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Abstract: In order to develop the high-entropy alloy (HEA) with low cost and
excellent mechanical properties for structural applications, the FeCoCrNiAlys HEA
has been fabricated by laser melting deposition, one of the advanced additive
manufacturing methods. Strain hardening behaviour has been analysed and discussed

using the combination of characterisation techniques. The LMD-ed FeCoCrNiAlgs
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had a true yield strength and strain of 463 MPa and 2.94%. Also, the true tensile
strength of the LMD-ed FeCoCrNiAlgs reached 876 MPa, together with the ductility
of ~24.97% (engineering strain). The LMD-ed FeCoCrNiAlps HEA exhibited a
dual-phase structure of 93% face-centred cubic (FCC) phase and 6.9% ordered B2
phase. The phase boundary between the disordered FCC and ordered B2 phases
played a key role in the barrier, which can block the movement of dislocations
because of the lattice distortion, very large angle, and mismatch of the lattice.
Dislocation pile-up and tangle caused the dislocation density near the phase
boundaries to be higher than that in other areas, meanwhile, they further prevented the
movement of dislocation under stress as they generated back stress, therefore LMD-ed
FeCoCrNiAlys HEA had a good strain hardening behaviour with a strain hardening
exponent of 0.92. This study provided an innovative insight into the development of
HEAs with ordered phase by laser additive manufacturing for structural applications
in extreme environments.

Keywords: High-entropy alloy; Laser melting deposition; Strain hardening; Phase

boundary; FeCoCrNiAlgs

1. Introduction
High-entropy alloys (HEAS), also known as compositionally complex or multiple
principal element alloys (MPEASs), were first proposed in 2004 [1, 2]. HEAs act in

vast compositional space and reveal a lot of exciting properties which are different to



the traditional metallic materials, involving mechanical performance, corrosion
resistance and thermal stability, and these properties make HEAs have good potentials
in so many different applications [3-7]. However, it was reported that the advances of
HEAs attained in the past more than ten years likely represent only the tip of the
iceberg in the development of this promising class of alloys [8, 9].

However, balancing the applied performance and economic benefit does not
seem to be an easy task. For instance, friction and re-manufacturing of components
that failed by wear contacts, account for 23% of the global energy consumption with
an estimated cost of over 2,500 billion Euro per year [10, 11]. This situation also
occurs in HEAs with such good properties, which have a tremendous amount of
probable alloying systems [12, 13].

For years microstructural control has always been seen as a significant strategy
to modify the performances of the metallic materials. For the reduced activation
ferritic/martensitic steels, the microstructures can be controlled to improve their
mechanical properties under nuclear applications [14]. Microstructural control is still
efficient to HEAs. For example, the heterogeneous structure produced by a simple
process can considerably improve the mechanical properties of FeMnCoCr [15].

The coordination of chemical order and disorder can be controlled to improve the
mechanical properties of metallic materials. With this strategy, the alloy with ordered
superlattice structures and nanoscale disordered interfaces, which was designed by

Yang et al. [16], can effectively avoid grain coarsening and softening at high



temperature, having a strength of 1.6 GPa and a ductility of 25%. Short-range order is
an excellent strengthening strategy for HEAs, MPEAs, and medium-entropy alloys
(MEAS). It is reported that the short-range order can be found in the CrCoNi MEA,
and increased amounts of such order give rise to both higher stacking-fault energy and
hardness [17]. Meanwhile, more and more studies showed that the arrangement of the
atoms in HEAs was not an ideal disordered state, however, the generated short-range
ordered structures during solidification or heat treatment processes due to the complex
interactions between the constituent elements [18-20]. Manipulation of short-range
order might provide better mechanical properties for HEAs [20]. For the
Fe4oMn4oCo10Crio HEA, the addition of boron with an adequate concentration resulted
in deformation-induced short-range order, which causes severe lattice distortion,
providing an increase of 210 MPa for the yield strength at low-temperature compared
with boron-free reference materials [21]. It is noticed that the short-range order
strengthening can break favourable bonds and increase the friction stress on gliding
dislocations [22], contributing to the improvement in mechanical performances.
Hence, by using the strengthening strategy of short-range order, the high cost of
develop novel alloying system can be avoided.

Additive manufacturing (AM) [23, 24] is an advanced and modern
manufacturing method. Compared with the traditional manufacturing and processing
methods, less waste would be produced during this layer-by-layer manufacturing

process, and such the waste can be reused in the next AM process. Therefore, AM



could be considered as an exciting manufacturing strategy, which provides a
guarantee of sustainable production and reducing carbon emissions. Meanwhile, AM
method can be used to fabricate the products with quite complex geometrical shapes
quickly and directly [25-27], showing absolute superiority in comparison to
traditional manufacturing methods such as casting and milling. Benefits from these
characteristics, AM can be regarded as an important role in Industrial Revolution 4.0.
Nowadays, the laser AM methods have been used to prepare HEAs by
researchers [28]. Laser melting deposition (LMD), one of the direct energy deposition
AM techniques, especially suits the products with large scales and their mass
production [29]. Satisfactory mechanical properties can be achieved in the LMD
fabricated HEAs according to our previous studies [30]. FeCoCrNiAly series HEAS
are known as dual-phase alloy [31], providing excellent mechanical properties [32].
Herein, FeCoCrNiAlys HEA has been reported that it has a face-centred cubic (FCC)
and B2 dual-phase structure [31, 33]. Since the B2 phase has an ordered body-centred
cubic (BCC) lattice structure, the phases in FeCoCrNiAlys HEA can be divided into
two states, i.e. disorder and order. The light atomic mass of Al not only provides the
possibility for lightweight applications. Meanwhile, Al could be viewed as a
protective element which gives oxidation resistance and corrosion resistance [34, 35].
Accordingly, the LMD-ed FeCoCrNiAlps HEA is expected to use as lightweight
structural materials for special environments, such as aerocrafts, spacecrafts, wind

