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Abstract

Complex concentrated alloy (CCA) with a nominal composition Alo.4CoCr1.3FeNi1.3(Si, Ti, C, B)o.s was prepared
at two different solidification conditions. Centrifugal casting (CC) of the CCA was applied due to the turbulent
filling of a graphite mould at non-steady solidification conditions and directional solidification (DS) was
performed at steady-state solidification conditions. Directional solidification was carried out in a Bridgman-type
apparatus at a constant growth rate of 1.39 x 10° m-s® and a constant temperature gradient in liquid. Both
types of ingots were subjected to microstructural analysis using light microscopy (LM) and scanning electron
microscopy (SEM). The chemical composition of the coexisting phases was measured by energy-dispersive
spectrometry (EDS). Segregation of Al, Si, Ti, B and C to the interdendritic region during solidification leads to
the formation of several interdendritic phases identified in the ingots. The effect of solidification conditions on
the size of dendrites and interdendritic phases was evaluated. Isothermal annealing at 1260 °C leads to the
melting of all interdendritic phases. Effective partition coefficients of alloying elements were calculated from
the measured chemical composition of dendrites and interdendritic region in samples annealed at 1260 °C for
1 h followed by water quenching.
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1. INTRODUCTION

A new alloy-design concept of multi-principal alloys with a high configuration entropy termed high entropy
alloys (HEASs) was introduced by Cantor [1] and Yeh [2] around 20 years ago. Besides the original HEAs with
the strict requirements for more than 5 elements, almost equiatomic composition and simple single-phase
structure another group of multi-component alloys derived from HEAs nhamed compositionally complex alloys
or complex concentrated alloys (CCAs) appeared [3]. The CCAs have been designed to improve the
microstructure and mechanical properties of single-phase HEAs for a wider range of structural applications.
These CCAs include also multi-phase systems with complex types of structures. Among the large number of
CCAs, the AlxCoCrFeNi system (x = 0 - 1 molar ratio) as a member of 3d transition metal CCAs, belongs to
the most widely studied [3]. According to the thermodynamic calculations and numerous experimental
investigations, in dependence on Al content and applied heat treatments, the single-phase (FCC(Al) or
BCC(B2)), duplex or multi-phase microstructures consisting of various combinations of FCC(Al), BCC(A2),
BCC(B2), o and L12 crystal structure were identified in this system [4-6]. Solidification of AlxCoCrFeNi alloys
leads usually to the formation of a dendritic type of structure [7]. Partitioning of Al to the last interdendritic
liguid in AlosCoCrFeNi alloy changes into its opposite segregation behaviour in equimolar AICoCrFeNi [4]. In
the duplex FCC(A1)+BCC(B2) structures, the FCC(A1) is enriched by Fe and Cr, while BCC(B2) is enriched
by Al and Ni. In the multiphase AlxCoCrFeNi alloys Cr and Fe segregate into the disordered BCC(A2) phase,
Al, Ni and Co into the ordered BCC(B2) [8]. Minor additions of other elements such as B [9], C [10], Ti [10-11]
and Si [12] were introduced to the AlxCoCrFeNi system by several researchers to improve mechanical
properties, wear, and corrosion resistance. However, the mutual effect of all four additions B, C, Ti and Si has
been studied in detail only for gravity - cast Alo.4Co00.9Cr1.2Feo.9Ni1.2(Si, Ti, C, B)o.37s complex concentrated alloy
(CCA) by Lapin et al. [13].
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Controlled growth conditions during directional solidification are usually used for the purpose to investigate the
fundamental aspects of the microstructure formation and microsegregation evolution of alloying elements as
well as to achieve a preferred crystallographic orientation and required microstructure for optimization of the
mechanical properties. In the case of the AlkCoCrFeNi system, Bridgman solidification of the equimolar
AICoCrFeNi with BCC(A2)/BCC(B2) structure was investigated by several authors [14,15] to study the effect
of growth rate (V) on the morphology of solid-liquid interface (transition from planar to dendritic) and the
influence of the temperature gradient (G) to the growth rate ratio (G/V) on the morphology transition from
columnar to equiaxed grains, respectively. Multiphase Alo.7CoCrFeNi CCA showed a unique lamellar-dendrite
microstructure composed of FCC(Al) + BCC(A2) + BCC(B2) phases over a wide range of cooling rates after
directional solidification [16]. The increasing growth rate resulted in the decreasing spacing of
FCC(A1)/BCC(B2) lamellae within the dendrites. As was reported by Ma et al. [17], Bridgman solidification is
a suitable method for the preparation of Alo.3CoCrFeNi CCA with a single-crystal FCC(A1) structure and
outstanding tensile ductility.

