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Keywords Abstract

Eutectic High Entropy Alloy (Coz5CrisFez0Niag)s3Al17 is a eutectic high entropy alloy (EHEA), which is composed of face
Vacuum Arc Melting centered cubic (FCC) and body centered cubic (BCC) phases. This dual (FCC+BCC) phase
Rolling mixture provides good ductility and strength combination. In the scope of this study, it
Annealing was aimed to analyze the effects of mechanical, thermal and thermomechanical

processes on the microstructure and hardness of (Coz5CrisFezoNis)s3Al17 EHEA, which
was produced by the vacuum arc melting and casting method. With this aim, cold and
hot rolling as well as different annealing treatments were applied to the as-cast plates.
The cold-rolling was performed at room temperature while the hot rolling temperature
was varied in between 500-1100 °C. The maximum deformation that can be applied was
50% and 60 % after cold and hot rolling, respectively. Since the results of Rietveld
analyses suggested that FCC content increases with increasing deformation temperature,
the limited deformability was attributed to the deformation-induced ordering and/or
local amorphization within FCC phase. The hardness was increased from 280 HV to 412
HV after 50% cold-rolling. A similar high hardness value (399 HV) was obtained after
~50% deformation at 750°C indicating that the dynamic recrystallization had no
significant effect up to 1100 °C.

TERMOMEKANIK ISLEMIN (Co25CrisFezoNis0)s3Al17 YUKSEK ENTROPILI ALASIMININ

MIKROYAPISINA VE SERTLIGINE ETKISi

Anahtar Kelimeler 0z

Otektik Yiksek Entropili (CozsCrisFezoNis)ssAl17 yiizey merkezli kiibik (FCC) ve hacim merkezli kiibik (BCC)

Alasim . fazlardan olusan bir étektik yiiksek entropili alasimdir (EYEA). Bu ikili faz karisimi

Vakum Ark Ergitme A ; . <

Haddeleme (FCC+BCC), iyi s'uneklzk ve rr?.uka\/.fzmet If()'mbf.nas%/onu saglar. Bu ;al_z,sma kapsaminda,

Taviama vakum ark ergitme ve dokiim yéntemi ile iiretilen (Coz5CrisFezoNiso)s3Ali7 EYEA'nin
mikroyapisi ve sertligi iizerine mekanik, termal ve termomekanik siireglerin etkisinin
incelenmesi amaglanmistir. Bu amagla, dékiim levhalara soguk ve sicak haddeleme ile
farkl tavlama islemleri uygulanmigstir. Soguk haddeleme oda sicakliinda yapilirken,
sicak haddeleme sicakligi 500-1100°C arasinda degistirilmistir. Soguk ve sicak
haddeleme sonrasinda uygulanabilen maksimum deformasyon sirasiyla %50 ve %60
olmustur. Rietveld analizlerinin sonuglari, FCC miktarinin artan deformasyon sicakligi
ile arttigini gésterdiginden, sinirli deforme edilebilirlik, FCC fazinda deformasyona bagl
diizenlenime ve/veya lokal amorfizasyona baglanmigstir. %50 soguk haddelemeden
sonra sertlik 280 HV'den 412 HV'ye yiikselmistir. Benzer yiiksek sertlik degeri (399 HV)
750°Cde ~%50 deformasyondan sonra elde edilmistir ki bu da dinamik yeniden
kristallesmenin 1100 °Cye kadar belirgin bir etkisinin olmadigini géstermektedir.
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1. Introduction

(CozsCrisFez20Ni40)s3Al17 is an eutectic high entropy alloy
(EHEA), which is composed of face centered cubic (FCC)
and body centered cubic (BCC) phases. This dual
(FCC+BCC) phase mixture provides good ductility and
strength combination (Yiping et al., 2014). In the scope
of this study, the effects of cold and hot rolling as well as
annealing on the microstructure and hardness of
(CozsCrisFez0Ni40)s3Al17 alloy were investigated.

2. Literature Review

High entropy alloy (HEA) concept is a highly appealing
topic for industry in recent years. This new design of
alloying has successful outcomes in various fields
considering their mechanical and physical properties,
such as the unique wear resistance, excellent strength
and thermal stability at elevated temperatures, superior
elongation, great fatigue and fracture resistance (Tong
et al., 2005; Senkov, Wilks, Scott and Miracle, 2011;
Hemphill et al., 2012; Pickering and Jones, 2016).

The strength originated from BCC phase and the
ductility originated from FCC phase were combined and
optimized with eutectic high entropy concept (Yiping et
al, 2014). Further improvements can be achieved by
thermomechanical processing of EHEAs. Although there
are limited studies in the literature, a brief review will
be presented.