turbine generators, etc



Strain hardening is a significant factor which is used to describe and reflect the
mechanical property of a product under a practical service environment. The basic
study indicates that FeCoCrNiAlys HEA fabricated by LMD technique has a good
strength-ductility combination, however, the strain hardening mechanism of it is not
clear [36].

Here, we fabricated FeCoCrNiAlys HEA with an ordered phase by LMD AM
and evaluated its service performance based on strain hardening. Meanwhile, the
strengthening mechanisms were discussed in detail with the combination of
microstructures. The present study can facilitate a deep understanding of the strain
hardening mechanism of FeCoCrNiAlys HEA. Also, we provided new insight into the

selection and adjustment of HEAs which are used for additive manufacturing.

2. Experimental procedures
2.1. Materials and preparation process of LMD

In this study, 316 stainless steel (120 x 40 x 10 mm?®) was used as the substrate,
and the specimen i.e. deposited wall, was fabricated on the surface of 316 stainless
steel by LMD technique, as shown in Fig. 1a. The HEA powders in this experiment
were prepared by the nitrogen atomisation method (supplier: Jiangsu Vilory Advanced
Materials Technology Co., Ltd.). The designed molar ratio of the HEA powder used
was 1 (Fe): 1 (Co): 1 (Cr): 1 (Ni): 0.5 (Al), and the powder purity was 99.0~99.5%.

The chemical composition of the FeCoCrNiAlys HEA powders is listed in Table 1,



and the test standard referenced GB/T 14265 [37] and GB/T 23942 [38]. An NCS
ONH-5500 O/N/H analyser was used to detect the contents of oxygen and nitrogen.
The contents of oxygen and nitrogen were 51 ppm and 132 ppm, respectively. The
particle size distribution of the FeCoCrNiAlys HEA powder ranged from 45 to 150
um, here, D10=49.3 um (size of 10% powders are not larger than 49.3 um), D50=77.6
um, and D90=122.0 um, according to the test standard GB/T 19077 [39].

The surface of the substrate was ground using a milling machine, then it was
cleaned with the acetone solution before LMD. The LMD system was used to
fabricate the FeCoCrNiAlys HEA specimen (deposited wall), as shown in Fig. 1a. The
LMD system mainly included a master control system (PLC S7-1200), a
HANSGS-RJ0016-F3K fibre laser machine (manufacturer: Han's Laser Technology
Industry Group Co., Ltd.), a KR22 R1610 robot arm (manufacturer: KUKA Robotics
Manufacturing China Co., Ltd.), a coaxial powder feeding system (SF-02), and an
argon chamber. In this study, the processing parameters for LMD were selected from
our optimised processing parameter databases [40]: 1.06 um laser wavelength; 1000
W laser power; 2 rpm transferring speed; 30 mm/min scanning speed. The deposited
walls of FeCoCrNiAlys HEAs were produced by an ‘S’ type trajectory route at room
temperature (25 °C, 100 kPa), as shown in Fig. la. In this scanning strategy, the
direction ‘X’ is the speed direction, namely transferring direction or transverse
direction (TD), which was the horizontal path for the movement of the robot arm and

laser beam; the direction Y’ is the normal direction (ND), which was horizontal to



the workbench and normal to the side of the deposited wall; the direction ‘Z’ is the
building direction (BD) for LMD in this study, which was the boosting direction for
robot arm with a laser beam and was normal to the workbench. The deposition
strategy was ‘layer-by-layer’, rising by a distance of 1 mm at the direction ‘Z’, i.e. BD,
after depositing one layer, and the total number of deposited layers was 20. The
shielding gas (Argon) flow rate was kept at 5 NL/min. Fig. 1b is the morphology of
the cross-section of the product fabricated by LMD in this study. The deposited wall
exhibited good formability, and no obvious defects (such as cracks and pores) can be

found in the deposited wall.

Table 1 Accurate chemical composition of FeCoCrNiAlgs powders (wt.%).

Elements Al Cr Fe Co Ni

wt.% 5.81 2226 23.17 2434 2442

2.2.Mechanical tests

An MTS SANS CMT5105 testing machine was used to conduct uniaxial tensile
tests for the sample from the middle location of the HEA specimen at room
temperature (25 °C, 100 kPa). As shown in Fig. 1c, the dimensions of the reduced
section of the tensile test sample were length x width x height = 20 mm x 1 mm x
1mm, and the loading rate was 1 mm/min. The test result has been compared to the
previous report [36] to confirm the reliability. After that, an S-3400N SEM was used

to observe the fracture morphology of the post-test tensile sample.
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Fig. 1 (a) Schematic diagram of LMD system and processing route; (b) morphology

of cross section (Y-Z plane); (c) schematic diagram of sampling.

