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Abstract
To shed light into the application potential of high-entropy alloys as “interlayer” materials for Al-steel solid-state joining, we 
investigated the nature of the CoCrFeMnNi/Fe and CoCrFeMnNi/Al solid/solid interfaces, focusing on the bonding behav-
ior and phase components. Good metallurgical bonding without the formation of hard and brittle IMC can be achieved for 
CoCrFeMnNi/Fe solid/solid interface. In contrast to the formation of  Al5Fe2 phase at the Fe/Al interface,  Al13Fe4-type IMC, 
in which the Fe site is co-occupied equally by Co, Cr, Fe, Mn and Ni, dominates the CoCrFeMnNi/Al interface. Although the 
formation of IMC at the CoCrFeMnNi/Al interface is not avoidable, the thickness and hardness of the  Al13(CoCrFeMnNi)4 
phase formed at the CoCrFeMnNi/Al interface are significantly lower than the  Al5Fe2 phase formed at the Fe/Al interface. 
The activation energies for the interdiffusion of Fe/Al and CoCrFeMnNi/Al static diffusion couple are 341.6 kJ/mol and 
329.5 kJ/mol, respectively. Despite this similarity, under identical static annealing condition, the interdiffusion coefficient 
of the CoCrFeMnNi/Al diffusion couple is significantly lower than that of the Fe/Al diffusion couple. This is thus mainly a 
result of the reduced atomic mobility/diffusivity caused by the compositional complexity in CoCrFeMnNi high-entropy alloy.
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1 Introduction

A key and promising “weight-lightening” technology in 
transportation system is to blend the attractive properties 
of iron (Fe)-based steels and aluminum (Al) alloys in one 
hybrid part. This hybrid design makes the development and 
employment of effective Al-steel dissimilar metal joining 
methods of great interests. High-quality Al-steel welds using 
traditional fusion welding methods was found difficult to 
obtain, owing to the pronounced differences in thermo-
physical properties (e.g., melting points, thermal expan-
sion coefficient and thermal and electrical conductivities) 
between Al alloys and steels [1–5]. Therefore, solid-state 
techniques were used or are under development with the 

hope of achieving the best quality of Al-steel welds, such as 
continuous and spot friction stir welding [6–9].

The major barrier to achieving high-quality solid-state Al-
steel welds is the tendency to form inherently brittle interme-
tallic compounds (IMCs, mainly  Al3Fe,  Al5Fe2,  Al13Fe4) at 
the metallurgical bonding interface. The formation of IMCs 
could cause significant mechanical property degradation of 
the welds [10, 11]. Thus, great efforts were made with the 
hope of suppressing the IMC formation. The effectiveness of 
welding parameter (e.g., welding speed, power) adjustment 
was limited due to the intrinsic natures between Al and Fe: 
high chemical affinity and low Fe solubility in Al matrix. 
An intuitively more effective method would be avoiding the 
direct contact between the two diffusion medium, Al and 
Fe. Thus, “interlayer” between Al and steels was applied 
by a number of researchers. So far, the most widely used 
“interlayer” materials were mainly pure elemental materi-
als. For example, Reddy et al. [12] investigated the effects 
of electroplating Ni, Cu and Ag on the continuous drive 
friction welding of AA6061 and AISI 304 steel. When Ag 
coating was applied on the steel fay surface, relatively less-
brittle IMCs,  Ag2Al and FeAl, replaced  Fe5Al2 and  FeAl3 
at the bonding interface. Cu and Ni “interlayer” reduced the 
amount of  Fe5Al2, but new brittle IMCs formed, including 
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 CuAl2, CuAl,  Al3Ni and AlNi. The inevitability to form 
thick new IMCs is one of the common drawbacks of the 
typically used elemental “interlayer” materials. This made 
the weld-quality improvement still not optimal. Thus, a new 
type of “interlayer” material which can effectively reduce the 
IMC thickness and brittleness or eliminate the IMC layer(s) 
is urgently needed.

