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Abstract

The effect of heat treatments on microstructure and mechanical properties of Aly.5CoCr
FeNi complex concentrated alloy (CCA) was studied. The CCA was prepared by vacuum
induction melting of pure elements and solidification in ceramic crucibles. The as-solidified
alloy was subjected to heat treatments consisting of solid solution annealing, water quenching
and precipitation hardening. The microstructure of the as-solidified alloy consists of fcc(Al)
dendrites and an interdendritic region composed of bce(B2), bee(A2) and fec(Al) phases.
The solution annealing followed by water quenching and ageing at 800 and 900°C leads to
the precipitation of needle-like bec(B2) particles in fcc(Al) dendrites and the formation of
the interdendritic region composed of bce(B2) and fcc(Al) phases. The volume fraction of
needle-like bee(B2) precipitates increases with increasing ageing time and decreasing ageing
temperature. The size of bee(B2) precipitates increases with increasing ageing time and ageing
temperature. Vickers microhardness, Vickers hardness and room temperature yield strength
of the heat-treated alloy increase with decreasing ageing temperature and increasing ageing
time up to 5 h and then decrease at a longer ageing time up to 25 h.
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1. Introduction

Multi-principal element alloys (MPEA) with chem-
ical compositions located in the central regions of the
multicomponent phase diagram, including high en-
tropy alloys (HEAs) and complex concentrated alloys
(CCAs), attract significant research interests [1-5].
HEASs contain at least five or more principal elements
stabilized in a single-phase disordered solid solution
by their high configuration entropy [1, 6-9]. However,
a single-phase microstructure severely limits the per-
formance of HEAs in real-world engineering applica-
tions. The CCAs with multi-principal elements pre-
serve the “high entropy” nature of the parent matrix
and add complex precipitates as strengtheners [1, 2,
10, 11]. Among numerous CCAs [2], Al,CoCrFeNi is
a prominent system with a microstructure changing
from fcc(A1) (face-centred cubic crystal structure A1)
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to bee(A2) (body-centred cubic crystal structure A2)
with increasing Al content from = = 0 to 2 (in molar
ratio). Depending on the content of Al and applied
processing routes, Al, CoCrFeNi alloys display a wide
spectrum of microstructures and mechanical proper-
ties [12-17]. Joseph et al. [12] and Shun and Du [18§]
have reported for Aly3CoCrFeNi alloy with fcc(Al)
structure a low yield strength, moderate work hard-
ening rate and excellent ductility at room tempera-
ture. On the other hand, Aly g75CoCrFeNi alloy com-
posed of disordered bce(A2), ordered bee(B2) (body-
centred cubic crystal structure B2) and fcc(A1) phases
showed exceptionally high yield strength, good plastic
deformation in compression but no tensile ductility at
room temperature [16]. While low yield strength, low
strain hardening rate and high plasticity at room tem-
perature are beneficial to some cold working processes
(e.g. cold rolling), high strength is required for high-
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-temperature structural applications of CCAs. Hence,
Al,CoCrFeNi alloys based on fcc(Al), which can be
reinforced with bee(A2)/bee(B2) precipitates through
appropriate heat treatments, can meet an appropriate
combination of properties required for their manufac-
turing processes and applications. Despite the previ-
ous works on CCAs, only limited information has been
reported on heat treatments, precipitation hardening
and mechanical properties of Aly 5CoCrFeNi alloy. Be-
sides, contradictory informations on phase transfor-
mation temperatures and phase equilibria have been
reported by several authors [19-23] for this system.

The present work aims to study the effect of heat
treatments on microstructure and mechanical prop-
erties of Alg5CoCrFeNi complex concentrated alloy
(CCA). The alloy was prepared by vacuum induction
melting of pure elements and solidification in ceramic
crucibles. The experimental results on solidification,
solid solution annealing, water quenching, precipita-
tion hardening, and room temperature mechanical be-
haviour are reported and discussed.

2. Experimental procedure

The studied Aly 5 CoCrFeNi alloy was prepared by
vacuum induction melting from master binary Ni-
-50Cr (at.%) and Fe-50Co (at.%) alloys in a medium
frequency induction furnace. The charge consisting of
master alloys and pieces of pure Al (purity 99.995 %)
was induction melted in a conical AlyO3 crucible (pu-
rity 99 %) with a minimum outside diameter of 35 mm,
a maximum outside diameter of 45 mm, a wall thick-
ness of 2.5 mm and height of 95 mm. Before melting,
the vacuum chamber of the induction furnace was
evacuated to a vacuum pressure of 4.8 Pa, flushed with
argon three times and finally partially filled with ar-
gon (purity of 99.9995%) to a vacuum pressure of
10 kPa to minimize evaporation loss of Al during melt-
ing [24-26]. The charge was heated to a melt tempera-
ture of 1600°C and held at this temperature for 4 min
to achieve full dissolution of all alloying elements. The
temperature of the melt was measured by a pyrometer.
The solidification of the melt was carried out in the
ceramic crucible by switching off the induction heat-
ing of the furnace [27]. The as-solidified conical sample
with a minimum diameter of 30 mm, a maximum di-
ameter of 33 mm and a length of 51 mm was cut to
smaller pieces and subjected to heat treatments.

The heat treatments consisted of solution anneal-
ing at three temperatures, water quenching and age-
ing at two temperatures. The solution annealing at
1280°C was performed for 8 h on the as-solidified sam-
ples under flowing high-purity argon. The solution an-
nealing at 1330 and 1360°C for 1 h was carried out on
the samples subjected to prior solution annealing at
1280°C for 8 h. Each solution annealed sample was

quenched into the water with a temperature of 20°C.
The ageing at 800 and 900°C for various time rang-
ing from 2 to 25 h in the air was carried on the water
quenched samples subjected to solution annealing at
1280°C for 8 h.