2.3. Microstructure characterisation

All the samples for microstructural characterisation and mechanical property
were taken from the middle locations of the X-Z plane of the LMD-ed FeCoCrNiAlgs
HEA specimen, as shown in Fig. 1c. The samples were subjected to grinding and
polishing according to the standard procedures of metallography. After polishing, the
samples were processed by electropolishing, and Electron Backscattered Diffraction

(EBSD) analysis was conducted by a TESCAN MAIA3 SEM with a step size of 0.3



um. To deeply characterise and analyse the microstructure, an FEI TECNAI F30
transmission electron microscope (TEM) was used to obtain high-magnification
electron images, energy dispersive spectrometer (EDS) results, selected area electron
diffraction (SAED) patterns, and high-resolution images (HR-TEM). The thickness of
the TEM sample after electropolishing and Ar ion thinning was about 80 nm. The
software Gatan Microscopy Suite® and CrysTBox [41] were applied to assist in the
analysis of the detected results of TEM. The phase identification was carried out using
a SmartLab advanced X-ray diffractometer (XRD, Rigaku D/max/2500PC) with a

scanning speed of 3°/min and a range of 20° - 100°.

3. Results
3.1 Mechanical properties

Fig. 2a shows the true stress-strain curve of LMD-ed FeCoCrNiAlys HEA. The
true yield strength of LMD-ed FeCoCrNiAlys HEA was 463 MPa in this study. Also,
the true yield strain of LMD-ed FeCoCrNiAlys HEA from 2.94%.

The engineering stress and engineering strain results were shown in Table 2. The
engineering yield strength and strain of LMD-ed FeCoCrNiAlys HEA were 450 MPa
and 2.98%, respectively. Note that the engineering tensile strength and ductility of
LMD-ed FeCoCrNiAlys HEA were 703 MPa and 24.97%, respectively. Therefore, in
terms of both strength and plasticity, the FeCoCrNiAlys HEA fabricated by LMD has

a good competitive performance no matter in theoretical design or practical service



environment.

When it comes to the strain hardening behaviour, the flow stress of a material in
the uniform plastic deformation region is commonly expressed by the Hollomon
relationship [42-45]:

or = Kep (Eq. 1)
where o is the true stress, K is strength coefficient, &5 is the true strain, and n is
the strain hardening exponent. Strength coefficient and strain hardening exponent can
be used to describe the strain hardening performance of the material, especially, the
hardening exponent n is the main criterion to estimate the tensile performance. In
some studies, the tensile curves could be fitted using the Ludwik equation [44, 46,
47]:

or = oy + K&" (Eq. 2)
where o, is the true yield strength of the material. Afrin et al. [48] reported that they
evaluated the hardening exponent according to the following equation:
or =0y + K(er — &))" (Eq. 3)
where ¢, is the true yield strain of the material. And the previous equation proposed
by Afrin et al. [48] can be expressed in another way:
or — 0y, = K(er — &))" (Eq. 4)

However, it is very hard to quickly calculate two constants, i.e. n and K, and

visually illustrate their effect of them on strain hardening performance, according to

the above equations. In the present study, the equation can be converted into a linear



form by taking the logarithm for each term:
Ig(or — 0y) = lgK + nlg(er — &) (Eq. 5)

Through this formula, the transformed strength coefficient (lgK) and strain
hardening exponent (n) can be fitted according to the true stress-strain data, and the
strain hardening behaviours for LMD-ed FeCoCrNiAlys HEA can be displayed into
two-liner function images, as shown in Fig. 2b. Noticeably, LMD-ed FeCoCrNiAlgs
has a higher strain hardening exponent (n) which provides the predominant
contribution for strain hardening, and the value of n is 0.92 for LMD-ed
FeCoCrNiAlps HEA. Hence, surely LMD-ed FeCoCrNiAlps HEA displays an
obvious strain hardening behaviour after yield.

Also, because of strain hardening, the true tensile strength (876 MPa) of LMD-ed
FeCoCrNiAlys HEA is almost close to twice as high as its true yield strength (463
MPa). At the same time, LMD-ed FeCoCrNiAlys HEA still provided an extra
elongation ~19.36% (for true stain) during the strain hardening process after yield, as
shown in Fig. 2a and Table 2. This guarantees that the LMD-ed FeCoCrNiAlys HEA
can be applied as a structural material, since it can effectively avoid sudden failure
and can continuously serve for a long term after yielding in theory, ensuring security
to a large extent. For applications in extreme environments, this property is very
meaningful.

Fig. 2c exhibits the micromorphology of tensile fracture observed by SEM.

Besides the quasi-cleavages which were circled by yellow elliptical rings, there were



abundant dimples found in the fracture, which were marked in green circular rings, as
shown in Fig. 2c. This micromorphology provides strongly positive evidence for the
ductile fracture happening during the tensile test of LMD-ed FeCoCrNiAlgs HEA, in
other words, this material has reliable toughness. It is noticed that this situation also

occurred in the process of strain hardening.
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Fig. 2 Mechanical properties of LMD-ed FeCoCrNiAlgs: (a) true stress-strain curves

and (b) fitted work hardening exponents (linear function images); microstructure: (c)

SEM image of tensile fracture and (d) EBSD phase distribution image.

Table 2 Mechanical properties of LMD-ed FeCoCrNiAlgs in this study.

