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ABSTRACT
Al13Cr23.5Fe20Co20Ni23.5 high-entropy alloy with three phases (face-centered cubic [FCC], A2
and B2) was joined successfully by direct drive friction welding. The microhardness of the
welded samples gradually increases as approaching the weld interface, which was related to
the microstructural evolution across the weld interface. The weld joint can be divided into four
regions: dynamic recrystallisation zone, thermal-mechanically affected zone, heat affected zone
and base metal. It is found that the volume fraction ratio of FCC to body-centered cubic (BCC)
(A2+B2) phases slightly decreases as approaching the weld interface. The hardening of the joint
is attributed to the refined structure, large deformation and the increased volume fraction of the
hard BCC phases in the weld joint.
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Introduction

High-entropy alloys (HEAs) are defined as a kind of
multi-component alloy materials containing at least
five principal elements, and each one is in equal or
near-equal atomic per cent ranging from 5 to 35
at.-% [1–5]. Compared to most of the intermetallic
compounds with complex crystalline structures, HEAs
(consisting of normally single- or dual-phase solid solu-
tions) exhibit simple face-centered cubic (FCC) and/or
body-centered cubic (BCC) structure [4]. Owing to
the special multi-component feature, HEAs exhibit
novel properties including high strength, high hard-
ness, excellent thermal stability, and outstanding wear,
corrosion and oxidation resistances, which can be used
as advanced structure materials in many fields [6–9].

In order to realise practical applications of HEAs,
their welding performance, including microstructural
evolution during welding and mechanical properties
after welding, needs to be well characterised. This topic
has attracted growing interest in recent years [10–19],
and two review articles on this topic have been pub-
lished [20,21]. Some studies have been dedicated to
fusion welding of HEAs based on various types of
heat sources, such as gas tungsten arc [19,22], elec-
tron beam [12] and laser beam [10,11,23,24]. For gas
tungsten arc welding, the welded Al0.5CoCrFeNi HEA
shows a clear drop in yield strength and ultimate ten-
sile strength although high proportion of the ductility
against the base metal (BM) can be maintained, and
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the microhardness in the fusion zone is lower than
the BM [22]. For electron beam welding, there is an
apparent grain growth in the fusion zone for CoCr-
FeMnNi HEA [12]. For laser beam welding, the welded
Al0.5CoCrFeNi also exhibits a decline inmicrohardness
for the fusion zone although the fusion zone is clearly
refined [23]. The decline is attributed to the decrease
of the harder Al–Ni rich BCC phase. In another work
[24], grains in the fusion zone are greatly coarsened
after laser welding of CoCrFeNiAl0.3 HEA, leading to
a 60% reduction in microhardness of the fusion zone. It
is found that fusion welding usually leads to coarsened
grains [12,19] and may result in crack formation dur-
ing solidification of fusion zone [25] for HEAs, which
may cause a declinedmechanical properties of the joint.
The heat density of fusion welding is in the order of
105–108 Wcm−2, which is high enough for grains to
grow [20]. It is reported that laser welding can refine
grains in the fusion zone for the CrMnFeCoNi HEA
in some cases [10,26], and it can generate a joint with
mechanical properties comparable to the BM.However,
a study clearly shows that the mechanical properties of
the laser-welded joint are inferior to that of the friction
stir welded one [17]. Friction stir welding (FSW) is one
type of friction welding.