Recently, a new class of alloy, high-entropy alloy (HEA) 
[13–29], emerged in physical metallurgist’s and alloy 
designer’s world. HEAs, made of four or more elements 
with equi- or near-equiatomic ratio, exhibit four core effects 
[13, 22, 30–34], namely high-entropy effects, lattice distor-
tion effects, sluggish diffusion effects and cocktail effects. 
The high-entropy effect of HEAs makes their microstructure 
preferentially dominated by solid solution. This combines 
with the sluggish diffusion effect, theoretically, makes HEAs 
exhibit great structural stability when external elements dif-
fused into them through solid-state processes. Supporting 
findings are from a number of research groups when they 
were investigating the effectiveness of using HEA parti-
cles as reinforcement in metal matrix (MM). For example, 
Karthik et al. [35] additively manufactured an Al matrix 
composites reinforced with CoCrFeNi particles; at the 
particle/matrix interface, the high-entropy (solid solution) 
character of HEA particles was not loosened, microstructur-
ally no brittle IMCs were observed. The absence of IMCs at 
HEA particle/MM interface was also observed by Lu et al. 
[36], Meng et al. [37] and Chen et al. [38] when composi-
tionally different HEA particles (e.g.,  CoNiFeAl0.4Ti0.6Cr0.5 
and AlCoCrCuFeNi) were used as reinforcements to differ-
ent metal matrixes (e.g., SiCp/7075Al and AZ91D).

The synergy of HEAs’ high-entropy effects and sluggish 
diffusion effects makes them potential desirable candidates 
for “interlayer” materials during Al-steel solid-state joining. 
As Fig. 1 shows, while applying the HEA “Interlayer,” the 
first step is normally to deposit a layer of HEA coating on 
steel substrate, followed by stacking Al alloys on the “inter-
layer.” Then, the “sandwiched” steel-HEA-Al structure is 
solid-state welded (e.g., friction stir welded). Thus, in order 
to evaluate the possibility to use HEAs as Al-steel dissimi-
lar metal joining “interlayer,” we are conducting a series of 
studies to consecutively assess the behavior of the steel-HEA 

and Al alloy-HEA interface under static diffusion conditions 
and the behavior of steel-HEA-Al “sandwiched” stack under 
dynamic thermomechanical (i.e., welding) processes.

In this study, as the first trial, we assessed the potential 
to use the quinary “Cantor’s alloy” [39–42] (equiatomic 
CoCrFeMnNi alloy) as the “interlayer” through extensive 
characterizations of the nature of the CoCrFeMnNi/Fe and 
the CoCrFeMnNi/Al solid/solid interfaces. The microstruc-
ture of the CoCrFeMnNi/Fe metallurgical bonding inter-
face when CoCrFeMnNi was coated on the Fe substrate 
was firstly reported. Fe, the primary constituent element of 
steel, was chosen as the substrate to circumvent the compli-
cated effects from other alloying elements that exist in steels. 
Next, the metallurgical bonding behavior of CoCrFeMnNi/
Al interface was assessed; for the same reason, Al instead 
of Al alloys was used, and in this step, the microstructure 
of the Fe/Al interface was investigated for comparison pur-
pose. The present study was taken up mainly to answer a few 
fundamental questions: will IMC form at the HEA/Fe solid-
state interface? Can high-entropy effects of HEA prevent the 
formation of hard and brittle IMC layer at the CoCrFeMnNi/
Al solid-state interface? Can the sluggish diffusion of HEA 
lead to the reduction in the IMC layer thickness? In addi-
tion to these, the kinetic behavior of the diffusion at the 
CoCrFeMnNi/Al interface will also be investigated to shed 
further insights.

2  Experimental

As schematically shown in Fig. 2, spark plasma sintering 
(SPS) technique (Sinter Land LABOX-325R) was used to 
consecutively generate the CoCrFeMnNi/Fe, CoCrFeMnNi/
Al and Fe/Al solid/solid interfaces. First, pure Fe substrate 
was placed in a graphite die, and spherical CoCrFeMnNi 
powders (30 µm, obtained using gas atomization method) 
were placed on top of the substrate (Step 1). A pulse cur-
rent was subsequently applied, while the die was maintained 
under of a uniaxial pressure of 30 MPa, leading to Joule 
heating among powder particles and the substrate to promote 
simultaneous powder sintering and particle–substrate met-
allurgical bonding under argon atmosphere. The interface 

Fig. 1  Flowchart showing the typical procedure to apply HEA as Al-
steel solid-state joining "interlayer" material, taking friction stir join-
ing as an example

Fig. 2  Schematic showing the coating of CoCrFeMnNi on the Fe 
substrate and the diffusion bonding of Al with CoCrFeMnNi