FeCoCrNiAlys (as-LMD) Value




Engineering yield strength 450 MPa
Engineering yield strain 2.98%

Engineering tensile strength 703 MPa

Ductility (engineering) 24.97%
True yield strength 463 MPa
True yield strain 2.94%
True tensile strength 876 MPa
Ductility (true) 22.30%

Strain hardening exponent (e) 0.92

Strength coefficient (IgK) 1.45

3.2 Microstructure characteristics

As shown in Fig. 2d, the high-power EBSD detection exhibits that there was a
dual-phase characteristic of LMD-ed FeCoCrNiAlys HEA, all of the secondary phases
were BCC phases, and the average grain size of the BCC phase zones was 7.95 um
(area-weighted mean). Especially, the shapes of BCC phase zones were irregular and
inconsistent. The low-power EBSD detection result displays that the distribution of
the secondary phase, i.e. BCC phase, was not particular, this means that the BCC
phase zone could be randomly located at the interior of grain or the grain boundary in
LMD-ed FeCoCrNiAlys HEA, as shown in Fig. S1 (Appendix A. Supplementary
data).

To accurately identify each phase zone, thereby discussing the contribution and



influence of them on the properties of LMD-ed FeCoCrNiAlg s, the TEM detection for
each phase zone has been given. The TME image of LMD-ed FeCoCrNiAlgs in this
study displays two significantly different zones, which were marked as ‘A’ and ‘B’,
and there is a clear boundary between zone ‘A’ and zone ‘B’, as shown in Fig. 3a. To
define the accurate phase types of zone ‘A’ and zone ‘B’, SAED of the two zones was
given for three times by changing angles, respectively. Fig. 3 only gives two groups of
SAED patterns for each zone, and the third SAED pattern group for the two zones are
shown in Fig. S2 (Appendix A. Supplementary data). Please note that the measured
interplanar spacings ‘A’, ‘B’, ‘C’, and ‘D’ for every SAED pattern were indicated in
Table S1 (Appendix A. Supplementary data).

It is obvious that the lattice structure of zone ‘A’ was defined as FCC according
to the SAED results, and the EDS results shown in Table 3 and Fig. S3 (Appendix A.
Supplementary data) for zone ‘A’ indicated that the chemical composition of zone ‘A’
is disordered. Therefore, the phase of zone ‘A’ is a typical disordered FCC phase, this
conforms to the general characteristic of the vast majority of HEAs. However, the
EDS results for zone ‘B’ shows that the Al content was far higher than zone ‘A’.
Besides, the SAED pattern of zone ‘B’ illustrates ordered superlattice diffraction
patterns, where the incident electron beams b//<010> and b//<011> [49]. After
analysing the interplanar spacings and angles measured from Figs. 3f, 3h and Fig. S2c,
the closest phase-type of zone ‘B’ was Ni-Al intermetallic with BCC structure,

namely the B2 phase. With the combination of the above characteristics of TEM



results and XRD pattern, the accurate phase-type of zone ‘B’ was identified as the
ordered B2 phase. Hence, this local chemical fluctuation of the FeCoCrNiAlys HEA
fabricated by the LMD technique in this study matches the characteristic of

‘long-range disorder and short-range order’.
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Fig. 3 (a) TEM image of LMD-ed FeCoCrNiAlys HEA; (b-e) SAED patterns of zone

‘A’ in (a); (f-1) SAED patterns of zone ‘B’ in (a).

Table 3 EDS results of zone ‘A’ and zone ‘B’ in Fig. 3a.

Element Proportion (Atomic %)

Area Al Cr Fe Co Ni

A(FCC) 8.63 2456 2155 21.44 23.80



B(B2) 18.69 20.88 16.99 20.26 23.15

The lattice parameter for cubic lattice can be calculated according to the
following equation:
d= \/h2+cllcz+lz (Eq. 6)
where d is the interplanar spacing, and a is the lattice parameter. According to Figs.
3 and S2, and Table S1, the calculated lattice parameters for The FCC phase and B2
phase in this study are 3.516 A and 2.808 A, respectively. The shortest interatomic
distance for the FCC lattice is in <110>, and it is in <111> for the BCC lattice. With

using of the value of the lattice parameter, the Burgers vector |b| for the FCC lattice

and BCC lattice can be calculated by the following two equations, respectively:

V2

|blrcc = - a (Eq.7)
V3

|blgcc = a (Eq. 8)

Here, the Burgers vector |b| of FCC phase in this study was 0.2486 nm, for the B2
phase, it was 0.2431 nm. According to the Burgers vectors, the density of
geometrically necessary dislocation (GND) for the two phases could be calculated.
Figs. 4a and 4b show the distribution of GND in FCC phase zones and B2 phase
zones, respectively. Clearly, the dislocations in grains distributed randomly without
distinguishing features. However, it is noteworthy that the density of GND of the FCC
phase at phase boundaries is far more than the other zones, as shown in Fig. 4a. When
it comes to the B2 phase zones, as shown in Fig. 4b, it is very difficult to sum up a

representative distribution characteristic.
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Fig. 4 (a) Distribution of GND density in FCC phase zones; (b) distribution of GND
density in B2 phase zones; (c-f) TEM image showing dislocations distributions and
phase boundaries: (d) is the local magnification of (c), (f) is the local magnification of
(e).

