The specimens were degreased with acetone and brushed in the
direction transverse to the rolling direction, using a rotating steel wire
brush with a wire diameter of 0.3 mm. Subsequently, the surfaces were
cleaned with compressed air to remove loose particles resulting from
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brushing. The specimens were then stacked to create three-layered
composites with the stacking sequence steel-Al-steel, and fastened
with Al rivets in the front and rear end to prevent lateral movement
during rolling. Each composite was heat treated for 10 min in an air
furnace to reach the desired rolling temperature of 150 °C. Immediately
after heat treatment, each composite was rolled in a single pass. The
thickness reductions were measured to be in the range of 50 — 55%.

To study the formation and growth of IMPs, the rolled composites
were cut into ~10 mm long pieces, before they were subjected to various
heat treatments. The heat treatments were conducted in salt baths for
temperatures in the range of 400 — 550 °C and for times in the range of 2
- 240 min, followed by water quenching.

2.2. Scanning electron microscopy

SEM was performed on ground and polished metallographic cross-
sections of the heat treated composite pieces. A field emission gun
(FEG) Zeiss Gemini Ultra 55 microscope was used to capture SEM im-
ages using a secondary electron (SE) and a backscatter electron (BSE)
detector, and the microscope was operated at 10 kV. The interfacial IMP
layers that had formed were identified and their respective thicknesses
measured.

2.3. Transmission electron microscopy

TEM lamellae were fabricated by focused ion beam (FIB) lift-out
using a FEI Helios G4 FIB-SEM. Lamellae were prepared from 6082-
316L composites heat treated at 500 — 550 °C for various times. To
assess the crystal structures of the formed phases, selected area electron
diffraction (SAED) and precession electron diffraction (PED) were per-
formed using a JEOL JEM-2100F equipped with a Nanomegas ASTAR
system. For PED, the microscope was operated at 200 kV in nano-beam
diffraction mode with a convergence angle of 1.0 mrad and a precession
angle of 21 mrad. Zone-axis SAED and PED patterns were acquired on an
Ultrascan camera fitted to the microscope. Scanning TEM (STEM) and X-
ray energy dispersive spectroscopy (EDS) were performed using a cold
FEG JEOL ARM 200CF microscope, operated at 200 kV. The EDS maps
were analysed using the python library hyperspy [40]. For each map, the
spectra were first binned in the spatial axes, before model fitting was
performed spectrum by spectrum, with a model comprising one
Gaussian per X-ray line and a sixth order polynomial to model the
background. Quantification was performed by the Cliff-Lorimer method
using calculated k-factors. The compositions of individual IMP layers
were estimated by summing the spectra within single phase regions and
performing model fitting and quantification of the summed spectra.

2.4. Density functional theory calculations

To assess the mechanical properties of the individual IMPs identified
by TEM in their pure bulk form, density functional theory (DFT) simu-
lations were performed using the Vienna ab-initio Simulation Package
(VASP) [41]. The atomic structures that were used in the DFT calcula-
tions are given in the supplementary information (SI) Section S1. The
Perdew-Burke-Ernzerhof generalised gradient approximation exchange
correlation functional and the projector augmented-wave method were
used [42,43], and the calculations were performed spin-polarized. The
plane-wave energy cutoff was set to 500 eV, and a gamma sampling of

Table 1

Nominal compositions of the used 1080 and 6082 Al alloys, stainless steel 316L and structural steel S355 in wt.%.
Alloy Al Fe Cr Ni Mo Mn Mg Si Ti C Cu
1080 99.8 - - - - - - — — —
6082 Bal. 0.29 - - - 0.58 1.00 0.90 0.04 - 0.01
316L - Bal. 16.65 10.06 2.025 1.30 - 0.34 - 0.022 -
S355 0.05 Bal. 0.03 0.03 - 0.62 - 0.01 - 0.07 -
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k-points was used with a maximum distance in the range of 0.18 — 0.70
A~L. Formation enthalpies of selected phases were calculated with solid
solution in Al as the reference. The elastic stiffness tensors for each phase
were calculated within VASP by performing finite distortions of the
lattice and deriving the elastic constants from the stress-strain rela-
tionship. Independent elastic constants were calculated based on the
crystal symmetries and by following the elastic stability criteria for the
relevant crystal systems [44]. Subsequently, elastic properties were
calculated based on the Voigt-Reuss-Hill averaging method [45].

2.5. Nanoindentation

Nanoindentation was performed on a specimen heat treated at
550 °C for 180 min, to assess the mechanical properties of the individual
IMP layers. A Hysitron Tribo-Indenter TI 950 with a maximum load
force of 3 mN and a Berkovich indenter tip with a semi-angle of 65.3°,
were used for indentation. The hardnesses and moduli were calculated
from the indentation curves following the Oliver-Pharr method [46].
The indents were post-inspected by SEM, for which a dual-beam FEI
Helios G4 FIB-SEM was used and operated at 10 kV.

2.6. Tensile testing

To assess the bond strengths of the heat treated Al-steel interface
regions, miniature tensile testing was performed using the setup devel-
oped by Blindheim et al. [47]. Three samples were selected for tensile
testing, and these were composites heat treated at 500 °C for 180 min,
550 °C for 10 min and 550 °C for 60 min. Miniature cylindrical speci-
mens consisting of a reduced section (¢ 1.0 mm) and shoulder sections
(2 1.9 mm), were produced by milling using a Mazak 3-axis vertical
machining centre. Fig. 1(a) and (b) show schematic illustrations of the
specimens. To enable testing of only one of the two Al-steel interfaces in
one composite at a time, the specimens were fabricated so that one
Al-steel interface was located in the reduced section of the specimen,
while the other was located in the upper shoulder region. Each com-
posite sheet was bonded to a larger steel piece for fixture during milling,
with Master Bond EP15ND-2 one-component epoxy cured at 155 °C for
1.5 h. For tensile testing, a specially designed split collar was used to grip
the upper shoulder of the specimens, whereas the other end of the
specimen remained fixed to the steel piece, as depicted in Fig. 1(b). The
applied load and total displacement were recorded at a sampling fre-
quency of 10 Hz, using a MTS Criterion Model 42 ball screw universal
testing machine, with the cross-head speed set to 1 mm/min. The
resulting fracture surfaces were imaged by SEM using a Zeiss Supra 55
VP operated at 10 kV.