Generally, friction welding, as a solid-state weld-
ing method, can greatly refine the grains in the
weld and thus can obtain a stronger bonding, which
makes it a very promising method for welding HEAs
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[20,21,27,28]. Friction welding has the advantages of
high efficiency and grain refinement effect due to low
heat accumulation compared to fusion welding. Cur-
rently, friction welding of HEAs is mainly focused on
FSW [13–18]. During FSW, two pieces of materials
are heavily deformed by a fast-rotating tool and then
welded by recrystallisation as a result of the friction
heat [13,29]. It is reported that a relative sound bond-
ing of the Co16Fe28Ni28Cr28 alloy was achieved by FSW
[14]. The stir zone remained a single FCC phase and
exhibited a refined microstructure compared with the
BM. FSW was also used as a processing method to
enhance the mechanical properties of HEAs [15,16].
More recently, the Al0.3CoCrCu0.3FeNi HEA was suc-
cessfully butt welded by FSW [13]. The material in
the stir zone demonstrates excellent transverse tensile
properties and has overcome the common strength-
ductility trade-off,which is attributed to its fine-grained
and partially recrystallised microstructure. The advan-
tages of FSW are obvious. But there are also certain
shortcomings for FSW, which are mainly manifested in
the following four aspects. First, FSW is primarily used
on Al, a low melting point metal [27,30,31]. For metal
materials with higher melting points such as steel, the
weld thickness is limited to 25mm or less [27]. Second,
FSW is mainly used to weld plate workpieces, which
must be rigidly fixed on a bottom plate [27,28]. Thirdly,
the stir pin needs to be replaced regularly due to the
occurrence of wear and the stir pinmaterialmay pollute
the weld joint to form defects [32,33]. Finally, the com-
pression of the shoulder during FSW causes a thinning
phenomenon, which is a typical defect of FSW [34]. As
a result, the stir zone becomes the initiation point of the
crack and adversely affects the mechanical properties
[34]. Based on the above analysis, it can be seen that it
is of great significance to explore other friction welding
methods. Direct drive friction welding (DDFW) is the
most typical friction welding method, which has been
in commercial use since the 1940s [28]. DDFW can be
used to join awide range ofmetalmaterials like Al alloy,
Mg alloy, steel, superalloy, etc., without strict limita-
tion on the size of the workpiece to be welded [27,28].
DDFW requires a constant energy input. During the
DDFW process, one workpiece is rotated and the other
is held fixedly when the two workpieces are moved
together and an axial force is applied [27]. DDFW
has the potential to become an ideal welding method
with low cost, high efficiency and quality for joining
HEAs.

In this paper, a quinary Al13Cr23.5Fe20Co20Ni23.5
HEA with excellent comprehensive mechanical prop-
erties was selected for DDFW [35]. The selected
Al13Cr23.5Fe20Co20Ni23.5 HEA is based on the Al–Cr
–Fe–Co–Ni HEA system, which is a typical system
for HEAs [36,37]. The microstructure and various
properties (likemechanical, corrosion, thermophysical,

electrical, etc.) of the HEA system have been well stud-
ied, showing great potential to be used in practical
applications [3,15,35,37–41]. The specific composition
is obtained by optimising the concentrations of Al, Cr
and Ni simultaneously in the equimolar AlCrFeCoNi
HEA [35].More importantly, theAl13Cr23.5Fe20Co20Ni23.5
HEA possesses three phases. Thus, it is very suitable for
analysing the thermal-mechanical effects on the phase
evolution during the DDFW process. Tensile mechan-
ical properties of the welded samples were evaluated.
Morphologies of the failed samples were observed.
The distribution of microhardness of the weld joint
was measured and related with the microstructural
evolution across the weld interface. The microstruc-
ture of the weld joint was observed by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM).

Experimental

Ingots with a nominal chemical composition of Al13
Cr23.5Fe20Co20Ni23.5 (at.-%) were prepared by arc-
melting mixtures of Al, Cr, Fe, Co and Ni metals
(> 99.9 wt-% purity) under a Ti-gettered Ar atmo-
sphere. From the master alloys, HEA rods with a diam-
eter of 6mm were produced by a copper-mold casting
method under an Ar atmosphere. DDFW was per-
formed using a conventional friction welding machine
(HL-8) in the air. A pair of machined specimens were
welded at a rotation rate of 2000 rpm. The friction pres-
sure and upsetting pressure were fixed at 100MPa. The
upsetting time was fixed as 3 s. Parameters of rotation
rate, friction pressure, upsetting pressure and upset-
ting time were selected by referring to other literatures
[42–49] and the mechanical properties of the as-cast
HEA. Parameter optimisation was carried out only for
friction time at 2, 4, 6 and 8 s.

Constituent phases of the HEA samples were iden-
tified by X-ray diffraction (XRD, Bruker D8-advance)
with Co–Kα radiation. Microstructure of the as-cast,
welded and failed samples was observed by SEM (JSM
JOEL-7500F) with an X-ray energy dispersive spec-
troscopy (EDS) detector and TEM (JEOL-2100F). Vol-
ume fractions of constituent phases were evaluated by
the digitised back-scattered electron (BSE) image by
the software of ImageJ. Tensile tests were performed
using an Instron 5500 universal testing machine at a
strain rate of 1× 10−3 s−1 at room temperature. The
tensile samples with a gauge length of 15mm and a
diameter of 4mm were cut carefully from the welded
samples to ensure that the weld zone is perpendicu-
lar to the loading axis. The as-cast HEA rods were also
measured under the same tensile conditions for com-
parison. Microhardness test was carried out by a Vick-
ers hardness tester (450-SVD) under a load of 0.98N
applied for 15 s.
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Results and discussion

