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ABSTRACT

he structure and mechanical properties of CoCrFeNi and CoCrFeNiTi Al (in molar
ratio) high entropy alloys were investigated using X-ray diffraction (XRD), optical
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microscope (OM), scanning electron microscope (SEM), hardness and compression tests.
With the addition of Ti and Al, the crystal structure of CoCrFeNi changed from FCC to a
mixture of FCC and double BCC structures. The lattice parameter of FCC increases
upon addition of Al and Ti. The microstructure analysis shows the morphological

transition of dendrites from non-equiaxed to equiaxed during the suction casting of

CoCrFeNiTi A

0.5 105
significant increase in hardness with the addition of Al and Ti. The hardness values are

alloy. The Vickers microhardness testing of CoCr-FeNi alloy reveals

improved in as-suction cast CoCrFeNi and CoCrFeNiTi Al ; alloys compared to their as-
cast alloys due to strengthening. The CoCrFeNiTi Al . alloy yields at 1997 MPa and fails
at 2344 MPa. The fracture mechanism of CoCrFeNiTi Al , alloy reveals a cleavage mode.
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INTRODUCTION

Attributed to the combinations of their unique
and remarkable properties such as superior high
temperature strength, high strength, high hardness,
outstanding magnetic properties, excellent oxidation
and corrosion resistance, high entropy alloys (HEAs)
have attracted much attention [1-5]. Since the propo-
sed concept of HEA by Cantor and et al. [1] and Yeh
and et al. [2-4], a number of HEAs, such as the single
phase solid solution HEAs, multiphase solid soluti-
on HEAs, refractory HEAs [5], amorphous HEAs [6],
light weight HEAs [7] and magnetic HEAs [8] have
been identified. HEAs were originally expressed as
solid solutions composed of five or more principal
metallic elements taken into equiatomic or nearly
equiatomic proportions between 5 and 35 at.%. The
liquid or random solid solutions of the alloys have
higher entropy of mixing. Besides principal elements,
these alloys can include secondary elements with
compositions less than 5 at.%. Even HEAs have typi-
cally at least 5 constituent elements, they have simple
crystal structures such as face centered cubic (FCC)
[9-11], body centered cubic (BCC) [12-14] or hexago-
nal centered cubic (HCP) [15-17]. However, the HEAs
concept has been developed recently as many HEAs
have complex multiphase structures rather than a

single crystal structure. There are four core effects
determined related to the formation of HEAs. These
effects can be given as the high entropy, severe-latti-
ce distortion, sluggish diffusion and cocktail effects.
Yang and Zhang [18] proposed other important fac-
tors are the ratio of mixing entropy, AS,, to the mi-

mix

xing enthalpy, AH__, thatis ( )=Q , atomic size

difference, §, and valance electron concentrations
(VEQC). They reported that HEAs can be produced in
case Q>1.1and & < % 6.6. AH,,. and AS,. can be

expressed as:
AHmix = Zizl,jﬂ%cicf (1)
and

ASva = _RZ:I ci lnci (2)

where Q, =4AH,, for binary systems, R is the gas
constant, ¢, is the atomic percent of i'* element. VEC
is

VEC =3 "c,(VEC), ®)

Here, (VEC), is the valence electron concentration of
ith element. VEC is a critical parameter for designing


http://orcid.org/0000-0001-8025-7751

I. Kalay/ Hittite J Sci Eng, 2020, 7 (2) 157-162

mFCC
(200)
| |
3
s
>
=
(2]
- (111
8 ™
£
(220) @11
] (222)
i TV W
T T T T T T T

20 30 40 50 60 70 80 90 100
2 Theta (Degree)

Figure 1. XRD pattern of as-cast CoCrFeNi alloy.

the compositions of HEAs that relates the structure and
strength and ductility. Previous studies reported that
when VEC > 8.0, the FCC solid solution is stable, when
VEC < 6.87, the BCC solid solution is stable and when
6.87<VEC<8.0, the structure of HEA will be multiphase
consisted of FCC and BCC [19]. Furthermore, HEAs may
also contain the coexistence of ordered and disordered
forms of the same structure. The presence of BCC and
ordered BCC (B2) phases together [20-22] and the coe-
xistence of FCC and ordered FCC (LI,) phases [23] were
reported previously.

In particular, CoCrFeNi HEA has attracted much at-
tention attributed to its outstanding fracture toughness and
ductility [24-26]. However, its poor strength values restrict
their potential applicability as structural materials. Recently,
Liu et al. [27] reported the tensile strength of 1.2 GPa and
tensile strain of 18.9% when Mo is added to CoCrFeNi
HEAs. Subsequently, Lu et al. [28] proposed that AlICoCr-
FeNi,, alloy exhibits a fracture tensile strength of 944-1050
MPa and tensile strain of 17%-25.6%. The work reported
here is aimed to investigate the effect of Ti and Al on the
structure and mechanical properties of CoCrFeNi HEA and
concentrated on CoCrFeNiTi ,Al , alloy using several cha-
racterization techniques including XRD, OM, SEM, hard-
ness and compression tests.