In the present paper, multiphase Alo.4CoCr1.3FeNiw3(Si, Ti, C, B)o.4 complex concentrated alloy was subjected
to experimental investigation. The solidification behaviour of this alloy was studied during centrifugal casting
characterised by the turbulent filling of the mould as well as during directional solidification carried out at
steady-state solidification conditions in the Bridgman-type apparatus. The effect of solidification conditions on
the microstructure formation and microsegregation behaviour of alloying elements is discussed.

2. EXPERIMENTAL PROCEDURE

The studied CCA with a nominal chemical composition Alo.4CoCri.3FeNi13(Si, Ti, C, B)os (molar ratio) was
prepared by vacuum induction melting of master Ni alloy and high purity elements (Fe, Co, Cr, Al) in Al2O3
crucible followed by tilt casting into the graphite mould. The as-cast cylindrical ingot was cut into smaller pieces,
which were adjusted for directional solidification and centrifugal casting experiments. Directional solidification
at steady-state conditions was performed in a Bridgman-type apparatus at a constant growth rate of V = 1.39
x 10° m-s? and constant temperature gradient in liquid at the solid-liquid interface of GL = 16.5 x 103 K-m™.
The length of the directionally solidified (DS) ingot with the diameter of 15 mm was 152 mm. The vacuum
induction melting of the charge for centrifugal casting (CC) was carried out in Al2O3z crucibles and the melt was
poured into a graphite mould. The length and min/max diameter of a conical CC ingot was 178 mm and 14/17
mm, respectively. The samples cut from both types of ingots were used for the evaluation of the microstructure
after solidification. The samples for determination of the microsegregation behaviour of alloying elements were
annealed at 1260 °C for 1 h under an argon atmosphere and consequently quenched into the water. Standard
metallographic techniques such as grinding on SiC papers, polishing on diamond paste with various grain
sizes ranging from 10 to 0.25 ym and etching in a solution of 6 mI HNOs, 3 ml HF and 100 ml H20 were used.
Microstructure investigations were performed by light microscopy (LM), scanning electron microscopy (SEM),
and X-ray diffraction analysis (XRD). The XRD analysis was carried out by a diffractometer equipped with an
X-ray tube and a rotating Cu anode operating at 12 kW. The chemical composition of the ingots was analysed
by energy-dispersive spectrometry (EDS). The average content of carbon in the samples was measured by
LECO CS844 elemental analyser. The average content of boron was calculated based on the certified
composition of the master Ni alloy.

3. RESULTS AND DISCUSSION

3.1 Chemistry and microstructure of DS and CC samples

The nominal and measured chemical compositions of the CC and DS samples are summarised in Table 1.
The measured values of the content of alloying elements correspond very well to the nominal ones and all
observed differences fall only within standard deviations of the applied measurement methods.
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Table 1 Nominal and measured chemical composition of DS and CC samples (at.%)