According to Figs. 4 (c-f), the TEM images for B2 phase zones and FCC zones
clearly illustrate a large number of dislocations are located at phase boundary zones.
The density of dislocations at the side of FCC near the phase boundary is far more the
other side i.e. B2 zone, which has hardly any dislocations, and this situation is
displayed in the zones which are marked by the blue circle in Figs. 4e and 4f.
Although the shapes of the B2 phase zone are irregular and inconsistent, the same

condition which is dislocations seriously stacking at the FCC side near the phase



boundary also can be recognised, as shown in Fig. S4. In addition, Fig. S4 indicates
that the equivalent diameters of the B2 phase zone are less than 10 um, this is the
same to the result of Fig. 2d. In summary, according to the results of EBSD and TEM
detection, it is clearly and directly recognised that there were a fairly lot of
dislocations stacking at phase boundaries in FCC phase zones, and the density of

dislocation at phase boundaries is far more than that of other areas.

To study the phase boundary zones more clearly and deeply, we gave the
HR-TEM detection of them. The FFT pattern of Figs. 5b and 5d show that the phase
types of zone ‘A’ and zone ‘B’ are FCC and B2, respectively. The clearer FFT pattern
in Fig. 5a is given in Fig. S5 (Appendix A. Supplementary data). The IFFT lattice
fringe (Fig. 5¢) on {-111} illustrates a lot of <-111> dislocations at the FCC zone
nearby the phase boundary. Similarly, there are a significant number of <1-10>
dislocations at the B2 zone nearby the phase boundary, as shown in Fig. 5e. As for the
joint zone of the FCC phase and B2 phase, the visible dislocation density is much
higher than that on the two sides.

The FFT pattern for Fig. 5a zone exhibits that the {111} of the FCC phase is not
parallel to the {110} of the B2 phase in the orientation of <0-11>rcc//<001>g,, thus,
the Kurdjumov-Sachs (K-S) crystallographic relationship [50] could not appear in this
zone. Therefore, the coherent interface between FCC zone and B2 zone with BCC

structure could not be formed. However, we noticed that the angle between FCC’s



{200} and B2’s {020} is pushing 0 °, this indicates {200}rcc//{020}g;.

However, because of the too large mismatch (more than 14%) of phase boundary,
the coherent lattice does not exist at the interface on {200} of FCC and B2. Here, the
ineffective crystal orientation and too large mismatch occur it is very hard to
dislocations to move through the interface, therefore a lot of dislocation motions
would be blocked at the two sides of grain boundaries. Meanwhile, the serious lattice
mismatch also results in the generation of a large number of dislocations, this is the
reason why the dislocation density at the phase boundary zone is much higher than is
at the zone far from the boundary, which is shown in Figs. 4 and S4. In addition, the
IFFT lattice fringe in Fig. 5f exhibits that there are such obvious lattice distortions at
the joint zone of the FCC and B2 phases. What needs to be highlighted is that the
serious lattice distortion increases the internal energy and micro stress on the material,
this is also a huge barrier which stops the dislocation’s motions. Accordingly,

dislocation pile-up might occur at sides of phase boundaries under stress and strain.



**4(200y=0.1810 nm

Fig. 5 (a) HR-TEM image with FFT pattern of FCC-B2 phase boundary; (b) FFT
pattern of FCC-zone ‘A’ in (a); (c) IFFT lattice fringe of FCC-zone ‘A’ based on the
marked spots in (b); (d) FFT patterns of B2-zone ‘B’ in (a); (e) IFFT lattice fringe of
B2-zone ‘B’ based on the marked spots in (d); IFFT lattice fringe of boundary-zone

‘C’in (a).

Fig. 6 shows a phase boundary zone with K-S relationship, i.e.
{111}¢cc//{-1-10}g, and <001>gcc//<0-11>g, in this study. Although the K-S
relationship has been confirmed in this phase boundary, the too-large mismatch which
was calculated according to the interplanar spacing of (200) of FCC phase and B2
phase in this study, was up to 14%, the complete coherent interface still cannot appear
in this area. Despite this, because of the important role of the K-S relationship at this

phase boundary, and lattice distortions at this phase boundary are not very visible,



these provide favourable conditions for the movement of dislocations breaking
through the phase boundary, they are different to the phenomena in Fig. 6. While, as
mentioned just now, owing to the mismatch of phase boundary, the K-S relationship
will not play quite a perfect role as expected. Accordingly, in the phase boundary
zones with explicit K-S relationship, but they’re only a part of dislocations can move
break through the phase boundary, and another part is still blocked at the two sides of

the phase boundary.
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Fig. 6 (a) HR-TEM image of FCC-B2 phase boundary with FFT pattern; (b) FFT

pattern of B2-zone in (a); (¢) FFT pattern of FCC-zone in (a).

Fig. 7 gives another situation of the phase boundary. An obvious demarcation
between the FCC phase and B2 phase can be seen in the HR-TEM of phase boundary,

as shown in Fig. 7a. The main reason why this phenomenon occurs is essentially the



too large angle between the FCC phase and the B2 phase. Here, the phase boundary
plays a role as well as the grain boundary. Under this situation, the dislocation pile-up
will be more obvious and more serious than other types of phase boundaries which
were displayed in Figs. 5 and 6. Therefore, Figs. 7b and 7c indicate that quite a lot of
dislocations are located at the side of the FCC phase, but there is little or no
dislocation in the B2 phase side nearby the phase boundary. This is because the
dislocation totally cannot move breaking through this type of phase boundary, thereby
a crowd of dislocations of the FCC phase were blocked by the phase boundary, unable

to disturb the B2 phase zone on the other side. This phenomenon is reflected in the

areas marked by blue circles of Figs. 4e and 4f.