MATERIAL AND METHODS

The alloy ingots with nominal compositions of CoCrFeNi
and CoCrFeNiTi Al . alloys were produced by Edmund
Biithler MAM-1 vacuum arc melter with turbomulecular
pumping system HVT52/G using highly pure elements
(0.999 Al, Ti, Ni, Fe, Cr and Co, by weight) in the bulk
form under an Ar atmosphere. The alloy ingots with a
mass of 3-5 g were reprocessed three times to ensure ho-
mogeneity. The ingots were then cast into copper molds
with diameters of 3 mm via suction casting to obtain
higher cooling rates during solidification. The effects of
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Figure 2. XRD pattern of as-cast CoCrFeNiTi Al . alloy.
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cooling rate during suction casting on microstructure

and mechanical properties were also investigated. The

structural analysis of the as-cast and suction-cast alloys

was carried out by D8 Advance Bruker X-ray Diffrac-
tometer using Cu-Ka radiation (\=1.5406 A). The tube

voltage and current of diffractometer were 40 kV and 30

mA, respectively. The diffraction data were collected in a

diffraction angle range from 20° to 100° with a scanning

rate of 0.5°/min. XRD analysis was carried out on the bulk
form of rod specimens which were initially ground to re-
move any oxide layer. The microstructural analysis of the
alloys was performed using Nikon Eclipse LV150 digital
camera Optical microscope and FEI Nova NanoSEM 430
Scanning electron microscope. The Nova NanoSEM 430

operated at 20-30 kV. The OM and SEM specimens were
initially ground, polished and etched using a mixture
of 67 vol. % methanol and 33 vol. % nitric acid (HNO3)
solution. The SEM imaging was performed in secondary
electron mode. Compression tests were carried out using
MTS Criterion Model 45 universal testing machine (100
kN) to investigate the yield and compressive strengths of
CoCrFeNiTi, Al . alloy. During compression tests, the
gauge dimensions of the specimens were adjusted to be
3.0 + 0.3 mm in diameter and 6.0 + 0.3 mm in length to
keep an aspect ratio of 2:1. The crosshead speed and stra-
in rate were chosen as 0.03 mm/min and 10* s, respec-
tively. The fractography analysis was carried out using
OM and SEM. The hardness tests were carried out using
InnovaTest Nexus 7501 Universal Hardness Tester. The
Vickers micro-hardness tests due to ASTM standard E92
were performed using a test load of 10 kgf with a dwell
time of 10 s. At least 10 indentations were performed for
each specimen. The Vickers Hardness (HV) values were
also converted into MPa by multiplying by 9.807.

RESULTS AND DISCUSSION

The AH_., AS_ and VEC values of CoCrFeNi and

CoCrFeNiTi, Al . and alloys were calculated using equ-
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Table 1. Thermodynamic data of the alloys.

Table 2. Lattice parameters of the main constituent phases of the alloys.

Aoy Al (ymol) AS (J/mol.K) VEC Alloy a,..(nm) ey (nm) Apecy (nm)
CoCrFeNi 278 ' s
oCrFeNi 3.7 11.53 25 CoCrPeN 0.357
+0.0005
CoCrFeNiTi, Al 15.52 1453 J20
CoCrFeNiTi, Al 0.360 0.293 0.288
o8 es +0.0009 £0.0009 £0.0005

ations (1), (2) and (3), respectively and tabulated in Table
1. The expected crystal structures based on calculated
VEC values are FCC for CoCrFeNi and FCC+BCC for
CoCrFeNiTi, Al , alloy. Fig. 1 indicates the XRD diffrac-
togram of CoCrFeNi alloy. It is clear that as-cast CoCr-
FeNi alloy shows only the diffraction peaks associated
with FCC phase as expected from VEC calculations. Fig.
2 indicates the XRD pattern of CoCrFeNiTi Al , alloy.
It is observed that the new diffraction peaks correspon-
ding to BCC phases appear with the addition of Al and Ti.
XRD analysis of CoCrFeNiTi Al alloy reveals the exis-
tence of FCC + double BCC (BCC, and BCC) structu-
re. The lattice parameters (a) of the corresponding BCC
and FCC structures were calculated from the indexed
XRD patterns. The lattice parameters were determined
using the combination of Bragg’s Law (1 =2dsin#), whe-
re \=1.5406 A for CuKa radiation, 6 is the Bragg’s ang-
le, d is the interplanar spacing) and d-spacing equation

Figure 3. (a-b) SEM images of as cast CoCrFeNiTi Al

0.57 0.5

} N‘\'

alloy, (c-d) OM images of as suction cast 3 mm diameter CoCrFeNiTi Al , rod.

2 2 2
Lz = w ), where h, k, | are
a

the indices of the corresponding planes). Table 2 tabu-

for cubic structures (

lates the lattice parameters of the corresponding crystal
structures of the alloys. The lattice parameter of the FCC
structure in the CoCrFeNi alloy was determined as 0.357
nm, based on the interplanar spacing of peaks from XRD
pattern. The corresponding lattice parameters of FCC,
BCC, and BCC, phases in CoCrFeNiTi Al , alloy were
determined as 0.360 nm, 0.293 nm and 0.288 nm, respec-
tively. The lattice parameter of FCC increases with the
further addition of Al and Ti. Al and Ti have the largest
atomic size in the system therefore distortions and enlar-
gement occur in the crystal lattice of CoCrFeNiTi Al ,.