Bhattacharjee et al. (2018) studied the effects of cryo-
rolling and annealing on the microstructure and
mechanical properties of AlCoCrFeNiz: EHEA. After
multi-pass cryo-rolling, reduction in thickness up to
90% was achieved. The high-strength that was achieved
after cryo-rolling resulted in brittleness of the alloy but
after annealing at 800 °C for 1 hour, the alloy displayed
a good combination of strength and ductility. In a similar
study, Wani et al. (2017) studied the effect of cold-
rolling and annealing on the microstructure and
mechanical properties of AlCoCrFeNizi EHEA. They
revealed that 90% cold-deformation has resulted in
disordering of L1z phase while annealing resulted in the
breakdown of lamellar eutectic microstructure. The
warm-rolling of the same alloy was studied by Reddy et
al. (2019) at different temperatures (400 °C, 600 °C and
750 °C). The deformation induced disordering of L1:
phase was also detected after 90% deformation at 750
°C. Moreover, the fraction of FCC/L1l: phase has
decreased while nonlamellar structure became more
dominant after deformation at 750 °C. High temperature
deformation characteristics, on the other hand, was
studied by Tian et al. (2020) for AlCoCrFeNi HEA. It was
observed that the equiaxed dendritic microstructure
after casting became elongated normal to the
compressive direction while grain elongation extent
increased with the increased strain rate. Moreover, o
and FCC phases in addition to A2+B2 structure of the as-
cast alloy were detected after hot-deformation.
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In a recent study, the effect of the interface coherency
between FCC/BCC layers on the plastic deformation
characteristics was investigated (Yang et al,, 2023). It
was shown that the coherency of the interphase has a
crucial role in the plastic deformation mechanisms of
EHEAs. If the interface between FCC and BCC phases is
coherent, then co-deformation takes place by
continuous slipping of dislocations while semi-coherent
interface is an effective barrier to dislocation
penetration from FCC to BCC and results in local
deformation of FCC. Moreover, the deformation-induced
amorphization was detected under high-plastic
deformation in the case of semi-coherent interface,
which results in a considerable strengthening effect.

Although there are researches on the deformation of
EHEAs other than AlCoCrFeNi system (Li, Yiping, Wei,
Zhigiangi and Tingju, 2016; Jain, Rahul, Samal, Kumar
and Phanikumar, 2020; Shah, Rahul, Bysahk, and
Panikumar, 2021) detailed studies on the mechanisms
are concentrated on AlCoCrFeNi systems (Li et al,
2021). In the scope of this study, a more complex alloy
composition has been selected in order to contribute to
the literature in terms of deformation characteristics of
EHEAs, which is a recently developing research field.

3. Material and Methods

The phase diagram of (CozsCrisFezoNis0)100-xAlx, which
was calculated by ThermoCalc (2017) TCHEA2
database, is given in Figure 1. The composition of the
alloy was selected to be (CozsCrisFez2o0Nis0)s3Al17 in order
to get a eutectic system since the studies on the
deformation of eutectic HEAs (EHEAs) are still limited in
literature. In this study, research and publication ethics
were complied with.

Al, Co, Cr, Fe and Ni with at least 99.9 % purity (Alfa
Aesar, USA) were vacuum arc melted and casted under
argon atmosphere. In order to get homogenous
structure, remelting were done for three times. The
thickness of each casted plate was 6.6 mm while the
width and length were 11.5 mm and 65 mm,
respectively.
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Figure 1. The Phase Diagram Of (Coz5CrisFe20Ni40)100-x
Alx

(CozsCrisFez0Nis0)s3Ali7 EHEA plates were either rolled
at room temperature and annealed afterwards or hot
rolling was applied to observe the effect of dynamic
recrystallization. The rolling has continued up to
maximum deformation that can be attained at that
temperature. Lab-scale roll-mill (Durston FSM160,
England) was used for the deformation and the amount
of deformation was calculated in terms of true strain
using the reduction in the cross-sectional area of the
plates. The annealing time after cold-rolling was kept
constant at 1 hour. The maximum hot-rolling
temperature, on the other hand, was selected to be 1100
°C since the melting temperature of the alloy is 1376 °C.
All mechanical, thermal and thermomechanical
processes were given in Table 1.

Table 1. All Processes That Were Applied on
(Co25CrisFe2o0Nis0)s3Ali7 EHEA Plates.

Treatment Details
Cold Rolling %50 Deformed
%50 Deformed+ Annealed at 750 °C
Annealing
%50 Deformed+ Annealed at 1000 °C
%44 Deformed at 500 °C
Hot Rolling %53 Deformed at 750 °C

%60 Deformed at 1100 °C

The metallographic specimen preparation was done
with Struers automatic polishing machine and 25 vol. %
nitric acidic solution (25 vol. % nitric acid + 75 vol. %
distilled water) was used as etchant. All optical
micrographs were taken at 200x magnification.
Moreover, SEM (Zeiss, Supra 50VP, Oberkochen,
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Germany) with an  energy-dispersive  X-ray
spectroscopy (EDX) attachment was employed for
detailed  microstructural characterization. @~ SEM
micrographs were taken with back-scattered electron
(BSE) mode under 20 kV excitation voltage.