1485Nature of CoCrFeMnNi/Fe and CoCrFeMnNi/Al Solid/Solid Interface  

1 3

was heated up to 950 °C with a heating rate of 100 °C/min 
and a soaking time of 30 min, followed by furnace cooling. 
After fulfilling the coating of HEA on Fe substrate, a piece 
of Al was placed on top of the HEA layers, and a piece of 
Fe was placed on top of the Al piece (Step 2). Then, the Fe-
CoCrFeMnNi-Al–Fe stacking was heated up to 600 °C with 
a soaking time of 60 min. To compare the kinetic behavior 
of diffusion at the CoCrFeMnNi/Al and Fe/Al interfaces, a 
piece of Al was sandwiched between pieces of CoCrFeMnNi 
and Fe. The sandwiched structure was heated up to a variety 
of temperatures (550–625 °C) with different soaking time 
(15–60 min). The temperature was measured using a k-type 
thermocouple inserted near the inside diameter of the die.

Microstructures of the interfaces were characterized using 
a Quanta 650 FEG SEM coupled with energy dispersive 
spectrometer (EDS) and operated in the backscattered elec-
tron (BSE) mode. Electron backscatter diffraction (EBSD) 
measurements were performed at an accelerating voltage of 
30 kV and a step size of 0.7 μm in a field-emission scanning 
electron microscope (FESEM; FEI XL30S, FEI Company). 
In addition, phase components at the interfaces were crys-
tallographically examined using X-ray diffraction (XRD, 
Panalytical XPert PRO MRD goniometer) with a Cu Kα 
radiation operating at 40 kV and 40 mA. The nanohardness 
of the interfaces was determined using a nanoindentation 
hardness tester (Micro Scratch Tester; MCT + UNHT, Swiss 
CSM company); the maximum load for the tests was 50 mN 
with loading rate of 10 mN/s, and the dwell time at the target 
load was 10 s.

3  Results and Discussion

The macrostructure of the generated Fe-CoCrFeMnNi-
Al–Fe stacking is shown in Fig. 3. Simultaneous consoli-
dation of CoCrFeMnNi powders and coating of the alloy 
on the Fe substrate was successfully achieved. The sintered 

CoCrFeMnNi alloy consists of equiaxed grains with an 
average grain size of 9 µm. From this low-magnification 
back-scatted electron (BSE) image, the pure Fe substrate 
and the simultaneously consolidated CoCrFeMnNi show 
good metallurgical bonding without clear reaction layer. In 
contrast, reaction layers with different thickness are visible 
at the CoCrFeMnNi/Al and Fe/Al interfaces.

3.1  Microstructure of the CoCrFeMnNi/Fe Interface

Figure 4a, b presents high-magnification BSE images for 
the CoCrFeMnNi/Fe interface, in which a thin transition 
layer was visible. A gradual instead of sharp composition 
transition across the CoCrFeMnNi/Fe boundary is shown in 
Fig. 4c, indicating the occurrence of a continuous diffusion. 
The transition layer composed mainly of Fe with minor addi-
tion Co, Cr, Ni and Mn. Quantitatively, this CoCrFeMnNi/
Fe interface layer consists of 88.5 at.% Fe, 5.1 at.% Mn, 4.1 
at.% Cr, 1.6 at.% Ni, and 0.7 at.% Co.

Previous HEA-related researches have summarized 
a few mixing-enthalpy-based, atomic-size-based, and 
mixing-entropy-based parameters (ΔHmix, δ, and ΔSmix, 
respectively) for the prediction of the dominant phase (sin-
gle or multi-phase). Following these, from the interface 
composition, we calculated the value of ΔHmix (0.32 kJ/
mol), δ (1.916%) and ΔSmix (1.61R) for the CoCrFeMnNi/
Fe interface layer, and found that all of these meet the cri-
teria (− 15 kJ/mol < ΔHmix < 5 kJ/mol, 1% < δ < 6.6% and 
ΔSmix ≥ 1.5R) for forming single-phase solid solution alloy. 
This is a strong indication that the transition layer is a type 
of Fe-rich single-phase solid solution. This speculation was 
confirmed using EBSD (Fig. 5). Specifically, the inverse 
pole figure (IPF) in Fig. 5a shows that the transition region 
contained a layer of elongated grains along the interface 
boundary, which are identified as BCC phase (Fig. 5b). 
These findings lead us to conclude that during high-tempera-
ture sintering process, due to the compositional gradient, Co, 

Fig. 3  a Macrostructure of the generated Fe-CoCrFeMnNi-Al–Fe stacking; b BSE image of the CoCrFeMnNi layer obtained through the simul-
taneous sintering and coating
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Cr, Mn and Ni diffuse into the boundary grains with different 
diffusion coefficients; this leads to the as-observed composi-
tion change, which is not significant enough to cause phase 
change of the boundary grains.

