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The structural-phase state of the AlICoCrFeNi high-entropy alloy obtained by
laser alloying of technically pure aluminium surface layers with a mixture of
powders of pure elements Fe, Co, Ni, Cr in an equiatomic ratio is investigated
by X-ray phase, X-ray spectral, and metallographic analyses. As shown, in
the process of laser alloying the formation of a heterophase structure, which
consists of an ordered multicomponent substitution solid solution based on
b.c.c. lattice and Al,3(Me), monoclinic intermetallide, take place. As estab-
lished, the formation of such a structure is a consequence of melt high cool-
ing rates, high aluminium content and inhomogeneous distribution of chemi-
cal components in the surface and bottom layers of the laser alloying zone.
The microhardness of the alloyed surface is 4.7 GPa, which is typical for
high-entropy alloys of this system obtained by other methods. Additional
reasons that may affect the high values of microhardness are analysed.

Key words: high-entropy alloy, laser alloying zone, chemical inhomogeneity,
substitution solid solution, high cooling rates, phase composition.

MeTomaMu peHTIeHiBCHKOro (hpasoBOTO, PEHTI€HOCIEeKTPAJIbLHOIO Ta MeTAaJIoT-
padiuHOro aHai3iB JOCHIAKEHO CTPYKTYPHO-(ha30BUl CTAH BUCOKOEHTPOIIili-
Horo cromy cucremu AlCoCrFeNi, omeps;xaHoro 3a JOIIOMOIO0 JIa3€PHOrO JIer'y-
BaAHHSA IOBEPXHEBUX IIAPiB TEXHIUHO YMCTOTO aJIOMiHiI0 A8 CyMIIIIIITIO ITOPOIII-
KiB unctux exementis Fe, Co, Ni, Cr y ekBiaTromHomy criBBigHomrensi. IToka-
3aHO, IIT0 B IIPOIIEC] JIa3ePHOrO JieTI'yBaHHA Big0yBasoca opMyBaHHA reTepoda-
3HOI CTPYKTypHU, IO CKJANAJNAaCsa 3 BIOPAZKOBAHOTO 0araTOKOMIIOHEHTHOTO
TBEPJIOT0 PO3UMHY 3aMiieHHsa Ha ocHOBI OIIK-rpatku Ta MOHOKJIIHHOTO iHTe-
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pmeraniny Al;3(Me),. BeranosieHo, 1o opMyBaHHS TaKOI CTPYKTYpPH € Hac-
JiZKOM BHCOKUX IIIBUIKOCTEN OXOJIOMKEHHS PO3TOILY, BUCOKOI'O BMICTY aJIio-
MiHiI0O Ta HEOZHOPiTHOTO PO3NOAINY XIMIiUHMX KOMIIOHEHTIB y IIOBEDXHEBUX Ta
IPUJOHHUX IlIapax 30HU Jia3epHOro Jier'yBaHHsA. MiKpoTBepHicTh Jier'oBaHOL
moBepxHi ckiamana 4,7 I'Tla, 1110 € XapaKTepHUM [IJI5T BUCOKOEHTPOIIHHUX CTO-
IiB JaHOI CUCTEeMU OJep KaHuX iHmuMu metogamu. IIpoarnaaisoBaHo JOSATKOBL
OPUYUHU, AKi MOXKYThb BILIMBATH Ha BUCOKIi 3HAUEHHS MiKPOTBEPAOCTi.

KirouoBi croBa: BCOKOEHTPOIIiMHMI CTOII, 30HAa JIa3ePHOro Jer'yBaHHd, XiMmi-
YHA HEOOHOPiAHICTH, TBepPAUII PO3UMH 3aMillleHHA, BUCOKi IIBUIKOCTI 0X0JIO-
IXKEeHHd, (ha30BUI CKJIAI.

(Received September 7,2020; in final version, December 22, 2020 )

1.INTRODUCTION

High-entropy alloys (HEAs) are a relatively new class of materials, with
their inherent complex of original physical and mechanical properties.
A distinctive feature of such alloys is increased, compared to tradition-
al, values of mixing entropy, which are usually about 13—-19 J/(mol-K).
Such values of mixing entropy lead to the minimization of free energy,
as a result, instead of intermetallic compounds formation, the for-
mation of multicomponent substitution solid solutions with b.c.c.,
f.c.c. or h.c.p. lattices can occur [1]. Crystal lattice distortion and in-
ternal stresses cause low, compared to traditional alloys, diffusion co-
efficients values of HEAs. The result is their high thermal stability [2].