Fig. 7 (a) HR-TEM image of FCC-B2 phase boundary with FFT pattern of B2-zone
‘B’; (b) IFFT lattice fringe of FCC-zone ‘A’ in (a); (c) IFFT lattice fringe of B2-zone

‘B’ in (a).



As mentioned earlier, there is no fixed shape of the B2 phase zone (Figs. 2 and
S4). However, the crucial role of phase boundary is almost unaffected by the shape of
the B2 phase zone, because of the given lattice parameters of FCC and B2 phases, and
the angle between the crystal of the two phases, resulting in the generation of phase
boundary, altogether. Hence, the very slender and thin B2 phase zone can still be seen
as a great barrier which can block the movement of the vast majority of dislocations,
this situation is shown in Fig. 8a. The image of local magnification of this phase
boundary, which is given in Fig. 8b, exhibited a lot of obvious dislocation tangles.

This condition will contribute a positive effect on the mechanical property.

Boundary \ ECC

BZ \

Fig. 8 (a) TEM image of slender B2-zone and phase boundary; (b) TEM of

dislocation tangle at the grain boundary.

4. Discussions

Areport from Liu et al. [51] demonstrated that the valence electron concentration



is a critical factor for regulating the phase transformation in HEASs, and the electronic
redistribution is the essence which promotes this transformation. Recently, more and
more scholars tended to adopt simulation methods to discuss the phase content and its
effects on the performances of HEAS, such as the Monte Carlo method, molecular
dynamics, and first-principles calculation. Chen et al. [52] used the Monte Carlo
method, molecular dynamic simulation, and density-functional theory calculation to
study CoCuFeNiPd HEA. It is reported that this HEA is energetically favourable to
undergo short-range ordering, thus enhancing the strength and ductility [53].

Santodonato et al. [31] reconstructed the formation of the B2 phase in Al-content
HEAs under special physical conditions using Monte Carlo method, building in the
enthalpies associated with forming ordered phases. The interactions between different
alloy elements played a significant role in the formation of different phases including
the ordered B2 phase [31]. For the HEAS, B2 precipitates can be used to improve the
mechanical properties including fatigue life, which is attributed to the high elasticity,
plastic deformability, and martensitic transformation of the B2-strengthening phase
[32]. Also, the B2 phase played a significant role in the enhancing mechanism of the
material in this study. The rapid solidification during the LMD process, a large
number of dislocations can generate during this process [30] whose effects on work
hardening is crucial [53], hence the discussion of the relationship between dislocation,
phase structure and strain hardening is necessary.

The dislocation density can be estimated from the XRD pattern



(PDF#97-015-0607 for B2 phase) in Fig. 9, using the Williamson-Hall method [54,

55], which can be expressed by the following equation:

ShKi1COSOnkl _ 1 4esinOpy

7 St (Eq. 9)
where &y, is the full width at half maximum (FWHM) of the diffraction peak, 6y,
is the diffraction angle at the peak, A is the X-ray wavelength, D is the average size
of the coherently diffracting domains, and e is the effective mean microstrain. Here,
the effective mean microstrain can be calculated by the following equation, which is

the fitted slope according to different diffraction peaks:

_ A(Snk1c0sOnk1)
- A(4sin9hkl) (Eq 10)

In this study, the FWHM were 0.021°and 0.253° for the FCC phase, and the
diffraction angle was 43.483° and 50.657° for the (111) and (200) FCC phase, which
are the two most obvious diffraction peaks of the FCC phase in Fig. 9. Also, for the
B2 phase, the FWHM of (111) and (210) were 0.048° and 0.506°, and the diffraction
angles were 44.515° (111) and 64.920° (210), respectively. Subsequently, the p is
calculated by the following formula [56, 57]:
eZ
p =144 (Eq. 11)

where b is the Burgers vector, and the revised Burgers vectors for the FCC and the
B2 phases were 0.2486 nm and 0.2431 nm, respectively, according to Fig. 3. Hence,
the dislocation density (p) was calculated to be ~3.64 x 10*/m? and ~3.97 x 10%*/m?

for the FCC and B2 phases, respectively.
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Fig. 9 XRD pattern of LMD-ed FeCoCrNiAlys HEA.

The heat accumulation during additive manufacturing caused the epitaxial
growth and preferred orientation of the coarse columnar grains, as shown in the EBSD
result in Fig. S1 and the XRD result shown in Fig. 10, therefore Hall-Petch relation
cannot produce a marked effect here. The dislocation strengthening (osy), can be
described by the following equation [58]:

Oy = MaGhp? (Eq. 12)
where M = 3.06 is the Taylor factor [59], and a = 0.2 is the constant for FCC
metals [60, 61]. As indicated in Table 3, because of the existence of the B2 phase with
high content of Al element, the real proportion of alloying elements in the FCC phase

is about 1 (Fe): 1 (Co): 1 (Cr): 1 (Ni): 0.3 (Al), therefore, G = 80 GPais the shear



modulus of FeCoCrNiAlys HEA [57, 61], which is approximately equal to the FCC
phase in this study.