The SEM images of as-cast CoCrFeNiTi Al . alloy
are presented in Fig. 3 (a, b). The microstructure of the as-
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Figure 4. The compressive stress-strain curve of CoCrFeNiTi Al .
alloy at room temperature.

cast CoCrFeNiTi Al , alloy exhibits two distinct regions;
dendritic and interdendritic, which are typical of many
HEAs after casting. It is clear that even within the dendritic
and interdendritic regions, contrast differences are obser-
ved due to the variable chemical compositions. Fig. 3 (c, d)
indicate the optical microscope images of 3 mm diameter
suction-cast CoCrFeNiTij ,Al . alloy. The micrographs

1 WETE-h

Figure 5. (a-d) SEM micrographs of fractured surfaces of CoCrFeNiTi0.5A10.5 alloy.

show the dendritic and interdendritic structures. It should
be noted that Al is a strongest stabilizer of the BCC struc-
ture leading to the formation dual BCC modulated microst-
ructure in CoCrFeNiTi Al , system. By the addition of Al,
complete FCC structure changes to FCC+BCC structures.
With the addition of Ti, dual BCC phase were observed in
CoCrFeNiTi Al , alloy. Fig. 3 (a-d) reveals that the struc-
ture of dendrites has also been changed from non-equiaxed
dendritic grain to equiaxed dendritic grains during suction
casting of the alloy.

The compressive engineering stress-strain diagram of
CoCrFeNiTi Al , alloy is given in Fig. 4. The compressive
yield strength and the fracture strength were determined as
1997 MPa and 2344 MPa, respectively. Wang et al. [29] re-
ported the yield stress and compressive strength as 1250.96
MPa and 2004.23 MPa, respectively for AICoCrFeNi alloy.
Our findings for CoCrFeNiTi ,Al . alloy show that the yi-
eld strength and compressive strength values are enhanced
by the addition of Ti compared to that of AICoCrFeNi al-
loy [29]. The microhardness test results were determined as
107+5 HV (1049-+49.0 MPa) and 134422 HV (1314+215.8
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MPa) for as-cast and as-suction cast CoCrFeNi HEAs, res-
pectively. The hardness values were determined as 488+15
HV (47861147 MPa) and 647+14 HV (6345+137.3 MPa)
for as-cast and as-suction cast CoCrFeNiTi0.5A10.5 alloys,
respectively. The hardness value is increasing significantly
with the addition of Al and Ti due to the change in crystal
structure from FCC in CoCrFeNi alloy to FCC + double
BCC in CoCrFeNiTi, Al . alloy. The formation of BCC pha-
se creates an interface between FCC and BCC structures
therefore the dislocation movement is hindered and due to
strengthening, the hardness of the alloy is improved. Furt-
hermore, the lattice distortion due to the formation of BCC
structure also increases the activation energy of dislocati-
on motion. This results in solid solution strengthening and
thus increases the hardness of the alloy. The as-suction cast
CoCrFeNiTi Al , alloy has higher hardness value than its
as-cast alloy. CoCrFeNi alloy also has the same trend. This
is mainly caused by the change in cooling rate and thus the
microstructure of the produced alloy during suction casting.
The reduction in grain size by increasing cooling rate imp-
roves the strength of the suction cast alloy.

SEM micrographs of the fractured surface of
CoCrFeNiTi Al , are illustrated in Fig. 5. The fractured
surface of CoCrFeNiTi Al . alloy shows a typical cleava-
ge fracture implying a brittle character. The surface of the
alloys reveals the cleavage facets and river patters. It is clear
that the patterns are propagating along either the grain bo-
undaries or transgranular cleavage planes. Cleavage or qu-
asi-cleavage features are generally observed on the fracture
surface HEAs with BCC or BCC+FCC structures [42].

CONCLUSION

The structure and mechanical properties of CoCrFeNi
and CoCrFeNiTiovsAlo‘s HEAs were examined using XRD,
OM, SEM, compressive fracture and hardness testing.
The alloys were prepared via vacuum arc melting and the
alloy rods were synthesized by suction casting technique.
With the addition of Ti and Al to CoCrFeNi HEA, the
crystal structure has changed from FCC to a mixture of
double BCC (BCC, and BCC,) and FCC structures. The
hardness values were also increased by the addition of Al
and Ti. Furthermore, the suction-cast CoCrFeNiTiO.SAlOV5
alloy exhibited the higher hardness value compared to its
as-cast alloy due to the grain refinement by rapid cooling
during suction casting operation. The compression test
revealed that CoCrFeNiTi ,Al _ high entropy alloy yields
at 1997 MPa and resists up to 2344 MPa. SEM analysis
of fractured surface of CoCrFeNiTi Al , alloy reveals a
cleavage mode.
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