3. Results
3.1. Scanning electron microscopy
The total interfacial IMP layer thickness was measured by SEM for

the 1080-S355 and 6082-316L composites subjected to various heat
treatments. The total thickness is plotted versus the square root of the
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heat treatment time in Fig. 2. Fig. 2(a) presents the results from the
composites of the reference combination 1080-S355, while (b) shows
the values measured for the 6082-316L composites. Directly after roll-
ing, no IMP layer could be discerned by SEM in neither the 1080-S355
nor the 6082-316L composites. Previous studies have shown that
interfacial Al-Fe IMPs mainly follow diffusion limited growth charac-
teristics [2,7,8]. In that case, a parabolic relationship between layer
thickening, Ax, and heat treatment time, t, is expected, which is given

by: Ax = vkt, where k is a temperature dependent rate constant [48].
Therefore, linear regression was performed on the measured values, and
the resulting fit lines are shown in Fig. 2. The rate constants obtained for
the 1080-S355 composites were respectively 0.43, 0.26, 1.17 and 2.59
pm?s~! at 400, 450, 500 and 550 °C. For the 6082-316L composites they
were 0.003 and 0.439 pm?s~! at 500 and 550 °C, respectively. Evidently,
the 6082-316L composites showed a prominent decrease in IMP growth
rate compared to the 1080-S355 composites.

The 1080-S355 composites showed large local variations in IMP
layer thickness that resulted in large standard deviation, as can be seen
from the error bars in Fig. 2(a). Fig. 3(a) shows a SEM image of a 1080-
$355 composite heat treated at 500 °C for 60 min, where a discontinuous
IMP layer consisting of two individual layers, Layers i and ii, can be seen.
SEM EDS spectra were acquired from points centred in each of the two
layers, and quantification resulted in Al/Fe-ratios of 2.79 and 2.26,
corresponding to the phases FesAl;3 and FeyAls [1], respectively. The
layer showed large thickness variations and an irregular interface to-
wards the steel. The 6082-316L composites had continuous IMP layers
showing less thickness variations, which gave smaller standard de-
viations. Fig. 3(b) displays a 6082-316L composite heat treated at 550 °C
for 180 min. A continuous IMP layer can be seen, together with pores
that formed along one part of the Al-IMP interface.

Further studies of the interfacial IMP layers focused on the 6082-
316L composites heat treated at 550 °C, since heat treatments at this
temperature resulted in substantial IMP growth. Fig. 3(c)-(g) present
SEM images showing the individual interfacial IMP layers formed after
increasing heat treatment times. A thin single IMP layer (Layer 1)
formed after 2 min, as shown in (c). Two layers could be observed after
10 min, and the second layer (Layer 2) formed at the interface towards
Al, as shown in (d). With increasing heat treatment time, a third and a
fourth layer (Layer 3 and Layer 4) formed and the layers grew, as shown

in (e)-(g).

3.2. Transmission electron microscopy

More detailed studies of the interfacial IMPs formed in the heat
treated 6082-316L composites were conducted by TEM. Fig. 4(a) shows
a bright field-(BF-)TEM image of the specimen heat treated for 2 min at
550 °C. A continuous IMP layer had formed that was in average 0.13 +
0.05 pm thick and mainly consisted of a single phase layer (Layer 1). The
individual grains in Layer 1 formed an irregular wavy interface to Al,
while the interface to steel was flatter. Fig. 4(b) presents element maps
based on STEM EDS. It can be seen that Layer 1 mainly consisted of Al,
Fe and Si with smaller amounts of Cr and Mn. In addition, there was a Si-
rich layer adjacent to steel that was ~10 nm thick. Numerous oxide
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Fig. 1. Illustration of the miniature tensile testing. (a) A tensile testing specimen, where one of the Al-steel interface regions is located within the reduced section of
the specimen. The dimensions are given. (b) Tensile testing using a split collar of one specimen that is fastened with clamps.
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Fig. 2. The average thickness of the total IMP layer as a function of the square root of the heat treatment time, for alloy combinations (a) 1080-S355 and (b) 6082-
316L, heat treated at 400, 450, 500 and 550 °C. The error bars show plus and minus one standard deviation based on ca. 20 individual measurements, and the dashed

lines show fit lines obtained by linear regression.

(b) 6082-316L (c) 2 min

Fig. 3. Growth of interfacial IMP layers. SEM images showing a (a) 1080-S355 composite after 60 min at 550 °C and (b) 6082-316L composite after 180 min at
550 °C. SEM images showing 6082-316L composites after heat treatments at 550 °C for (c) 2 min, (d) 10 min, (e) 30 min, (f) 60 min and (g) 180 min. BSE SEM
images are shown, with the exception of (a) (main image, not inset), (c) and (d), which show SE SEM images. Note that the insets in (a) and (c) show higher
magnification SEM images of other areas than the main images. The dashed white lines indicate borders between distinct IMP layers denoted i —ii for 1080-S355 and

1 - 4 for 6082-316L.

] O

Fig. 4. The interfacial IMP layer after 2 min at 550 °C. (a) Overview BF-TEM image showing the first formed IMP layer (Layer 1). (b) Element maps (showing at.%)

based on STEM EDS from the region outlined in blue in (a).

particles, composed of Al-O(-Mg) were located close to the Al-steel
interface. The composition of Layer 1 was estimated based on STEM
EDS data from several mapped regions, and the average composition is

Table 2

Estimated compositions of the interfacial IMP layers, based on STEM EDS of
lamellae from 6082-316L composites heat treated at 550 °C for 2 min, 10 min
and 60 min. The relative compositions of the major constituting elements, Al, Fe,
Cr, Ni, Si and Mn, are given in at.%. These compositions were subject to sys-
tematic errors emanating from the use of calculated k-factors and from ab-
sorption of low energy X-rays, and should be regarded as semi-quantitative
values. The measured thicknesses are also listed.