Hence, the dislocation strengthening from the FCC phase contributed ~242 MPa
for LMD-ed FeCoCrNiAlys HEA in this study. Dislocation strengthening is the most
important factor in strain hardening. However, the true stress-strain curve shown in
Fig. 2b illustrates that LMD-ed FeCoCrNiAlys provided a strain hardening of ~412
MPa, which is far higher than the calculated dislocation strengthening value. In
addition, the EBSD result in Fig. S1 shows that the proportion of the B2 phase in this
study was only 6.9%, and the proportion of the FCC phase was 93%, thus, the role of
dislocation strengthening from the B2 phase was very slight, only contributing a very
little value to the true strength.

In addition, B2 phase acts a role as precipitation strengthening, whose

contribution can be calculated by Orowan equation [62]:

op = 0.538%}’5/21n (2) (Eq. 13)
where Dp and fp are the average grain size and phase fraction of the precipitates
respectively, in this study, Dp =795um and f, =6.9%; G =80GPa and
b = 0.2486 nm are the shear modulus and Burgers vector respectively, which were
used in dislocation strengthening calculation. Hence, B2 phase provided ~148 MPa of
precipitation strengthening. Note that the precipitation strengthening originates from

the interaction of dislocations and precipitated phase. Because of the incoherent

interface between the FCC and B2 phases in this study, the role of precipitation



strengthening can be reflected under stress.

Fig. 10 is the simulated diffraction pattern, which indicates the orientation
relationships in Figs. 5 and 6. As shown in Fig. 10a, at the zone axis
[001]52//[0-11]cc, when the (110) of the B2 phase is parallel to the (-1-1-1) of the
FCC phase, the K-S relationship is established under this situation. Theoretically, the
coherent interface can form at the boundary with the K-S relationship. Nevertheless,
the mismatch between the lattice parameters of the B2 and FCC phases is more than
14%, which means that a completely effective coherent interface cannot appear in this
area. Although a small number of dislocations can move through the phase boundary
with the K-S relationship, the vast majority of dislocations are still blocked by this
boundary. Differently, Fig. 10b demonstrates an orientation between the B2 and FCC
phases, which does not meet the K-S relationship or N-W relationship, the coherent
interface cannot appear in theory. Even though the (020) of the B2 phase is parallel to
the (-200) of the FCC phase, the too-large mismatch results in the phase boundary
under this situation being incoherent. Hence the serious lattice distortion and a lot of
dislocations can be found in this area, in other words, there is a large barrier to block

the movement of dislocations.
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Fig. 10 Simulated diffraction pattern of phase boundary at the zone axis

[001]82//[0-11]rcc.

Also, if there is a large angle between the two phases, i.e. FCC and B2, a very
obvious demarcation between the two phases. Fig. 11 reveals that dislocations located
at FCC phase zone hardly move from one side to the other side breakthrough the
phase boundary. With this condition, although one of the two sides has little or no
dislocations, and the other side has a large number of dislocations, the dislocations at
one phase zone still cannot disturb the adjacent phase zone without any dislocations.
This situation is displayed in Fig. 7, and the circled zone of Figs. 4e and 4f. Different
to the above two situations in Figs. 5, 6 and 10, it is nearly impossible that
dislocations move through this type of phase boundary. Therefore, the dislocation

pile-up near this type of phase boundary will be more serious.



o
(1))
)
Q.
)
Ce
C
C (@]
Ccc,
o
©
©o
g
o2
o
N

C
C
C

C
C
C

C
00
o‘
00
‘0
‘0
©.0

C
C
C
CC
C
C
C
C
C
C
X
)
)
)
(%
0‘ ®
9e0:8:0
000‘0000
6,0.6.0

Cc
C
"
C
C
CC
e
C
O
)
%6
©
©

C
¢
3
¢

0:0
¢
(3
¢
c

C
(9
(@
(9
(9
(9
©
©
©

o/
502500 000 00000000000

J
02570 P05 09,000.0.,0,000.0.0.0

9.0 .0 .0 .0 .0 0.0 0

SOCANO 5709000000000

0 V%00 P50 0000000000

D ® ") ) 0.0 .0 .0 .0 .0 0.0 0

O e 020700, 90,00.0000.00

0,0 0570 Py o 000000000
o, )0V Phaseﬁboundary

Fig. 11 Atomic diagram at phase boundary.

Fig. 12 gives the diagram of the strain-hardening mechanism of LMD-ed
FeCoCrNiAlys HEA in this study. It is clear that there are a lot of dislocations in the
LMD-ed sample, because of the high cooling rate characteristic of the LMD technique.
Dislocations are uniformly distributed in intragranular FCC phase zones. What needs
to be highlighted is that the dislocation density nearby the phase boundary is far more
than in other areas. Under the deformation caused by stress, the material can provide
more than 230 MPa dislocation strengthening. However, the B2 phase with the
characteristic of chemical order plays a significant role in precipitation strengthening.
Here, dislocations result in a continuous strain hardening effect. Owing to the
influence of the boundary between the FCC and B2 phases, most of the dislocations
which move to phase boundaries under stress will be blocked, thereby leading to the

phenomenon of serious dislocations pile-up and tangle. The pile-up and tangle of



dislocations will generate back stress [63, 64], which further blocks the movement of
dislocations, this makes the deformation very difficult and provides a higher strain
hardening effect, as shown in Figs. 2a and 2b. Meanwhile, the significant dislocation
pile-up resulted in the dislocation multiplication during plastic deformation, which
further enhanced the strain hardening. As a result, the LMD-ed FeCoCrNiAlys HEA
has higher strain hardening rate than that of the traditional HEA such as FeCoCrNi
[30]. Under the extreme application environments, such as nuclear industry, aerospace
and defense facility, the high strain-hardening behaviour of LMD-ed FeCoCrNiAlgs

HEA will provide good reliability and safety.

| Under Stress —

1
[]1 B2Phase [] Intragranular FCC Phase =~ T Dislocations  / Grain Boundary

Fig. 12 Diagram of the strain-hardening mechanism of LMD-ed FeCoCrNiAlys HEA:

(a) before stress; (b) under stress.