3.2  Microstructure of the Fe/Al and CoCrFeMnNi/Al 
Interface

The macrostructure of the CoCrFeMnNi-Al–Fe stacking and 
the magnified views showing the two interfaces are shown in 
Fig. 6a–c. It is clear that both interfaces achieve good metal-
lurgical bonding. Immediate differences that can be derived 
from the microstructure of the CoCrFeMnNi/Al and Fe/Al 
interfaces are the morphology and thickness of their reaction 
layers. Under the specific applied condition (600 °C, 60 min, 
30 MPa), the Fe/Al interface has a tongue-like morphology 
and an average thickness of ~ 300 µm. The CoCrFeMnNi/Al 
interface is visually composed of three distinct layers and 
has an uniform thickness of ~ 25 µm. Another striking feature 
is that a few fine perpendicular cracks are visible at the Fe/
Al interface, and the CoCrFeMnNi/Al interface is crack-free. 
Figure 6d, e shows the elemental distribution across the Fe/
Al interface and the CoCrFeMnNi/Al interface, respectively. 
The composition across both interfaces does not display a 

significant fluctuation. Quantitatively, the Fe/Al interface 
layer contains ~ 71.4 at.% Al and 28.6 at.% Fe; the CoCrF-
eMnNi/Al interface layer is composed of 78 at.% Al with the 
remaining equally split by Co, Cr, Fe, Mn and Ni.

In order to determine the phase(s) of the interface reac-
tions layers, selected area XRD was performed, and the 
obtained patterns are shown in Fig. 7. A complex pattern 
containing numerous peaks is observed for the Fe/Al inter-
face. A careful analysis suggests that the pattern is composed 
of three sets of peaks, corresponding to the Al matrix, Fe 
matrix and  Al5Fe2 IMC phase, respectively. Thus, we can 
assert that upon the solid/solid diffusion,  Al5Fe2 phase forms 
at the Fe/Al interface. The nature (e.g., phase component, 
grain morphology) of the Fe/Al interface reaction product 
was further revealed using EBSD. As shown in Fig. 8a, the 
Fe/Al interface IMC layer consists of perpendicularly elon-
gated grains which were confirmed to be dominated by a 
 Al5Fe2-type IMC (Fig. 8b).

According to the binary Al–Fe phase diagram, a few 
types of IMC,  Al3Fe,  Al2Fe, FeAl as well as  Al5Fe2 are ther-
modynamically stable at the 600 °C temperature [43]. The 
presence of only  Al5Fe2 is a result of the fact that kinetically, 
the nucleation and growth of  Al3Fe,  Al2Fe and FeAl are too 
slow for them to grow to a visible thickness with the current 

Fig. 4  a Macrostructure and b microstructure of the as-obtained CoCrFeMnNi/Fe interface and c the elemental distribution across the CoCrF-
eMnNi/Fe interface

Fig. 5  EBSD images showing a the IPF pole figure and b the phase map of the as-obtained CoCrFeMnNi/Fe interface
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experimental annealing time [44]. Under solid/solid Fe/Al 
interdiffusion, the self-diffusion coefficient of Fe in Al is 
significantly higher than that of Al in Fe [45]. Thus, it is 
generally recognized that the formation of IMC layer at the 
Fe/Al interface is dominated by the diffusion of Fe into the 
Al matrix [45]. Therefore, a type of Al-rich phase,  Al13Fe4, 
which was not listed in the binary Al–Fe phase diagram, was 

very often found the first phase formed preceding the for-
mation of the Fe-rich  Al5Fe2 phase at the interface [10, 44]. 
As the continuous diffusing-into of Fe, the  Al13Fe4 phase is 
gradually replaced by the Fe-rich  Al5Fe2 phase. Most stud-
ies have shown that the dominant phase obtained during Fe/
Al solid/solid interdiffusion is the  Al5Fe2 phase, and occa-
sionally, a thin  Al13Fe4 layer was found between the  Al5Fe2 

Fig. 6  a An overall view of the Fe-Al-CoCrFeMnNi sandwiched structure; magnified views of the obtained b Fe/Al interface and c CoCrF-
eMnNi/Al interface, the elemental distribution of which are presented in d e, respectively

Fig. 7  Selected area XRD patterns of a the Fe/Al interface and b the CoCrFeMnNi/Al interface
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phase and Al [41]. In the current study, the initially formed 
 Al13Fe4 phase was completely replaced by the  Al5Fe2 phase 
due to the high processing temperature and extended length 
of holding time. This observation is consistent with previous 
reports which showed the formation of a pure  Al5Fe2 layer 
during solid/solid Al–Fe interdiffusion [10].