Layer  Time [min] Thickness [pm] Al Fe Cr Ni Si Mn
1 2 0.13 63 21 4 0.9 9 2

1 10 0.8 70 16 4 05 9 0.3
1 60 1.7 74 14 4 04 8 0.5
2 10 <0.5 77 11 <0.1 10 2 <0.1
2 60 $0.7 80 8 <01 11 1 <0.1
3 60 0.8 69 18 5 2 6 0.3
4 60 0.3-1.5 69 21 5 3 2 0.3

listed in Table 2. TEM characterisation was also done for a specimen
heat treated for 180 min at 500 °C, as showed in SI S2. Here, Layer 1 was
0.25 £ 0.07 pm thick and showed close resemblance to that in the 550 °C
2 min specimen.

After 10 min at 550 °C, a second layer (Layer 2) had formed that can
be seen in Fig. 5, where (a) shows a BF-TEM image. Layer 2 was
discontinuous and included relatively large frequently faceted grains,
typically up to ~0.5 pm thick. Element maps based on STEM EDS are
shown in Fig. 5(b), and it can be seen that this layer consisted of Al, Fe
and Ni with minor amounts of Si. Layer 1 had grown notably compared
to after 2 min and had an average thickness of 0.8 pm. Also, the mor-
phologies of Layer 1 grains had changed to elongated grains oriented
normal to the Al-steel interface. The estimated average compositions of
both layers are given in Table 2. For Layer 1, the composition was
comparable to that after 2 min, except that the Mn content had
decreased notably from ~2 at.% to <1 at.%.

The interfacial IMP layer in a composite heat treated at 550 °C for 60
min is shown in Fig. 6. Fig. 6(a) presents a BF-TEM image, (b) presents a
HAADF-STEM image, and element maps based on STEM EDS are shown
in (c). At this stage, four distinct IMP layers (Layers 1 — 4) could be seen.
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Fig. 5. The interfacial IMP layers after 10 min at 550 °C. (a) Overview BF-TEM image showing the interface region where two IMP layers (Layers 1 and 2) had
formed. The dashed white lines mark some of the borders between the two. (b) Element maps (showing at.%) based on STEM EDS of the region outlined in blue in (a).

40 80 2550

510 512 2040

Fig. 6. The interfacial IMP layers after 60 min at 550 °C. (a) Overview BF-TEM image and (b) HAADF-STEM image of the region outlined in blue in (a), where the
dashed white lines mark borders between each IMP layer (Layers 1 — 4). (c) Element maps (showing at.%) based on STEM EDS of the region shown in (b).

Layer 2, closest to Al, had grown slightly and consisted of Al-Fe-Ni grains
typically up to ~0.7 pm thick. Layer 1 had grown notably and was in
average 1.7 pm thick. Further, a third layer, (Layer 3) had formed that
was in average 0.8 pm thick. Both Layers 1 and 3 consisted of elongated
grains and were mainly composed of Al, Fe, Si and Cr. Layer 3 also
contained a notable amount of Ni. A fourth layer had also formed (Layer
4) that showed a much more refined microstructure with thin elongated
grains containing numerous small precipitates. Closer inspection by
STEM EDS revealed that individual precipitates were either mainly
composed of Ni or Cr with minor amounts of Si, both possibly also
containing considerable amounts of Al and/or Fe. The thickness of Layer
4 showed large local variations and was measured to be in the range of
0.3 - 1.5 pm. The estimated compositions of the four layers are given in
Table 2.

To assess the crystal structures of the IMPs, zone axis SAED and PED
patterns were acquired from several IMP crystals in specimens that had
undergone various heat treatments. Consistent results were obtained for
Layers 1, 2 and 4, while Layer 3 showed local discrepancies for different

lamellae. Patterns from Layer 1 could be indexed with respect to the
cubic a, phase (Al;5(Fe,M)3Siz, a-AlFeSi, a = 12.56 /0\; Im3 (204) [49]).
Fig. 7(a) shows a PED pattern from an «, crystal. The patterns from Layer
2 were consistent with the 71-AlgFeNi phase (a = 6.24, b = 6.30, c = 8.60
[f\], p=95.1° P2,/c (14) [50]), and a PED pattern from such a crystal is
shown in Fig. 7(b). When it comes to Layer 3, several patterns were
consistent with the #-Fe4Al;3 phase (FeAls, a = 15.49; b = 8.08; ¢ =
12.47 [[D\], $=107.7°; C2/m (12) [51]), as shown in Fig. 7(c). However,
in one lamella, in addition to patterns consistent with 6-Fe4Al; 3, several
patterns from Layer 3 were consistent with the phase 771-AlsFesSi
(Aly4Fey 7Si,a=7.51;c=7.59 [10\]; P63/mmc (194) [52]), as displayed in
Fig. 7(d). Patterns from the main phase in Layer 4 fit the -FeyAls phase
(a=7.66;b=6.42;c=4.22 [[o\]; Cmcm (63) [53]), as shown in Fig. 7(e).

3.3. Density functional theory calculations

The elastic properties of the IMPs identified by TEM were calculated
based on first principles. The results in terms of Young’s modulus, E,
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020 011 001 110
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Fig. 7. Precession electron diffraction (PED) patterns from the identified IMPs. (a) a.-Al;5(Fe,Cr,Mn)3Si, at zone axis [001], (b) 7;-FeNiAly at zone axis [111], (c)
6-FesAl; 3 at zone axis [100], (d) 711-AlsFe,Si at zone axis [110] and (e) #-Fe,Als at zone axis [110]. In each pattern, hkl indices are given for the two spots marked by

cyan circles. All patterns share the scale bar shown in (e).
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Poisson’s ratio, y, bulk modulus, K, shear modulus, G, and Pugh’s ratio,
K/G, are listed in Table 3. A material with lower Pugh’s ratio is often
more brittle [54], and so Pugh’s ratio may in some cases offer a simple
measure of brittleness. However, Pugh’s ratio neglects several aspects,
most importantly effects of size and crystal structure [55], and it was
included here for comparing the relative brittleness of phases with the
same crystal structure.