Tensile mechanical properties of the as-cast and welded
HEA samples with different friction times from 2 to 8 s
were evaluated (Table 1). The corresponding true ten-
sile strain–stress curves are shown in Figure S1. It can be
seen that the Al13Cr23.5Fe20Co20Ni23.5 HEA shows an
obvious work-hardening effect and the effect is retained
after DDFW. It also can be seen that the strength and
elongation of the welded samples both increase with
the prolongation of the friction time until they reach
the maximum at 6 s. The microstructures of the weld
joint for friction times of 2 and 4 s are shown in Figure
S2. For the friction time of 2 s, a clear weld interface is
detected, and the deformation in the weld is low. For
the friction time of 4 s, the weld interface can still be
identified although it is not very obvious. Besides, the
degree of deformation increases. Theweld interface dis-
appears and the deformation further increaseswhen the
friction time is extended to 6 s, which will be shown
below. It means that 6 s is a critical friction time to
generate sufficient heat for sound bonding. As the fric-
tion time further increases, the mechanical properties
of the welded samples remain almost unchanged, but
slightly decrease. It is supposed that the slight decrease
is attributed to grain coarsening resulting from exces-
sive heat release. However, grain coarsening may be so
minor that we do not recognise it in themicrostructure.
Besides, it can be seen that thewelded sampleswith fric-
tion time of 6 s show strength and plasticity comparable
to the as-cast ones, indicating that tensile mechani-
cal properties of the welded Al13Cr23.5Fe20Co20Ni23.5
HEA samples can be regenerated under optimal fric-
tion time of 6 s by DDFW. These results demonstrate
that DDFW is a feasible method for welding HEAs.
After a sound bonding is achieved, no further opti-
misation is conducted, and the work is to focus on
revealing the relationships between themicrostructural
and mechanical evolution based on the sound joint.

Figure 1 shows the morphologies of the as-cast HEA
sample and the welded one at an optimal friction time
of 6 s after tensile fracture. As shown in Figure 1(a), the
fracture surface of the as-cast HEA features a typical
‘cup and cone’ morphology consisting of fibrous zone,
radial zone and shear lip. The fracture mode of the as-
cast samples can be explained as follows. First, micro-
holes are generated in the central part. Then, these

Table 1. Tensile mechanical properties of the as-cast HEA sam-
ples and the welded ones with different friction times.

Friction
time (s)

Yield
strength
(MPa)

Fracture
strength
(MPa)

Uniform
elongation

(%)

2 316± 56 680± 57 3.1± 6.7
4 397± 37 951± 45 9.9± 3.8
6 431± 35 1024± 33 13.4± 3.2
8 426± 25 1008± 36 12.5± 5.1
As-cast 442± 34 1031± 27 13.8± 2.2

micro-holes grow and accumulate to form a jagged
fibrous fracture surface (fibrous zone). As the fibrous
zone reaches a critical size, primary cracks propagate
rapidly to forma radial zone.When the formation of the
radial zone is completed, only the outermost ring is left
as the area under load, and a shear lip forms caused by
shear fracture finally. It can be inferred that it fractures
from the central part for the as-cast sample. However,
for the welded sample, micro-cracks normally initiate
at the surface (as shown by the arrow in Figure 1(b)),
resulting in a totally different fracture surface pattern.
For DDFW, more heat is generated in the periphery
region than the central region due to the higher friction
speed in the periphery region. Excessive heatmay result
in a larger grain size in the periphery region, which
may be responsible for the initiation of micro-cracks at
the surface for the welded HEA samples. Figure 1(c,d)
is the magnified SEM image of the fracture surfaces
marked by rectangles in Figure 1(a,b), respectively. It
can be seen that the fracture surface of the welded sam-
ple is smoother than that of the as-cast one, but the two
fracture surfaces both show a typical dimple pattern. It
means that the weld joint still shows a certain degree of
ductility.

Apart from tensile tests, microhardness distribution
across the weld interface was measured for samples
welded at an optimal friction time of 6 s. As shown in
Figure 2, the microhardness increases gradually from
∼ 331 HV in the substrate to ∼ 382 HV near the
weld interface. The results indicate that the thermo-
mechanical processing of DDFW can introduce an
obvious hardening effect in the weld joint for the HEA.
Besides, it can be seen that microhardness distribution
is very symmetrical about the weld interface, which
differs from the case for FSW. It is reported that the
advancing side has a finer grain size than the retreating
side [15], leading to an asymmetrical hardness distribu-
tion curve.