A significant part of the studied HEAs was obtained by vacuum-arc
melting or melting in an argon atmosphere [3]. However, today in the
industry the use of HEAs as, for example, protective coatings, films,
diffusion barriers with high physical and chemical properties is promis-
ing [4].

One of the effective ways to obtain these coatings is laser alloying
(LA). The high cooling rates of the melt (10°-~10° K/s), typical for this
method, help to reduce components segregation and prevent the for-
mation and growth of brittle intermetallic compounds [5, 6]. The struc-
ture of HEAs obtained by this method is usually represented by colum-
nar and equiaxed grains [7]. It should be mentioned that the question of
the influence of kinetic factors on the structural formation processes of
high-entropy coatings (particularly in laser alloying process) is not ful-
ly covered, as the number of publications in this field is small. There-
fore, the aim of this study is to analyse the structural-phase state of
AlCoCrFeNi high-entropy alloy obtained by laser alloying.

2. EXPERIMENTAL/THEORETICAL DETAILS

The material for alloying (matrix) were samples of technically pure al-
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uminium, the chemical composition of which is presented in Table 1.
This alloy is similar in composition to alloys Aluminium 1080, Alumin-
ium 1080A (USA) and ENAW-1080A (EU).

Alloying was performed on a pulsed YAG laser (A=1.06 um) at pow-
er density of 990 MW /m? and a pulse frequency v =2 Hz. The alloying
components were a mixture of powders of pure elements Fe, Co, Ni, Cr
in an equiatomic ratio (the size of the fractions did not exceed 50 pum).
BF-6 glue was chosen as the binder. The thickness of the coating was
150 um. The alloying was carried out in an argon protective atmos-
phere. The phase composition of the samples surface layers in the ini-
tial state and after laser alloying was determined by X-ray diffraction
(radiation CukK,), X-ray spectroscopy and metallographic analyses.

3. RESULTS AND DISCUSSION

X-ray analysis of the samples in the initial state showed that they were
in a single-phase polycrystalline state with a chaotic orientation of the
grains.

On the X-ray diffraction curves from the alloyed surface were re-
flections from the lattice of three phases: multicomponent solid solu-
tion based on b.c.c. lattice, intermetallic Al,;(Me), (Me—alloying com-
ponents) with Al,;Fe, structural type [9], and low-intensity reflections
from aluminium lattice (Fig. 1, a). There were no features on the dif-
fraction pattern that would indicate the presence of carbon due to the
use of organic binders.

Analysis of binary state diagrams of the Al-Me [10] showed that in-
termetallic Al,;(Me), can be formed only in the Al-Fe and Al-Co sys-
tems. From the consideration of triple diagrams Al-Fe—Co [11], Al-
Fe—Cr [12], Al-Fe—Ni [13], Al-Co—Cr [14], Al1-Co—Ni [15] it can be
concluded that the main alloying elements in the lattice of intermetal-
lic Al;3(Me), is iron and cobalt, because the phase Al;;(Fe, Co), within
the range of its homogeneity in the system Al-Fe—Co is characterized
by a continuous series of solid solutions—from Al,;Fe, to Al,;Co4. The
solubility of chromium and nickel in this type of lattice is lower.

It should be noted that the formation of an Al,;(Me), type monoclinic
phase is typical for the phase formation processes at high cooling rates

TABLE 1. Chemical composition of technical aluminium, at.% [8].

Impurities (no more than)

A.l, Other im-
min Fe Si Mn Ti Cu Mg Zn Ga purities,
each

99.8 0.12 0.1 0.02 0.01 0.02 0.02 0.04 0.03 0.02
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of the melt in the above-mentioned systems. In addition, it is interest-
ing that this type of phases can be approximants to quasicrystalline
phases. Thus, according to [16], the Al,3(Co,_,Ni ), phase is an approx-
imant to the decagonal phase Al;,Co;;Ni;5.

It is known [17] that at a high aluminium content in the AlI-Co—Cr—
Fe—Ni system, two b.c.c. solid solutions are formed—disordered and
ordered. The presence of diffraction maxima like (100) and (111), for-
bidden for b.c.c., testified to the ordered solid solution presence. The
ordered phase based on the b.c.c. lattice is isostructural to the lattice of
binary compounds CsCl, CuZn, AINi, etc., which are indicated on the
state diagrams in Al-Me systems as B2 phase [10]. In this case, accord-
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Fig. 1. X-ray diffraction curves from the surface layers of the samples after
laser alloying (a) and additional laser alloying (b).
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ing to [1], the basis of such a lattice is diatomic, where aluminium at-
oms mainly occupy sites with coordinates [000], and alloying compo-
nents atoms are statistically distributed in sites with coordinates
[1/21/21/2].