For the a. phase, calculations were done for three distinct composi-
tiOIlS, iIlClleiIlg A196Fe24Si18, A196F812Mn123i18 and A196Fe12Cr125i13.
This was done since the compositions estimated by EDS (Table 2) indi-
cated significant amounts of Mn and Cr, and since it is known from
previous studies that Fe can be interchanged with other transition ele-
ments, such as Mn and Cr, in this phase [27,28,56]. The AlggFe;2Cr12Siig
phase had the lowest formation enthalpy with —21.41 eV and was
predicted to be the most stable, after AlggFe;oMn;2Siyg with —7.36 €V,
and AlggFe24Siig with —6.10 eV. The results given in Table 3 indicated
that the a. phase became both stronger and less brittle by substitution of
Fe by Mn or Cr, and that Cr had the most prominent effect.

Since the crystal structure of 711, as reported in Ref. [52], comprises
several partly occupied sites, calculations were done for three structure
variants denoted 773-1 to 711-3. Amongst these three, 71;-2 had the
lowest formation enthalpy (0.03 eV), and was presumably the most
stable, followed by 711-1 (0.19 eV) and 711-3 (1.31 eV). Further, the 71;-2
variant was predicted to be the softest.

In total, according to Table 3, the phases could be arranged from
lower to higher Young’s modulus as: a.-Al-Fe-Si < 71 < 711-2 < a-Al-(Fe,
Mn)-Si < 6 < 111-1 < a.-Al-(Fe,Cr)-Si < 111-3 < 1.

3.4. Nanoindentation

Nanoindentation was performed targeting the individual IMP layers
in a specimen heat treated at 550 °C for 180 min. Several interface re-
gions were indented, and Fig. 8(a) shows an example BSE SEM image of
such a region. All indents were post-examined by SEM to separate the
indents that were located exclusively within single layers from those
that were located at layer boundaries, so that the latter could be
excluded from the final results. In Fig. 8(a), the indents in Al, Layer 1 and
steel were all deemed adequately positioned, while only one indent
(marked) was positioned within Layer 4 and the remaining at the
boundary between Layers 3 and 4. In total, SEM investigations showed 9
— 18 adequately positioned indents for each individual layer. The mea-
surements are presented in Fig. 8, where (b) shows the measured
hardness values, and (c) and (d) show the load-displacement curves
including and excluding Al and steel, respectively.

Table 4 lists the average hardness, maximum indentation depth and
reduced Young’s modulus, as calculated from the indentation curves of
each layer. According to these results, the layers could be arranged from
lower to higher hardness as: Layer 2 (r1) < Layer 3 (0 and 77;) < Layer 1

Table 3

Mechanical properties calculated based on the DFT results for the phases 7;-
FeNiAly, 7,1-AlsFe,Si and cubic a.-Al-(Fe,Mn,Cr)-Si with three different com-
positions; A196F624Si18, A195Fe12Mn125i18 and A196Fe12Cr12$i18. Results for
0-FesAl;3 and n-FeyAls are reported from a previous study [57]. Young’s
modulus, E, Poisson’s ratio, y, bulk modulus, K, shear modulus, G, and Pugh’s
ratio, K/G, are listed.

Phase E K G K/G
[GPa] U [GPa] [GPa]
71-FeNiAlg 140.2 0.13 62.9 62.1 1.01
ac-AlgeFen4Siig 139.2 0.11 58.7 63.0 0.93
ag-AlggFe;6MngSirg 173.9 0.19 93.3 73.1 1.28
ac-AlggFeq6CrgSirg 196.1 0.20 110.2 81.5 1.35
0-FesAl 3 [57] 181.8 0.19 96.4 76.7 1.25
711-AlsFe,Si-1 187.5 0.21 109.3 77.2 1.42
711-AlsFe,Si-2 154.2 0.27 110.5 60.8 1.82
711-AlsFe,Si-3 197.1 0.24 127.8 79.3 1.61
n-FexAls [57] 210.2 0.22 126.9 84.8 1.47
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(ac) < Layer 4 (n with precipitates). Regarding the maximum indenta-
tion depth, Layer 3 showed the smallest value, followed by Layer 4,
Layer 1 and Layer 2. The reduced Young’s modulus is related to the
elastic properties of both the sample and the indenter, according to the
equation: 1/E, = (1 — p2)/Es+ (1 — pu?)/E;, where yu; and E; are the
Poisson’s ratio and modulus of the sample and y; and E; those of the
indenter [46]. Using the values of 0.07 and 1141 GPa for the Poisson’s
ratio y; and the modulus E; of the diamond indenter [46], respectively,
an estimate for the Young’s modulus of each layer could be found. For
this, the Poisson’s ratio, calculated via DFT, of the dominating IMP in the
respective layer was used. The used values and the resulting Young’s
moduli are listed in Table 4, which indicated that Layer 2 had the lowest
modulus, followed by Layer 3, Layer 1 and Layer 4.

3.5. Tensile testing

Tensile testing was done to investigate the influence of the charac-
terised IMP layers on the tensile strengths of the composites. Four
miniature tensile specimens were fabricated and tested from composites
heat treated at 500 °C for 180 min and at 550 °C for 10 min. Specimens
were also attempted fabricated from composites heat treated at 550 °C
for 60 min, but all of these fractured during machining. The force-
displacement curves are shown in Fig. 9(a), and all specimens showed
brittle fracture. For the 500 °C 180 min specimens, the average
maximum force was 220 + 15 N. The inner diameters of the tensile
specimens were measured after testing based on SEM images, which
resulted in an average and standard deviation of 1.034 + 0.014 mm. By
accounting for the measured diameters of each specimen, the average
ultimate tensile strength (UTS) and standard deviation were 262 + 17
MPa. The 550 °C 10 min specimens showed lower average maximum
force and UTS values, amounting to 199 + 40 N and 239 + 51 MPa,
respectively. However, the scatter in the measured values is large, and
the difference in the two average UTS values is lower than the standard
deviation.