Sample Co Cr Fe Ni Al Si Ti B C
Nominal 18.5 24.1 18.5 24.1 7.4 3.7 1.9 1.0 0.8
Measured DS | 18.5+0.2 | 24.240.2 | 18.5+0.2 | 23.940.2 | 7.5+0.1 | 3.8+0.1 | 1.9+0.1 | 1.0+0.1 | 0.7+0.1
Measured CC | 18.6+0.3 | 24.0+¢0.2 | 18.6+0.2 | 24.0+0.2 | 7.4+0.1 | 3.8+0.1 | 1.9+0.1 | 1.0+0.1 | 0.7+0.1
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Figure 1 The typical microstructure of the DS and CC samples (LM): (a) Longitudinal section, DS;
(b) Transversal sections, DS; (¢) Longitudinal section, CC; (d) Central part of the transversal section, CC

Figure 1 shows the typical microstructure of DS and CC samples. The microstructure of both samples consists
of dendrites (85 vol%) and interdendritic region (15 vol%). The columnar dendrites (1) in the DS sample grow
in a direction parallel to the longitudinal axis of the DS ingot (Figure 1(a)). The average primary dendrite arm
spacing (PDAS) and secondary dendrite arm spacing (SDAS) are measured to be (350 + 8) um and (90 £ 10)
pm in the DS sample, respectively. The dendrites (1) show the typical fourfold crystal symmetry on the
transversal section of the DS sample confirming that FCC(A1) is the primary solidification phase (Figure 1(b)).
The columnar dendrites in the CC sample are inclined at an angle ranging from 70 to 90 degrees to the
longitudinal axis of the CC ingot (Figure 1(c)). The central part of the CC sample consists of equiaxed dendrites
indicating columnar-to-equiaxed transition (CET) during solidification (Figure 1(d)). The average PDAS and
SDAS are measured to be (30 £ 5) um and (9 + 2) uym in the CC sample. A finer dendritic structure of the CC
sample indicates that the cooling rate is significantly higher during CC process compared to that applied for
the DS one [4].

Figure 2 shows the typical XRD pattern and microstructure of the studied samples. The XRD confirms only
the presence of three phases such as FCC(A1), BCC(A2) and BCC(B2) (Figure 2(a)). Besides the dendrites
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(1), four different areas designated as 2 to 5 can be well identified in the interdendritic region (Figure 2(b)).
Table 2 summarises the measured chemical composition of the identified areas. Based on the XRD, EDS, and
taking into account the results of TEM analyses reported recently by Lapin et al. [13] for as-cast
Alo.4C00.9Cr1.2Feo.9 Ni12(Si, Ti, C, B)o3zrs CCA, the microstructure of the DS and CC samples consist of 1 -
FCC(AL), 2 - BCC(B2)/BCC(A2), 3- CrzB, 4 - TiC, and 5 - eutectics FCC(A1)+(Ni, Co, Fe)1s(Ti, Cr)s(Si, Al)7.

L B S L B L R (a) @ ) £ (b)
= FCC(A1) 5 -
N a " S
4 BCC(B2) N L?f-‘ %ﬁa 5(
¢ BCC(A2) = L 5
2. g
5 e g \ AT
> = 2 P |
© - & L g
5 §A§ \ &‘q4‘\ v
< T J x bt 3 v
a —
RTINS I P P i K‘
30 40 50 60 70 80 90 100 1 4 A :
20(°) E B ' 20 pum

Figure 2 (a) The typical XRD pattern of the CC sample; (b) Coexisting phases in the DS sample:
1-FCC(Al), 2 - BCC(B2)/BCC(A2), 3 - CrzB, 4 - TiC, 5 - eutectic FCC(A1)+(Ni,Co,Fe)1s(Ti,Cr)s(Si,Al)7

Table 2 Chemical composition of coexisting areas measured by EDS (at.%)

Area Co Cr Fe Ni Al Si Ti B C

1 19.6+0.4 | 24.740.2 | 20.7+0.6 | 23.8+0.3 | 7.6+0.5 | 2.9+0.3 | 0.8+0.1 - -
2 15.5+0.2 | 11.840.7 | 10.74#0.3 | 32.7+#0.2 | 21.840.1 | 4.1+0.2 | 3.4+0.3 - -
3 2.9+0.4 | 58.3+0.8 | 5.6+0.1 | 1.6¢0.5 | 0.2+0.2 | 0.2+0.2 | 0.3+0.1 | 30.9+0.7 -
4 0.2+40.1 | 1.9+0.3 | 0.1+0.1 | 0.3+0.1 | 0,7+0.3 | 0,9+0.3 | 41.3+0.2 - 54.4+0.2
5 17.840.7 | 14.841.9 | 12.0+1.4 | 28.5+1.2 | 5.3+0.4 | 15.1+1.2 | 6.6+0.9 - -