XRD analyses (MiniFlex600, Rigaku, Japan) were
applied with Cu-Ka radiation at 40 kV and 15 mA and
the scanning rate was 2°/min in between 30-90°. XRD
analysis results of all plates were processed with
Rietveld analysis to observe the change of the
percentages of phases present.

The hardness measurements were done at the end of
each process by using EMCO Test (Priifmaschinen
GmbH, Austria). Vickers micro-hardness measurements
were taken under 10 kg force that is applied for 3
seconds and at least 5 measurements were taken to
determine average micro-hardness values.

4., Results and Discussions

The microstructures of all alloys were generally
consisted of lamellar eutectic structure as given in
Figure 2. Aline analysis (yellow line on Figure 2 (a)) was
taken to determine the phases that constitutes the
eutectic phase mixture. The phase having lighter color
(seems to have higher level) was labelled as region A
while the other one having darker color (seems to have
lower level) was labelled as region B. The amounts of Al
and Ni were observed to be increased in region B while
the amounts of other elements were observed to be
increased in region A as the result of EDX analysis
(Figure 2(b)). Accordingly, lamellar structure was found
to be consisted of FCC/L12 (region A) and BCC/B2
(region B) phases.

1%
3um
Mag= 500KX [

Figure 2. (a) SEM Micrograph (5000X) Showing Where
EDX Line Analysis Was Taken.
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Figure 2. (b) The Results Of EDX Line Analysis, Where
Red Belongs To Aluminum, Yellow Belongs To
Chromium, Green Belongs To Iron, Blue Belongs To
Cobalt And Pink Belongs To Nickel.

As it can be seen from Figure 3, the exact grain
boundaries could not be distinguished, rather domain
structures were detected in the microstructure of
(CozsCrisFez20Ni40)s3Al17 alloys.

Figure 3. The Optical Micrograph Of As-Cast Alloy.

The microstructure of cold-rolled alloy was given in
Figure 4. The refinement of the microstructure after
cold-rolling is obvious in the optical micrograph. The
black points in SEM micrograph, on the other hand,
belong to casting porosities.
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Figure 4. (a) Optical And (b) SEM Micrographs Of 50%
Cold-Rolled Alloy (4000X).

The cold-rolled plates were annealed at 750 °C and
1000 °C, respectively (Figure 5). The lamellar structure
was maintained after annealing. However, the edges of
the lamellae were observed to change from planar to a
more roughed structure.
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Figure 5. SEM Micrographs Of The Alloys, Which Were
Annealed At (a) 750°C And (b) 1000°C, Respectively
(4000X).

According to XRD analysis results, B2 peak was
appeared at ~35° with the applied cold-rolling
indicating a tendency towards ordering with
deformation (Figure 6). Since ordered phases have
lower deformability than disordered phases, this can be
the reason of limited (maximum 50%) deformability
during cold rolling. The peaks at ~45° and ~85°, on the
other hand, have become more diffuse. This was
attributed to increased dislocation density with the
applied deformation.
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Figure 6. XRD Results Of As-Cast, Cold Rolled And
Annealed Plates.

The Rietveld analyses (Table 2), on the other hand,
indicated a slight decrease in FCC content after
annealing.

Table 2. The Results Of Rietveld Analyses

Treatment FCC/L1l: BCC/B2

(%) (%)
50% cold-rolled 70 30
Annealed at 750 °C 65 35
Annealed at 1000 °C 66 34
449% hot-rolled at 500 °C 68 32
53% hot-rolled at 750 °C 71 29
60% hot-rolled at 1100 °C 81 19

The microstructures after hot rolling at 500°C, 750°C,
and 1100 °C were given in Figure 7. [t was observed that
the lamellar structure had become distorted with
decreasing deformation temperature. Moreover,
lamellae thicknesses were decreased with the
increasing deformation temperature.

505



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(1), 501-508

Esksehir Technical Universty EHT = 20,00 kY
Matenial Sci & Eng WO = 80mm 3um
Date :30 Jun 2020 Mag= 500KX ]

sty EHT=2000kV
Wo=97mm 3 UM
Date 30 Jun 2020 Mag= 500KX p—df

Esksehir Technical University  EHT = 2000 kv
Material Sci & Eng
Date :30 Jun 2020

Figure 7. SEM Micrographs (5000X) Of The Alloys,
Which Were Hot-Rolled At (a) 500 °C, (b) 750 °C And (c)
1100 °C, Respectively.