The fracture surfaces were post-examined by SEM. Fig. 9 shows BSE
SEM images of the fracture surfaces from a (b) 500 °C 180 min specimen,
(c) 550 °C 10 min specimen, and (d) 550 °C 60 min specimen. All of the
three images show the bottom fracture surface referring to the illustra-
tion in Fig. 1. In Fig. 9(b), both steel and Al regions can be seen,
appearing white and dark grey respectively, in addition to some regions
showing intermediate contrast. This indicated that the fracture had
propagated through both Al, IMP and steel regions in the 500 °C 180 min
specimen. Fig. 9(c) shows large areas of dark and medium contrast,
which indicated that the fracture had mainly propagated through Al and
IMP regions in the 550 °C 10 min specimen. An even flatter appearance
with only speckles of dark contrast can be seen in Fig. 9(d). This indi-
cated that in the 550 °C 60 min specimen, the fracture had mainly ran
through the IMP layer and close to the Al-IMP interface in minor areas
only.

4. Discussion
4.1. Intermetallic phase formation sequence

4.1.1. Layer 1

Layer 1 that formed first was identified to be composed of the a.-
Aly5(Fe,M)3Siy phase. The Si contained within a, was believed to pri-
marily originate from the Al alloy and to diffuse relatively fast to the Al-
steel interface during heat treatment. Since the enthalpy of mixing is
more negative for Fe-Si than Al-Si [58], this presumably provided a
driving force for Si segregation to the Al-steel interface. Formation of a,
followed, since this phase is the most Al-rich phase reported in the
Al-Fe-Si-M system that allows 29 at.% Si [59]. The a.-Al interface was
more irregular than the a.-steel interface, which suggested that a.
initially grew predominantly into the Al side. This is consistent with the
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Fig. 8. Nanoindentation of a composite heat treated at 550 °C for 180 min. (a) BSE SEM image showing an indented interface region, where all indents from Al,
Layer 1 and steel were placed within single layer regions. Several indents were located near the boundary between Layers 3 and 4 and were excluded from the final
results, except for the one marked with a black dashed circle. (b) Measured hardness values from all indents located within single layer regions. The black lines show
average values, while the dashed grey lines show plus and minus one standard deviation. (¢) and (d) Load-displacement curves including and excluding Al and steel,

respectively.

Table 4

Nanoindentation of Al, steel and the four IMP layers in a 6082-316L composite
heat treated at 550 °C for 180 min. The average hardness, H, maximum
indentation depth, hpay, and reduced Young’s modulus, E,, are given with plus
and minus one standard deviation. In addition, the Poisson’s ratio, ys, used to
calculate the estimated Young’s modulus of the sample, Ej, is also given together
with the resulting E; values.

Layer H Bimax E, E
[GPa] [nm] [GPa] Hs [GPa]

Al 1.14 £+ 0.05 317+ 6 95.7 +3.1 0.3 95

2 8.01 £ 0.59 116 £7 166.8 + 9.0 0.13 192
1 12.41 +0.31 109 +1 206.7 + 3.3 0.20 242
3 10.36 + 0.24 96 + 1 185.8 +1.7 0.19 214
4 13.69 + 0.39 106 +1 210.1 +4.3 0.22 245
Steel 4.86 + 0.37 157 +5 215.2 £ 9.6 0.3 241

solid solubility of Al in Fe exceeding that of Fe in Al [1].

STEM EDS (Table 2) indicated that the major constituents were Al, Fe
and Si, together with 4 at.% Cr and <2 at.% Mn. As the a. phase layer
grew, the Mn content decreased from 2 to <1 at.% (Table 2), due to the
limited supply of Mn, while the Cr content remained unchanged due the
high amount of Cr available from 316L. It has been reported that tran-
sition elements M, such as Mn and Cr, may substitute for Fe in a.-Al;5(Fe,
M)sSiz [27,28,56,60,61], leading to the formation of cubic a.-Al-(Fe,
M)-Si instead of hexagonal ap-Al-Fe-Si that would be expected to form
otherwise. The o, phase is expected to have space group Im3 [49] for
high Fe/M-ratios (~1 -5 [61,62]), and Pm3 [63] (also referred to as 7o,
a-Al-Mn-Si) for low (<1 [61,62,64]). Here, PED showed Im3 (Fig. 7(b)),
which was consistent with the Fe/(Mn + Cr)-ratio being in the range of
3 — 4 (Table 2). The a. phase has also been identified at other Al-steel
interfaces in the presence of Mn and/or Cr [17,25,30,31,65-671,

(a)
200 -
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e
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consistent with the phase identification done here.

At an early stage however, a ~10 nm thick Si-rich layer was found at
the ac-steel interface (Fig. 4), and the significance of this layer is not
known. In a recent study, scanning electron diffraction of a 10 — 50 nm
thick Al-Fe-Si IMP layer indicated the presence of a, together with (an)
other crystal structure(s) that could not be identified [66]. Clearly, more
research is needed to understand the initial nanoscale phase formation
and growth at Al-steel interfaces, especially in the presence of several
alloying elements.