For the CoCrFeMnNi/Al interface, only major peaks 
(Fig. 7b) corresponding to the two matrices (Al and CoCr-
FeMnNi) can be seen. The failure to reveal the peaks cor-
responding to the reaction layer is due possibly to the rela-
tively much lower thickness (~ 25 µm) of the layer compared 
to the scan diameter (~ 300 µm). The EBSD images show 
that at the CoCrFeMnNi/Al interface, the IMC layer mainly 
consists of equiaxed grains (Fig. 8c). In terms of the phase 
component, an  Al13Fe4-type phase was found being the 
dominant, and the major differences of the three visually 
existent layers (Fig. 6c) at this interface are related to their 
grain sizes and grain morphology differences. The diffusion 
coefficient of Co, Cr, Fe, Mn and Ni in Al [46–48] at 600 °C 
are 9.71 ×  10−16  m2/s, 4.03 ×  10−15  m2/s, 1.43 ×  10−16  m2/s, 
3.40 ×  10−15  m2/s and 2.90 ×  10−16  m2/s, respectively. If the 
same dominant process (the CoCrFeMnNi constituent ele-
ments diffuse into Al matrix) occurs at the CoCrFeMnNi/
Al interface, a large difference in the amount of Co, Cr, Fe, 

Mn and Ni at the IMC layer would be expected. But surpris-
ingly, the constituent elements of the CoCrFeMnNi alloy in 
the  Al13Fe4 phase maintain their equiatomicity nature; this 
indicates that the original Fe site in the  Al13Fe4 phase is now 
co-occupied equally by Co, Cr, Fe, Mn and Ni. This striking 
feature suggests that in contrast to the Fe/Al interface, the 
formation of the  Al13(CoCrFeMnNi)4 layer at the CoCrF-
eMnNi/Al interface is fulfilled mainly by the diffusion of 
Al into CoCrFeMnNi.

The mixing enthalpy (ΔHmix) values for Co–Al, Cr–Al, 
Fe–Al, Mn–Al and Ni–Al element pairs are − 19 kJ/mol, 
− 10 kJ/mol, − 11 kJ/mol, − 19 kJ/mol, and − 22 kJ/mol, 
respectively [49]. These negative values are normally clear 
indication of strong chemical affinity of each of the con-
stituent elements with Al. As Al diffuses into the CoCr-
FeMnNi matrix, if each constituent element can undergo 
free long-range atomic migration, according to the phase 
diagrams [43] of the binary Co-Al, Cr–Al, Fe–Al, Mn-Al 
and Ni–Al systems, a large number of stable intermetallic 
compounds (such as  Cr2Al,  Al4Mn,  Al5Fe2,  Al13Fe4,  Co2Al5, 
 Ni3Al and NiAl) could form. It is a surprise, however, that 
only one type of IMC  (Al13(FeNiCoCrMn)4) is seen at the 
CoCrFeMnNi/Al interface. This is likely a result of the fact 
that the long-range atomic migration of the constituents is 

Fig. 8  EBSD images showing a, c the inverse pole figure images b, d the phase mappings of the as-obtained Fe/Al and CoCrFeMnNi/Al inter-
faces, respectively
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suppressed by the compositional complexities which either 
causes greater fluctuation of lattice potential energy and thus 
higher activation energies or produces more traps/blocks for 
long-range atomic migration and thus lower atom mobility/
diffusivity [29, 32, 33].

3.3  Diffusion Kinetics

A series of static diffusion experiments were performed to 
quantify the kinetics of diffusion at the CoCrFeMnNi/Al 
interface and compare with that at the Fe/Al interface. For 
each set of experiments, a single piece of Al was sandwiched 
between a Fe piece and a CoCrFeMnNi piece to simulta-
neously generate a Fe/Al interface and a CoCrFeMnNi/Al 
interface. This three-layer setup was placed inside a graphite 
die, and the diffusion experiments were performed using 
SPS with a temperature ranging from 550 to 625 °C and a 
holding time from 900 to 3600 s. For all tests, the axial pres-
sure was kept at 30 MPa.