The presence of reflections from the pure aluminium lattice and in-
termetallic Al;5(Me), on the diffraction patterns (Fig. 1, a) indicated
an excess of aluminium in the laser alloying zone (LAZ). Therefore, in
order to reduce the amount of aluminium in the LAZ, the surface was
additionally alloyed with parameters analogous to the initial one. Af-
ter such treatment, only two phases were present in the surface layers
structure of the samples: the ordered b.c.c. phase and the Al;;(Me),
phase (Fig. 1, b). The simultaneous presence on the diffraction pat-
terns lattice reflections of the ordered b.c.c. solid solution and the in-
termetallic Al;5(Me), may be caused by the chemical inhomogeneity of
the component’s distribution in the LAZ.

After each alloying, the lattice parameter of the b.c.c. phase was
precisely determined: after the initial alloying it was equal to a=
=0.28832+0.00006 nm, after the additional alloying—a =0.28801 *
+0.00006 nm. It should be indicated, that the obtained value of the sol-
id solution lattice parameter after the initial alloying practically coin-
cided with the lattice parameter of this phase obtained in [18]. The de-
crease in the lattice parameter after additional alloying can be ex-
plained by the fact that such treatment led to an increase in the alloy-
ing components content in LAZ, and, consequently, to a decrease in al-
uminium content, the atomic radius of which exceeded the atomic radii
of alloying components.

The surface of the samples after laser alloying was characterized by
the presence of microrelief. Therefore, for electron microscopic stud-
ies of the surface, it was polished until the disappearance of roughness.
The picture of the sample surface in the reflected electrons after pol-
ishing is shown in Fig. 2. The presence of a number of cracks on the
surface could be due to the hardening stresses that occurred in the LAZ
during rapid cooling of the melt, and the fragility of the BCC phase.

Table 2 shows the average results of X-ray spectral analysis of the
alloyed surface after removal of the microrelief. As it can be seen from
the table, the surface layers were characterized by a high content of
aluminium, which does not contradict with phase composition of the
superficial layers of LAZ obtained by XRD phase analysis.

The deviation of the alloying components distribution in the surface
layers from the equiatomic composition can be explained by the uneven
distribution of alloying components by LAZ depending on depth.
Therefore, at the next stage of the research, further surface polishing
was carried out in order to establish the chemical composition of LAZ
bottom areas. Distribution of chemical components in the bottom areas
of LAZ are presented in Fig. 3.
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TABLE 2. The content of alloying components in LAZ, at.%.

Al | Co | cr | Fe | Ni
59.3 8.2 142 85 9.8

Significant chemical inhomogeneity in the bottom areas can be ex-
plained by the fact that the processes of structure formation during
laser alloying were influenced mainly by two factors: the Marangoni—
Gibbs capillary effect [19] and the change in the cooling rate according
to the depth of LAZ. Due to the Marangoni—Gibbs effect, there was
macro-mixing of components in LAZ. The high cooling rates led to the
crystallization process began before the uniform components distribu-
tion was achieved due to the capillary effect. The maximum cooling
rate is in the bottom areas of LAZ, so they crystallized first. Therefore,
the chemical inhomogeneity in these areas was higher than in the sur-
face layers. As a result, the phase composition of the bottom sections
could differ slightly from the phase composition of the surface layers.

The microhardness of the alloyed surface was 4.7 GPa. Similar val-
ues of microhardness are typical for HEAs [1, 3], which further con-
firms the established presence of a multicomponent solid solution
based on b.c.c. lattice, typical for high-entropy alloys, in the alloyed
layers. It should be noted that the high dispersion degree of the struc-
ture can also be an additional reason of high microhardness values of

! 400 um !

Fig. 2. The surface of the laser alloyed sample in the reflected electrons after
polishing.
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Fig. 3. Distribution of chemical components in the bottom areas of LAZ.
alloyed surface.

4. CONCLUSION

1.In the process of technically pure aluminium laser alloying with a
mixture of pure elements Fe, Co, Ni, Cr powders in the equiatomic ratio,
a dispersed heterophase structure was formed, which included an or-
dered multicomponent substitution solid solution based on b.c.c. lattice
and intermetallic Al,;(Me),. The formation of such structure provided
an increase in microhardness values of laser alloying area to 4.7 GPa.

2. The inhomogeneous distribution of chemical components in the sur-
face and bottom layers of LAZ was caused by the influence of two factors
on the structure formation processes: the Marangoni—Gibbs effect and
the cooling rate gradient of the melt depending on depth of LAZ.
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