4.1.2. Layer 2

The next IMP layer to form was composed of the 7;-FeNiAlg phase
(Figs. 5 and 7(a)). The estimated compositions (Table 2) indicated an Al
content of 77 — 80 at.%, which fit relatively well with that expected
(~82 at.%). The metastable phases FesAlg [68] and 5-NizAlg [69]) are
isomorphous, with Fe and Ni being interchangeable (Fey 4NixAlg [50]).
The Ni contained within 7; was believed to have diffused from the steel
and through a., which contained only <1 at.% Ni, to reach the Al side.
The growth of 7; at the a.-Al interface can be explained based on the
high Al content (~82 at.%) that surpasses other Al-Fe-Ni-Si phases [70],
including the a, phase (~73 at.%). This implies that the Al content was
sufficiently high to promote growth of the 7; phase first near the Al-a,
interface, and not at the a.-steel interface. In addition, the enthalpy of
mixing is significantly more negative for Al-Ni than Fe-Ni [58], which
was expected to provide a driving force for Ni segregation towards the Al
interface. In Al-steel bonding, the 7;-FeNiAlg phase has only been re-
ported in a few studies [37,71], while the #-NipAlg and the FepAlg phase
have been reported at Al-Ni [72-74] and at Al-Fe interfaces [75],
respectively. Some 7 crystals displayed facets towards Al, which hinted
to a possible crystallographic relationship. Such relationships have been
found for NiyAlg crystals embedded in the Al matrix [76], and this could

~200ﬂ1
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500°C 180 min

550°C 10 min 550°C 60 min

Fig. 9. Tensile testing of heat treated 6082-316L composites. (a) Force-displacement curves for four specimens heat treated at 500 °C for 180 min, plotted in green,
and four heat treated at 550 °C for 10 min, plotted in red. The average maximum force values are indicated with a dashed green and a dashed red line, respectively,
while the red and green areas indicate plus and minus one standard deviation from the average values. BSE SEM images of the fracture surfaces of composites heat
treated at (b) 500 °C for 180 min, (¢) 550 °C for 10 min and (d) 550 °C for 60 min. In the BSE SEM images, steel appears white or light grey, Al appears black or dark

grey and IMPs appear medium grey.
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be investigated further for 7;.

4.1.3. Layer 3

Following prolonged interdiffusion, the Si/Al-ratio in the o, phase
layer decreased (Table 2) due to limited availability of Si. Upon deple-
tion of Si in a., phases allowing lower Si contents formed at the interface
to steel. Consequently, Layer 3 formed (Fig. 6), for which PED demon-
strated the two phases 0 and 717 (Fig. 7(c) and (d)). The estimated Si
content (~6 at.%, Table 2) laid on the Si-rich side compared to previ-
ously reported Si contents in § of up to ca. 5.5 at.% at 550 °C [21], and
oppositely on the Si-lean side of the reported Si contents for 71; of 9 — 12
at.% at 800 °C [22]. This could support possible co-existence of # and 711
in Layer 3. Further, EDS (Table 2) showed that Layer 3 contained minor
amounts of Ni (~2 at.%) and Cr (~5 at.%). The ¢ phase has been found
to incorporate up to 8.9 at.% Ni at 627 °C [77] and 6.4 at.% Cr at
1000 °C [78], which likely are higher than the solubility limits at 550 °C.
All the same, the estimated sum of Fe, Ni and Cr of 24 at.% corresponded
well to the reported Fe-contents of both the 6 (23 — 25 at.% Fe [23,79])
and the 71; phase (23 - 29 at.% Fe [21,80]). Numerous previous studies
have reported the 6 phase [7,9], including studies on joints with stain-
less steels where the 0 phase contained Ni and Cr [33,34], similar to
what was found here.

In contrast to the 0 phase, the 77, phase has been scarcely reported.
One study revealed 717 inclusions in the 5 phase layer [81], while
another revealed co-existence of 717 with the ay and 5 phases [82]. It
should be noted that 711 is similar to another phase, 719, when it comes to
both composition (13.3 — 15.5 at.% Si and 24.2 — 25.0 at.% Fe [21,79])
and lattice parameters (hexagonal; a = 15.52 Aandc=7.30A [21D).
The 719 phase has also been reported to form at Al-steel interfaces, and
one study reported the disappearance of § and aj, as 710 and 75 appeared
after prolonged annealing [19], while in other studies 719 was found
near the 0 layer [26,83]. Only the 719 phase can be found in the Al-Fe-Si
phase diagram at 550 °C, while 71; can be seen first at higher temper-
atures [21,22,80]. The DFT calculations gave slightly positive formation
enthalpy values for the 77 variants used here, with solid solution in Al as
reference. This indicated that the 71; phase is not stable if formed in Al,
in agreement with the phase diagram. Here, local temperature or
composition variations, together with the presence of other alloying
elements could have promoted the formation of 77;. It must be
emphasised that 71; was observed together with ¢ in one TEM lamella
only, while solely 8 was found in another lamella. Future studies are
needed to understand the interplay between 6 and 71; (and 719) when
several alloying elements participate.

4.1.4. Layer 4

Layer 4 grew at the interface towards steel following prolonged
interdiffusion (Fig. 6). This layer had a fine microstructure with
numerous small 5 phase grains, as determined by diffraction (Fig. 7(e)).
The estimated compositions (Table 2) indicated an (Al + Si)/(Fe + Ni +
Cr)-ratio of 2.4, and although the precipitates contributed to an un-
known degree, this ratio laid within the Al/Fe-ratios of 2.3 — 2.6 re-
ported for the 5 phase in the Al-Fe phase diagram at 550 °C [1]. An 5
phase layer containing significant amounts of Cr and Ni has been re-
ported in previous studies on aluminised stainless steels [33,34],
consistent with the results found here. Layer 4 contained numerous
precipitates rich in Cr-Si or Ni, both possibly also containing Al and/or
Fe (Fig. 6). Precipitates could be expected in the  phase layer, since the
estimated amounts of 3 at.% Ni and 5 at.% Cr (Table 2) exceeded the
reported solubility limits of 1 at.% Ni at 850 °C [50] and 3 at.% Cr at
700 °C [84], respectively. Several candidate Ni(-Al)(-Fe) [50,59,77] and
Cr-Si(-Al)(-Fe) [84] phases have been identified previously. Precipitates
within the # phase layer have been reported frequently, most often
identified as precipitates of the z1-AlyFesSis phase [19,25], and in some
cases as Al-Cr phases [39] or as Ni-rich phases [36].
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4.2. Intermetallic phase layer growth rate