The microhardness distribution should be related to
the microstructural evolution across the weld interface.
Figure 3(a) shows a BSE image of the joint for a typi-
cal HEA sample friction-welded for 6 s. Two kinds of
phases denoted as dark phase and grey phase (marked
in Figure 3(d)) can be observed in the whole samples.
The elemental concentrations of the two phases and
the HEA alloy were determined by EDS analysis, and
the data are listed in Table 2. Compared to the average
chemical composition of the HEA alloy, the dark phase
is Al-rich while the grey phase is Al-poor. According
to the microstructural characteristics, the joint can be
divided into four regions, i.e. dynamic recrystallisa-
tion zone (DRZ), thermal-mechanically affected zone
(TMAZ), heat-affected zone (HAZ) and BM. Accord-
ingly, four regions are identified in the microhardness
profile, as shown in Figure 2. It can be seen that the
microhardness distribution agrees very well with the
microstructural evolution across the weld interface.
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Figure 1. Typical morphologies after tensile failure for (a) the as-cast HEA sample and (b) the welded one with the optimal friction
time of 6 s. (c) and (d) are the magnified images of the fracture surfaces marked by the rectangles in (a) and (b), respectively.

Figure 2. Distribution of microhardness across the weld inter-
face for the welded samples with the optimal friction time
of 6 s.

Figure 3(b–d) shows themagnified BSE images of DRZ,
TMAZ and HAZ, respectively. The DRZ is composed
of equiaxed grains, which is totally different from the
dendrite structure of BM. InDRZ, a refinedmicrostruc-
ture is detected, which greatly contributes to the high
microhardness of this region. In this region, the plastic

strain is accommodated by dynamic recrystallisation
and thus no deformed grains can be seen (Figure 3(b))
[27]. In TMAZ, the grains are elongated and flattened,
indicating the happening of a heavy plastic deforma-
tion. In this zone, the degree of plastic deformation is
accommodated by an increase in the dislocation den-
sity of the matrix grains [27], which further improves
the microhardness of this region especially for the
present alloy with a work-hardening effect. In TMAZ,
the degree of deformation decreases as approaching
HAZ,which to some extent is responsible for themicro-
hardness change in this region. HAZ is an undeformed
zone, where the microhardness is similar to BM. Long
and large-size dendrite grey phases that can be easily
detected in BM are seldom seen in HAZ, suggesting
that phase transformation occurs in HAZ due to heat
effect during frictionwelding. In addition, it can be seen
that there is no detectable grain growth in HAZ. It is
well known that intense atomic diffusion is required to
complete the migration of grain boundaries for grain
growth [50]. However, atomic diffusion is greatly hin-
dered by the low temperature in HAZ and the sluggish
diffusion in HEA [1,7], leading to an insignificant grain
growth.
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Figure 3. (a) BSE image of theweld joint for the HEAwith the optimal friction time of 6 s. (b), (c) and (d) are locally magnified images
in DRZ, TMAZ and HAZ, respectively.

Table 2. Compositions of the constituent phases and the aver-
age composition of the HEA.

Phase Al (at.-%) Cr (at.-%) Fe (at.-%) Co (at.-%) Ni (at.-%)

Dark phase 17.28 21.13 17.47 19.19 24.93
Grey phase 9.12 24.14 21.78 21.39 23.57
HEA 12.57 22.86 20.16 19.71 24.70

TEM was conducted to determine the crystal struc-
tures of the dark and grey phases shown in Figure
3. Figure 4(a) shows the bright-field TEM image of
the DRZ for the welded HEA sample. TEM results
show that DRZ consists of three phases, instead of
two phases identified by the BSE image. As inferred
from the selected-area electron diffraction (SAED) pat-
terns shown in Figure 4(b), the region in the lower-
left corner in Figure 4(a) shows the FCC structure.
As clearly revealed by Figure 4(c–f), the region in
the top-right corner of Figure 4(a) features a A2+B2
two-phase structure (A2 denotes the disordered BCC
structure, B2 denotes one type of the ordered BCC
structure). As an intermetallic compound, the B2 phase
is precipitated from the A2 matrix due to a spin-
odal decomposition during the cooling of the HEA
[51]. Actually, the other three regions (TMAZ, HAZ
and BM) for the welded HEA are also composed
of FCC, A2 and B2 phases, which means that the
thermal-mechanical effects of DDFW will not render
the disappearance of constituent phases. Phase com-
positions were characterised again by EDS in TEM.
The FCC phase is the Al-poor one with a nom-
inal composition of Al8.40Cr24.60Fe20.90Co20.30Ni25.80

(at.-%), while the BCC phases (A2+B2) are Al-
rich ones with an average nominal composition of
Al18.20Cr19.60Fe16.30Co18.20Ni27.70 (at.-%). Thus, it can
be deduced that the dark phase and the grey phase
shown in Figure 3 feature BCC (A2+B2) structure and
FCC structure, respectively.