The results of XRD analyses after hot-rolling at various
temperatures were given in Figure 8. The results
obtained after hot-rolling at 500 °C were similar to that
obtained after cold-rolling in terms of peak widening.
This was attributed to the suppression of
recrystallization due to the lower temperature of
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deformation. The fraction of BCC/B2 phase was
observed to be decreasing with increasing deformation
temperature according to the Rietveld analyses. The
maximum deformability has increased with the
increased temperature, as expected.

+FCCIL1,
+ BCC/B2

60% Deformed
at 1100 °C
J ¢ * * *

53% Deformed
at 750 °C
I N

44% Deformed

S — L -
\ Cold Rolled

T T T T T T T T T
30 40 50 60 70 80 90

20 (degree)

Figure 8. XRD Analyses Results Of Hot Rolled Plates
(XRD Analysis Result of Cold Rolled Plate Was Added
For Comparison).

Intensity(a.u.)

The maximum deformation of 60% was attained after
hot-rolling at 1100 °C. Although the FCC content of the
alloy has increased with increasing deformation
temperature (Table 2), the expected increase in
deformability was not attained.

It was known that stacking fault energy (SFE) plays an
important role in the deformation of FCC-based HEAs,
especially when it is low (Su, Wu, Raabe and Li, 2019; Lij,
Zhao, Ritchie and Meyers, 2019; Paul, Tripathy, Saha
and Bhattacharjee, 2023). Xu et al. (2021), on the other
hand, revealed that SFE increases with increasing Al
content while Deng et al. (2015) proposed increased Ni
content also increases SFE. Since both Al and Ni contents
of (CozsCrisFez0Nia0)s3Al17 is high, the effect of SFE was
considered to be negligible on decreased deformability.
Moreover, the deformation of dual-phase alloys
commonly involves complex mechanisms and it was
mentioned before that the nature of the interphase has
a pronounced contribution (Yang et al., 2023). On the
other hand, the formation of L1 nano-precipitates
within FCC phase during low temperature annealing
after cold-working has been reported (Gwalani et al,
2019). Accordingly, the deformation-induced ordering
and/or amorphization can be the reasoning the behind
the limited deformability.
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Table 3. The Hardness of (CozsCrisFe20Nia0)s3Aliz EHEA
Plates

Treatment Hardness (HV)
As-cast 280 £12
50% cold-rolled 412 7
Annealed at 750 °C 356 +5
Annealed at 1000 °C 373 45
44% hot-rolled at 500 °C 393 +8
53% hot-rolled at 750 °C 399 +9
60% hot-rolled at 1100 °C 353 45

Table 3 shows the hardness values of the plates. The
hardness was increased from 280 HV to 412 HV after
cold-rolling as expected. The increase in hardness can
both be attributed to increased dislocation density and
stress-induced ordering. When the plates were
annealed after cold-rolling, a decrease in hardness was
observed but the hardness values were still higher with
respect to that of as-cast plate. This can be due to the
refinement of the structure as well as ordering of FCC
phase, which cannot be detected with the available
analysis methods.

The highest hardness among hot-rolled plates was
measured after hot-rolling at 750°C. It was even higher
when compared with the hardness of the plate, which
was annealed at 750°C after cold-rolling, although
having higher FCC content. This can be due to the
balance between the generation of dislocations and the
dynamic recrystallization. However, the ordering could
also play a role in higher hardness. The presence of L1
phase can result in unusual variation of mechanical
properties with temperature such as yield strength
anomaly (Vikram et al., 2022). Transmission electron
microscopy (TEM) analyzes to be performed at varying
temperatures and/or under deformation can be
enlightening about the origin of the results obtained.

5. Conclusions

In the scope of this study, the effects of cold and hot
rolling as well as annealing on the microstructure and
hardness of (CozsCrisFe20Ni40)s3Al17, which is a eutectic
alloy, were investigated. It was chosen according to the
relatively higher FCC content since FCC phase has higher
ductility.

However, the maximum deformation of only 60% was
attained after rolling at 1100 °C. Since the results of
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Rietveld analyses suggested that FCC content increases
with increasing deformation temperature, the limited
deformability was attributed to the deformation-
induced ordering and/or local amorphization within
FCC phase. Further studies, especially with TEM, have to
be conducted in order to be certain about the origin of
this phenomenon.

Although, the maximum deformation could not exceed
60%, the hardness values indicate the strengthening of
(CozsCrisFezoNis0)s3Aliz HEAs up to ~50% with
thermomechanical treatment. Moreover, the
information that has gained during this study, has given
insight to the behavior of eutectic HEAs under
mechanical and/or thermal processes.
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