The interface IMC thickness measured from the BSE 
images is shown in Fig. 9 as a function of diffusion tem-
perature and time. It is clear that under the same processing 
condition, the IMC layer thickness of the Fe/Al interface is 
dramatically thicker than that of the CoCrFeMnNi/Al inter-
face. For example, after diffusion welding at 575 for 30 min, 
the thickness of the Fe/Al interface IMC is about 52.3 µm, 
while the CoCrFeMnNi/Al interface IMC is 8.7 µm. The 

following equation was used to calculate the growth rate 
constants:

where x is the product layer thickness (µm), D is the interdif-
fusion coefficient or grow rate  (m2/s), and t is the diffusion 
time (s). The obtained interdiffusion coefficient of Fe/Al and 
CoCrFeMnNi/Al interface at different temperatures is shown 
in Fig. 10. Under the same condition, the interdiffusion coef-
ficient at the Fe/Al interface is dramatically larger than that 
at the CoCrFeMnNi/Al interface. Specifically, at 600 ℃, the 
interdiffusion coefficient of Fe/Al interdiffusion and CoCr-
FeMnNi/Al interdiffusion is 1.5 ×  10−11  m2/s and 6 ×  10−14 
 m2/s, respectively. The following Arrhenius equation was 
applied to calculate the activation energy for the formation 
of the reaction layers (Fig. 10a):

where Q is the activation energy for the formation of the 
intermetallic layers. D0 is the constant, R is the universal 
gas constant, and T is the diffusion temperature. The activa-
tion energy for the formation of Fe/Al diffusion couple was 
calculated to be ~ 341.6 kJ/mol. This value is significantly 
higher than that for the same binary system without SPS 
(155–190 kJ/mol) [44, 50]. This phenomena can be attrib-
uted to the high pressure yielded by the pulse current in 
addition to the applied pressure [51, 52]. The activation 
energy obtained here is slightly higher than that obtained 
by Li et al. [45] (~ 332 kJ/mol) for the same Fe/Al binary 
system under SPS condition. This difference arises likely 
from the higher applied axial pressure (30 MPa) than that in 
Li et al. (5 MPa) [45].

It is noted that the activation energy for IMC formation 
at the CoCrFeMnNi/Al interface (~ 329.5 kJ/mol) is slightly 

x2 = Dt

lnD = lnD
0
+

Q

RT

Fig. 9  Thickness of the IMC layers at a the Fe/Al and b the CoCr-
FeMnNi/Al interfaces obtained under different temperatures and 
annealing time

Fig. 10  Arrhenius plot of interdiffusion coefficient D as a function of 
temperature for the Fe/Al and CoCrFeMnNi/Al binary diffusion cou-
ples
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lower than that at the Fe/Al interface (~ 341.6 kJ/mol). Dur-
ing the diffusion process, the interdiffusion coefficient was 
determined by two major factors, the diffusion activation 
energy and the atom diffusivity [53]. A higher activation 
energy for diffusion is normally prone to decreasing the diffu-
sion coefficient. But, as stated above, under the same anneal-
ing conditions, the diffusion coefficient of Fe/Al diffusion 
couple is nearly a few tens of times that of the CoCrFeMnNi/
Al diffusion couple. Thus, the reduced atom mobility/diffu-
sivity instead of higher activation energy is the major contri-
bution that causes the observed significantly lower interdif-
fusion coefficient at the CoCrFeMnNi/Al couple.

3.4  Insights into the Application of High‑Entropy 
Alloys as “Interlayer” Materials for Al‑Steel 
Dissimilar Metal Solid‑State Joining