In order to investigate the influence of the thermo-
mechanical processing of DDFW on the phase trans-
formation in the weld joint, the volume fractions of
the FCC and BCC (A2+B2) phases in different regions
were evaluated based on the digitised BSE image by
the software of ImageJ. First, the BSE image was con-
verted to greyscale one. Second, a greyscale threshold
was determined according to the greyscale values of
the BCC and FCC phases. Finally, the volume frac-
tions of BCC and FCC phases were measured based on
that the proportion of the area whose greyscale value
is lower/higher than the threshold corresponds to the
volume fraction of the BCC/FCC phase, respectively.
Six BSE images are analysed to obtain the mean value
and error bars. As shown in Figure 5, from BM toHAZ,
the volume fractions of the FCC and BCC (A2+B2)
phases change very little, which could explain the sim-
ilar hardness between HAZ and BM. However, from
HAZ to DRZ, the volume fraction of the BCC (A2+B2)
phases increases while the volume fraction of the FCC
phase decreases. Correspondingly, the volume fraction
ratio of FCC to BCC (A2+B2) phases decreases from
1.82 to 1.52. It is concluded that the thermo-mechanical
processing of DDFW can induce a phase transforma-
tion from FCC to BCC in the weld joint. The increase
in volume fraction of the BCC (A2+B2) phases can
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Figure 4. (a) Bright-field TEM image of the welded HEA sample in DRZ. (b) and (c) are the SAED patterns for the lower-left and top-
right corner of (a), respectively. (d) High-resolution TEM image located in the top-right corner of (a), where the interface between the
precipitated B2 and the substrate A2 phases can be clearly seen. (e) and (f ) are the fast Fourier transform spot patterns of the B2 and
A2 phases, respectively.

Figure 5. Volume fractions of the BCC (A2+B2) and FCC phases
(bar graph) as well as the volume fraction ratio of FCC to BCC
(A2+B2) phases (line+ square graph) in different regions for
the welded samples with a friction time of 6 s.

contribute to the increase of microhardness in the weld
joint because the BCC phase is harder than the FCC
phase [38].

In summary, a sound bonding was achieved for
Al13Cr23.5Fe20Co20Ni23.5 HEA by DDFW. The tensile
properties of the welded HEA specimens at optimal
friction time are comparable to that of the as-cast
ones. The microhardness distribution across the weld
interface was studied and the results indicate that
the thermo-mechanical processing of DDFW can dis-
tinctly harden the weld joint. The microstructure evo-
lution in the weld joint was further studied, which
agrees well with the microhardness distribution. The
thermo-mechanical processing of DDFW can induce

a phase transformation from FCC to BCC in the weld
joint.

Conclusions

(1) The direct drive friction welded HEA speci-
mens demonstrate excellent tensile mechanical
properties (yield strength: 431± 35MPa; frac-
ture strength: 1024± 33MPa; uniform elongation:
13.4± 3.2%), which are very close to that of the
as-cast ones (yield strength: 442± 34MPa; frac-
ture strength: 1031± 27MPa; uniform elongation:
13.8± 2.2%).

(2) The microhardness increases gradually from ∼
331 HV in the BM to ∼ 382 HV near the
weld interface, indicating that a hardened joint is
obtained.

(3) The joint can be divided into four regions: DRZ,
TMAZ, HAZ and BM. The four regions all con-
sist of three phases: FCC phase, A2 phase and
B2 phase precipitated from the A2 phase. The
thermal-mechanical effects of DDFW do not ren-
der the disappearance of the constituent phases.
But the volume fraction ratio of FCC to BCC
phases decreases from 1.82 to 1.52 as approaching
the weld interface.

(4) The microstructural evolution agrees well with
the microhardness distribution in the weld joint.
The hardened joint is derived from the refined
microstructure, large deformation and increase in
the volume fraction of the harder BCC phases.
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