5. Conclusions
The FeCoCrNiAlps HEA has been fabricated by the LMD additive

manufacturing technique, and the strain hardening and strengthening mechanisms



have been discussed as focusing on the phase boundary and dislocation motion regular.

We provided further evidence for the application of HEAs with ordered phase

manufactured by the LMD technique on structural materials in this study. Meanwhile,

the results can be considered as a guidance for the development HEAs with ordered
phase for laser additive manufacturing, as well as an instructive strategy for
improving traditional HEAs. The detailed conclusions are as follows:

(1) The LMD-ed FeCoCrNiAlys high-entropy alloy is fabricated by LMD additive
manufacturing has a ~876 MPa true tensile strength, a ~463 MPa true vyield
strength, a ~19% true ductility, and a hardening exponent of 0.92, revealing a
satisfactory strain hardening behaviour and toughness.

(2) The LMD-ed FeCoCrNiAlgs high-entropy alloy has a lot of disordered FCC phase
zones (with a content of 93%) and a few ordered B2 phase zones (with a content
of 6.9%), exhibiting a characteristic of ‘long-range disorder and short-range
order’.

(3) The distribution of the chemical ordered B2 phase is mainly random, and a lot of
B2 phases were found at grain boundaries. Dislocations are uniformly distributed
in grains, and the serious lattice mismatch between the FCC and B2 phases cause
higher dislocation density nearby the phase boundary.

(4) Under stress-strain, serious lattice mismatch, too large angle, and significant
lattice distortion of phase boundary blocked the movement of locations. Also,

dislocations still could not effectively move through the interface with the K-S



relationship because of lattice mismatch.
(5) Owing to the barrier role of phase boundary, significant dislocation pile-up and
tangle occurred at the two sides of phase boundaries, where the back stress and

dislocation multiplication provided higher strain hardening.
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Figure caption:

Fig. 1 (a) Schematic diagram of LMD system and processing route; (b) morphology
of cross section (Y-Z plane); (c) schematic diagram of sampling.

Fig. 2 Mechanical properties of LMD-ed FeCoCrNiAlgs: (a) true stress-strain curves
and (b) fitted work hardening exponents (linear function images); microstructure: (c)
SEM image of tensile fracture and (d) EBSD phase distribution image.

Fig. 3 (a) TEM image of LMD-ed FeCoCrNiaL0.5 HEA; (b-e) SAED patterns of
zone ‘A’ in (a); (f-1) SAED patterns of zone ‘B’ in (a).

Fig. 4 (a) Distribution of GND density in FCC phase zones; (b) distribution of GND
density in B2 phase zones; (c-f) TEM image showing dislocations distributions and
phase boundaries: (d) is the local magnification of (c), (f) is the local magnification of
(e).

Fig. 5 (a) HR-TEM image with FFT pattern of FCC-B2 phase boundary; (b) FFT
pattern of FCC-zone ‘A’ in (a); (c¢) IFFT lattice fringe of FCC-zone ‘A’ based on the
marked spots in (b); (d) FFT patterns of B2-zone ‘B’ in (a); (e) IFFT lattice fringe of
B2-zone ‘B’ based on the marked spots in (d); IFFT lattice fringe of boundary-zone
‘C’in (a).

Fig. 6 (a) HR-TEM image of FCC-B2 phase boundary with FFT pattern; (b) FFT
pattern of B2-zone in (a); (c) FFT pattern of FCC-zone in (a).

Fig. 7 (a) HR-TEM image of FCC-B2 phase boundary with FFT pattern of B2-zone

‘B’; (b) IFFT lattice fringe of FCC-zone ‘A’ in (a); (c) IFFT lattice fringe of B2-zone



‘B’ in (a).
Fig. 8 (a) TEM image of slender B2-zone and phase boundary; (b) TEM of
dislocation tangle at grain boundary.

Fig. 9 XRD pattern of LMD-ed FeCoCrNiAlys HEA.

Fig. 10 Simulated diffraction pattern of phase boundary at the zone axis
[001]g2//[0-11]cc.

Fig. 11 Atomic diagram at phase boundary.

Fig. 12 Diagram of strain-hardening mechanism of LMD-ed FeCoCrNiAlys HEA: (a)

before stress; (b) under stress.



Tables:
Table 1 Accurate chemical composition of FeCoCrNiAly s powders.
Table 2 Mechanical properties of LMD-ed FeCoCrNiAlgs in this study.

Table 3 EDS results of zone ‘A’ and zone ‘B’ in Fig. 3a.
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Highlights

1. The LMD-ed FeCoCrNiAl0.5 HEA displayed a good strain hardening behaviour.

2. The boundary between the disordered FCC and ordered B2 phases blocks the
movement of dislocations under stress.

3. Dislocation pile-up and tangle nearby the phase boundary improve the strain

hardening property.
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