The above experimental findings showed the absence of IMC 
layer at the CoCrFeMnNi/Fe solid/solid interface. To posi-
tively assert that the CoCrFeMnNi alloy can be applied as 
“interlayer” materials for Al-steel solid-state joining, a com-
plete avoidance of IMC formation at the CoCrFeMnNi/Al 
interface would be an ideal situation. But this is not achieved 
in the current study. Despite this, when CoCrFeMnNi/Al 
interface is exposed to solid/solid diffusion condition, the 
thickness of the formed IMC  (Al13(CoCrFeMnNi)4) layer 
can be dramatically reduced. Besides the thickness of the 
IMC layer, another important criteria to assess its suitability 
for application is the brittleness of the IMC layer, which can 
be indirectly related to its hardness. Thus, to provide further 
insights, we measured the IMC nanohardness using nanoin-
dentation under 50 mN normal load. The average hardness of 
the IMCs at the Fe/Al and CoCrFeMnNi/Al interfaces is 1049 
HV and 888 HV, respectively, indicating a lower brittleness 
of the  Al13(CoCrFeMnNi)4 at the CoCrFeMnNi/Al interface 
than that of the  Al5Fe2 at the Fe/Al interface. In addition, to 
ensure a sound Al-steel joint with good mechanical properties, 
it is generally recognized that the critical limit for IMC layers 
is about 10 µm [10, 54]. From the above-shown experimen-
tal results, this critical condition is achievable. For example, 
when the CoCrFeMnNi/Al couple was annealed at 575 °C 
for 15 min, the obtained IMC layer exhibits a thickness of 
about 3.1 µm; this value can be further reduced down to about 
1.5 µm when the annealing temperature is 550 °C.

Worth noting that the above-mentioned results are 
obtained from static binary diffusion experiments, during 
the practical solid-state Al-steel (e.g., friction stir) joining, 
the interface would experience much more complicated ther-
momechanical conditions. For example, during friction stir 
joining of Al alloys and HEA-coated steels, the HEA/Al 
weld interface would experience a peak temperature lower 
than 550 °C with a soaking time of seconds [55]; thus the 
formation of much thinner IMC layers can be expected. In 

addition to this, due to the effects of “stirring,” the softened 
Al alloy matrix would experience severe plastic deformation 
and flow of materials. This will further complicate the nature 
of the weld interface. Two recent studies supported this 
speculation. Yao et al. [56] performed a phase identification 
for the interface formed during friction stir lap welding of 
the CoCrFeMnNi alloy to an Al alloy. Similar to the current 
observation, they reported the formation of  Al13Fe4 phase 
with 1.3–1.7 µm thickness but the constituent elements (Co, 
Cr, Fe, Mn and Ni) no longer maintain their equiatomicity 
nature, with Cr and Mo significantly depleted. Nene et al. 
[57] friction stir butt-welded a  Fe30Mn20Co20Cr15Si5Al1 
HEA with a high-strength Al-7050 alloy and observed a 
complete avoidance of IMC formation.

The above findings and analysis suggest the possibil-
ity to obtain HEA/Al interface with reduced thickness and 
lower brittleness and indicate the potential of using HEAs as 
“interlayer” materials for Al-Steel solid-state joining. How-
ever, more systematical and extensive investigation on the 
effects of dynamic thermomechanical processing conditions 
and HEA composition on the IMC formation and the cor-
relation between the characteristics (thickness, phase and 
composition) of IMC and the interface bonding strength are 
needed to verify this.

4  Summary and Conclusions

To shed light into the application potential of high-entropy 
alloys as “interlayer” materials for Al-steel solid-state join-
ing, we investigated the nature of the CoCrFeMnNi/Fe and 
CoCrFeMnNi/Al interfaces, focusing on the bonding behav-
ior and phase components. Based on the current study, the 
following conclusions can be drawn:

1. Good metallurgical bonding without the formation of 
hard and brittle IMC can be achieved at the CoCrF-
eMnNi/Fe solid/solid interface.

2. In contrast to the formation of  Al5Fe2 phase at the Fe/
Al interface, a  Al13Fe4-type IMC dominates the CoCr-
FeMnNi/Al interface, and the Fe site in the IMC is co-
occupied equally by Co, Cr, Fe, Mn and Ni.

3. Although the formation of IMC at the CoCrFeMnNi/Al 
interface is not avoidable, the thickness and hardness of 
the IMC formed at the interface can be largely reduced 
compared to that at the Fe/Al interface.

4. The activation energy for the interdiffusion of Fe/Al and 
CoCrFeMnNi/Al static diffusion couple is 341.6 kJ/mol 
and 329.5 kJ/mol, respectively. Despite this similarity, 
under identical static annealing condition, the interdiffu-
sion coefficient of the CoCrFeMnNi/Al diffusion couple 
is significantly lower than that of the Fe/Al diffusion 
couple. This is mainly a result of the reduced atomic 
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mobility/diffusivity caused by the compositional com-
plexity in the CoCrFeMnNi high-entropy alloy.
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