The total thicknesses of the interfacial IMP layers in 1080-S355 and
6082-316L composites subjected to various heat treatments were
measured (Fig. 2). It was assumed that the total layer growth mainly
followed diffusion limited growth characteristics, as reported previously
for Al-Fe IMP layers [7,8]. The growth rate constants obtained for the
1080-S355 composites (0.26, 1.17 and 2.59 pm?s~! at 450, 500 and
550 °C) were high compared to previously reported values. For instance,
constants of 0.03 and 0.02 pm?s~! were obtained for total IMP layer
growth at 450 and 500 °C, respectively, in a friction stir welded pure
Al-steel joint [2]. Moreover, a constant of 0.00016 pmzs’1 was reported
for 5 phase layer growth at 550 °C in a pure Al-Fe diffusion bonding
couple [85]. Most likely, higher growth rates were obtained here due to
the strong plastic deformation occurring in both the steel and the Al
during roll bonding, which was expected to increase the density of
crystal defects offering rapid diffusion pathways.

For the 6082-316L 550 °C composites, the fit line assuming diffusion
limited growth did not intersect the origin. This indicated that diffusion
limited growth occurred first after an initial incubation time period,
during which reaction controlled growth possibly occurred [48]. This
has been reported for a joint between pure Al and stainless steel where
an oxide layer initially covered the interface and an initial time period
was needed for fragmentation of this layer [39]. Here, oxide fragments
were seen near the Al-IMP interface (Figs. 4 and 6), that could result
from a fragmented surface layer or entrapped air. Further studies are
needed to fully understand the role of the oxide layer for the 6082-316L
specimens.

Most importantly, the IMP layer growth rates were significantly
reduced for the 6082-316L composites compared to the 1080-S355
composites (Fig. 2). In the 6082-316L specimens, the first formed
Layer 1, that consisted of the a.-Al-(Fe,M)-Si phase, was the thickest
layer and dominated the IMP layer growth. In the 1080-S355 composites
however, Layer ii composed of the 7-FesAls phase dominated, in
accordance with previous results [7,19]. The reduction in growth rate
implied that interdiffusion proceeded significantly slower through the a,
phase layer than through the 6 and 5 phase layers that did not contain Si.
These findings are supported by a similar study on rolled Al-steel com-
posites where the Al alloy contained 1.2 wt% Si, and where it was found
that Fe diffusion through the first formed Al-Fe-Si phase limited the
growth rate even after subsequent formation of 6 and # [14]. In that
study, the first formed Al-Fe-Si phase was described as cubic FegSiAl;5
(a =12.548 Z’\) [14], which highly resembled a.. Furthermore, the for-
mation of porosity on the Al-IMP interface after prolonged annealing
(Fig. 3(b)), implied that Al diffused faster through the IMP layers than
Fe. This is consistent with previous studies on Al-Fe IMP layers reporting
Kirkendall porosity on the Al side [2,8]. Thus, retarded Fe diffusion
through a, was likely the main factor contributing to the reduced growth
observed here.

Moreover, the 7-steel interface was irregular with elongated grains
sticking into the steel side for the 1080-S355 composites (Fig. 3(a)).
Such an interface appearance has been reported frequently [7,33] and
has been explained based on partly occupied lattice sites in the # phase
facilitating fast diffusion along the c-direction [86]. This typically leads
to textured and columnar 5 grains after prolonged interdiffusion [6,10].
In the 6082-316L composites, the 7-steel interface was much flatter.
Several studies have shown that addition of alloying elements may affect
the 5 phase layer by reducing its growth rate and suppressing the strong
directional growth, resulting in a flatter interface. This has been re-
ported for both Si additions to Al [15,17,19,86-89], and for Ni [33]
and/or Cr [25,32] additions to steel. All of these elements presumably
contributed here to reduce the growth rate of the 5 phase layer and to
make the steel interface more planar.
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4.3. Mechanical properties

In Layer 1, a. was the only identified phase, and as this layer grew,
the Mn content decreased, while the Cr content remained at ~4 at.%.
Three a. phase variants with different compositions, a.-Al-Fe-Si, a.-Al-
(Fe,Mn)-Si, and a.-Al-(Fe,Cr)-Si, were subjected to DFT calculations. The
calculations predicted the a.-Al-(Fe,Cr)-Si phase to be the most stable of
the a, variants, and indicated that the strength increased and the brit-
tleness decreased by substituting Fe with Cr in a.. Further, the DFT re-
sults predicted that the a.-Al-(Fe,Cr)-Si phase was amongst the phases
with the highest Young’s modulus. This corresponded well to the
nanoindentation results, which showed that Layer 1 had the highest
estimated Young’s modulus after Layer 4 (Table 4). The hardness and
reduced modulus of Layer 1 were measured to 12.41 + 0.31 GPa and
206.7 + 3.3 GPa, respectively, which were higher than previously
measured values of 10.82 GPa and 175.3 GPa for the a.-Al-(Fe,Mn)-Si
phase [90]. This agreed with the results from DFT indicating modulus
increase with substitution of Fe by Cr in a,.

Layer 2 was discontinuous and thin (~1 pm) even after 180 min at
550 °C, which meant that the nanoindentation measurements could
possibly be influenced by the adjacent Al and/or a.. To minimise the
spread in the measurements, the indents were post-examined to include
only indents solely placed within Layer 2, as seen in SEM images. The
nanoindentation results showed that Layer 2 was the softest layer with
the lowest estimated modulus (Table 4), in agreement with the DFT
calculations which predicted the 71-FeNiAlg phase to have the lowest
Young’s modulus after a.-Al-Fe-Si (Table 3). The measured hardness and
reduced modulus of 8.01 + 0.59 GPa and 166.8 &+ 9.0 GPa, respectively,
agreed well with previous measurements of 7.71 GPa and 161.5 GPa
[90]. Further, Layer 2 showed the largest maximum indentation depth,
which indicated that it was the least brittle.