3.2 Microsegregation behaviour of alloying elements

The microsegregation behaviour of the alloying elements in the DS and CC samples can be described by the
effective partition coefficient of the i-th element ki defined as Cs/CL', where Cs'is the concentration of the i-th
element in the solid and C.' is the concentration of the i-th element in the liquid. Since the multiphase
interdendritic region of the DS and CC samples consists of coarse coexisting phases, the measurements of
Cs' and C.' were performed on the samples annealed at 1260 °C for 1 h, which were subsequently quenched
into the water with a temperature of 20 °C (Figure 3). At the annealing temperature of 1260 °C, a full melting
of the interdendritic phases is observed and the microstructure is significantly refined after the water
guenching, as seen in Figure 3(a). Table 3 shows the positive segregation behaviour of Co and Fe into
dendrites and the negative segregation behaviour of Al, Si, and Ti into interdendritic liquid. The alloying
elements such as Cr and Ni show nearly equal partitioning between dendrites and interdendritic liquid for both
DS and CC samples, as summarised in Table 3. The EDS line analysis for C and B across the interdendritic
region marked by the yellow line in Figure 3(b) indicates their segregation to the interdendritic liquid during
solidification, but the effective partition coefficients cannot be reliably calculated from these experimental
measurements. It is worth noting that the effective partition coefficients measured for the DS and CC samples
annealed at 1260 °C for 1 h are close to each other and vary only within standard deviations of the applied
measurement method.
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Figure 3 (a) The typical microstructure of the interdendritic region of the DS sample after annealing at
1260 °C followed by quenching; (b) Examples of EDS line analysis of C and B along the indicated yellow line

Table 3 The average chemical composition of dendrites Cs', the average chemical composition of the
interdendritic region C.', and effective partition coefficients ki for the DS sample and CC sample

Element i Co ’ Cr | Fe Ni Al Si Ti
DS sample
Csi(at.%) 19.540.2 24.9+0.2 20.2+0.2 24.0+0.2 7.7+0.1 2.8+0.1 0.8+0.1
Cii(at.%) 17.6+0.2 24.7+0.2 15.540.2 24.910.2 8.2+0.1 5.4£0.1 3.740.1
ki 1.11+0.02 1.01+0.01 1.3040.02 0.9610.02 0.9410.01 0.5110.01 0.23%0.01
CC sample
Csi(at.%) 19.1+0.3 24.740.2 19.840.2 24.510.2 7.8+0.1 3.0£0.1 1.0+0.1
Ci'(at.%) 17.240.2 24.840.2 15.3+0.3 24.610.2 8.1+0.1 5.840.1 4.3+0.1
ki 1.1240.02 1.00+40.01 1.2940.02 0.9910.02 0.9610.01 0.5240.01 0.2340.01

4, CONCLUSION

The effect of two different solidification conditions on the microstructure formation and microsegregation
behaviour of alloying elements in Alo.4CoCr1.3FeNiy3(Si, Ti, C, B)os complex concentrated alloy was studied.
The microstructure of DS and CC samples consists of FCC(Al) dendrites and an interdendritic region
composed of four areas with different chemical and phase compositions. A higher cooling rate during
centrifugal casting leads to a much finer dendritic structure in the CC samples compared to that in the DS
ones. The EDS line analysis and effective partition coefficients calculated from the measurements of the
chemical composition of dendrites and interdendritic region in the DS and CC samples annealed at 1260 °C
show preferential segregation of Al, Si, Ti, B and C to the interdendritic liquid during solidification at both
studied solidification conditions.
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