Layer 3 was the second softest layer according to the nano-
indentation (Table 4). In this layer, the two phases 6-FesAl;3 and 711-
AlsFeoSi were identified. Previous studies have reported measured
hardness values for the 6 phase of 7 GPa [91] and 835 HV (corre-
sponding to 8.2 GPa), the latter for ¢ containing 7 wt% Si [35]. This is
lower than the values measured here, and it is possible that the Cr and Ni
content increased the hardness of 6 and/or that the presence of 777
affected the hardness of this layer. Based on DFT, the variant 711-2 was
expected to be the most stable and the weakest amongst the 71; variants
investigated here (Table 3). The 6 phase and the 71;-2 variant both had
lower DFT calculated Young’s moduli than the 5 and a.-Al-(Fe,Cr)-Si
phases. This agreed well with Layer 3 having lower estimated modulus
than Layer 4 (y with precipitates) and Layer 1 (a.) based on nano-
indentation. However, Layer 3 showed the lowest maximum indentation
depth, which indicated that it was the most brittle layer.

Layer 4, in which the #-FepAls phase was the main phase identified,
was clearly the hardest and had the highest estimated modulus
(Table 4). Also, based on the DFT results (Table 3, [57]), it could be
concluded that the 5-FepAls phase had the highest Young’s modulus.
Previously, hardness values for 7 have been reported to 1100 HV g5 [92]
(10.8 GPa), 1000 HVj 25 [9] (9.8 GPa), 8 GPa [91], and 9.8 + 0.9 GPa
for a layer of n with Al-Cr phases [39]. In this work, the reduction in
grain size combined with the presence of numerous nanoscale pre-
cipitates presumably increased the hardness of Layer 4. Further, Layer 4
had the second lowest maximum indentation depth and was thus pre-
sumably the second most brittle layer.

Tensile testing of the 550 °C 10 min specimens gave slightly lower
average UTS and greater standard deviation than the 500 °C 180 min
specimens (Fig. 9(a)). The difference between the two in terms of the
IMP layer was that the 500 °C 180 min specimens only contained Layer 1
(ac) with a thickness of 0.25 + 0.07 pm, while the 550 °C 10 min
specimens contained a continuous ~0.8 pm thick Layer 1 and a
discontinuous <0.5 pm thick Layer 2 (r1). It is well known that the
strength of Al-steel joints may increase with reduction in IMP layer
thickness [3-5]. Thus, the lower strength was believed to result from the
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thicker IMP layer, while the larger spread in the measured UTS values
could be connected to the uneven growth of Layer 2.

The 550 °C 60 min tensile specimens all failed during machining,
which implied that they had lower fracture toughness and possibly lack
of bonding. The fracture surfaces (Fig. 9(c)) indicated that the fracture
ran mainly through the IMP layer. In contrast to the other tensile
specimens, the 550 °C 60 min specimens contained Layer 4 and Layer 3,
which were the most brittle IMPs judging by the maximum indentation
depths (Table 4). Further, some dark Al regions were seen on the frac-
ture surfaces, which were believed to result from fracture running along
the pores observed along the Al-IMP interface (Fig. 3(b)). Altogether, the
main reasons for the lower toughness of the 550 °C 60 min specimens
were believed to be the thick and brittle IMP layer and the porosity.

5. Summary and conclusions

Formation and growth of interfacial IMPs were investigated after
solid-state interdiffusion in rolled steel-Al-steel composites made from
Al alloy 6082 and stainless steel 316L. SEM and TEM were utilised for
phase identification. DFT calculations and nanoindentation measure-
ments were performed to assess the mechanical properties of the iden-
tified phases and the four formed IMP layers (Layer 1 — 4), respectively.
The findings can be summarised as follows.

i. During interdiffusion, Si first segregated to the Al-steel interface,
before a continuous layer (Layer 1) of a.Al;s(Fe,Cr,Mn)sSis
phase grains formed, creating an irregular interface to Al.

ii. Layer 2 formed subsequently at the Al-a, interface. This layer was
discontinuous and consisted of frequently faceted 7;-FeNiAlg
grains.

iii. Layer 3 was composed of elongated 6-Fe4Al;3 grains and some
711-AlsFeySi grains, and contained minor amounts of Si, Cr and
Ni.

iv. Afourth layer (Layer 4) formed at the IMP-steel interface that was
composed of numerous small grains of mainly the 5-Fe;Als phase,
together with nanoscale precipitates, some rich in Cr and Si, and
some rich in Ni.

v. Miniature tensile tests confirmed that heat treatments leading to
thicker IMP layers and porosity reduced the bond strength and
caused brittle interfacial fracture.

vi. Nanoindentation showed that the formed layers could be ar-
ranged after increasing hardness and modulus as: Layer 2 (71) <
Layer 3 (0 and 711) < Layer 1 (a.) < Layer 4 (3 with precipitates).
Judging by the maximum indentation depth, Layer 3 was indi-
cated to be the most brittle, followed by Layer 4, Layer 1 and
Layer 2.

vii. The results from the DFT calculations largely agreed with those
from nanoindentation, and the main IMPs could be arranged from
lower to higher Young’s modulus as: 71 < 711 < 6 < a.-Al-(Fe,
Cr)-Si < 7. In addition, the results indicated that substitution of
Fe by Mn or Cr in the o, phase leads to higher strength and lower
brittleness. Cr substitution had the most prominent effect and
also stabilised a,.

viii. The growth rate of the total IMP layer was markedly reduced for
the 6082-316L composites compared to a low alloyed 1080-S355
reference combination. This was believed to primarily result from
impeded Fe diffusion through the first formed a, phase relative to
the diffusion through the 6 and 7 phases in the 1080-S355 com-
posites. The significant reduction in growth rate demonstrates the
strong influence of alloying elements in both Al and steel.
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