Vickers microhardness HV,,, was measured on pol-
ished and slightly etched samples under a load of
0.49N and loading time of 10s. Average microhard-
ness values were calculated from 20 independent mea-
surements carried out for each analyzed sample. Vick-
ers hardness HV was performed at an applied load
of 98.4N and loading time of 10s. Average hardness
values were calculated from 10 independent measure-
ments carried out for each analyzed sample. Compres-
sion specimens with a diameter of 5 mm and length of
7.5 mm were prepared by lathe machining from heat-
treated samples. The surface of the specimens was pol-
ished to a roughness better than 0.3 um. Room tem-
perature compression tests up to a true strain of 0.5
were carried out at an initial strain rate of 1073s~!
using a Gleeble 3800 thermomechanical tester.

Phase transformation temperatures were deter-
mined by differential thermal analysis (DTA) on sam-
ples with a diameter of 6 mm and length of 5mm
cut from the as-solidified sample. DTA measurements
were performed in AloO3 crucibles under high purity
argon (99.995%) with heating and cooling rates of
10°C min—!.

Microstructure evaluation was performed by light
microscopy (LM), scanning electron microscopy
(SEM), scanning electron microscopy in backscat-
tered electron mode (BSE), energy-dispersive X-ray
spectroscopy (EDS), and X-ray diffraction analysis
(XRD). Metallographic preparation of the samples
consisted of standard grinding using abrasive papers
and polishing on diamond pastes with a various grain
size up to 0.25 um. LM samples were electrolytically
polished in a solution composed of 66 ml methanol
and 33 ml HNOj or etched in a reagent of 20 ml
HNOg3, 20 ml HyO, 20 ml HF, and few drops of HySOy4.
X-ray diffraction (XRD) analysis was carried out by
a diffractometer Bruker D8 equipped with an X-ray
tube with rotating Cu anode operating at 12kW. The
volume fraction of coexisting phases and size of precip-
itates were measured by computerized image analysis
using digitalized micrographs, and the measured data
were treated statistically.

3. Results and discussion
3.1. Chemical and phase composition
Table 1 summarizes the nominal and measured
chemical composition of the studied Aly5CoCrFeNi

alloy. While the measured average content of Co, Fe,
Cr, and Al corresponds to the nominal composition,
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Table 1. Nominal and measured chemical composition of the studied Alp 5CoCrFeNi alloy (at.%)

Composition Co Cr Fe Ni Al
Nominal 22.2 22.2 22.2 22.2 11.2
Measured 22.1 £ 0.3 22.6 +£ 0.3 22.1 +£0.2 21.8 £ 0.3 11.4 £ 0.3
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Fig. 1. The typical microstructure of as-solidified Aly.5CoCrFeNi alloy: (a) transversal section of the sample showing the

dendritic structure, LM, (b) the morphology of dendrites D, the orientation of secondary dendritic arms and morphology

of interdendritic region IR, BSE, (c) BSE micrograph showing multiphase interdendritic region, and (d) detail showing
net-like phases formed in the interdendritic region, BSE.

the content of Ni is slightly lower, and Cr is slightly
higher than nominal ones. Figure 1 shows the typical
dendritic microstructure of the studied alloy formed at
non-steady-state growth conditions characterized by
a continuous decrease of cooling rate from about 270
to about 60°C min~! with decreasing sample tempe-
rature from 1600 to 1000°C during solidification in the
ceramic crucible [27]. Figure 1a shows the morphology
of dendrites (89 vol.%) and orientation of secondary
and tertiary dendritic arms on a transversal section of
the as-solidified sample. The secondary dendritic arms
form the typical “Maltese cross”, as seen in Fig. 1b.
Figures 1b—d indicate that the interdendritic region
marked as IR (11 vol.%) of the as-solidified alloy is
composed of three chemically different phases: black
coloured matrix (region 2), grey colour phase with net-

like morphology (region 3), white colour phase (region
4) with net-like morphology and white colour irregu-
lar shaped particles (region 5). Table 2 summarizes the
measured average chemical composition of the coexist-
ing phases. The chemical composition of the dendrites
marked as D (region 1) is close to those of white colour
net-like phase (region 4) and irregularly shaped parti-
cles (region 5) formed in the interdendritic region. The
black coloured phase (region 2) is enriched in Al and
Ni at the expense of Co, Cr, and Fe compared to the
average chemical composition of the alloy (Table 1).
The grey colour net-like phase (region 3) is enriched
by Cr and depleted in Co and Ni.

The XRD pattern of the as-solidified alloy indicates
the peaks of three coexisting phases: fcc(Al) (face-
centred cubic crystal structure Al, Pearson symbol
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Table 2. Phase composition of coexisting phases measured by EDS (at.%)

Region Phase Co Cr Fe Ni Al
1 fee(Al) 21.0 = 0.1 24.1 + 0.2 20.9 + 0.1 23.4 + 0.1 10.6 £ 0.3
2 bee(B2) 16.4 + 0.2 9.0 £ 0.5 11.4 £ 0.3 32.5 + 0.6 30.7 £ 0.8
3 bee(A2) 18.7 £ 0.2 35.5 £ 2.5 20.8 £ 0.8 139 £1.8 11.0 £ 1.7
4 fce(Al) 22.5 + 0.3 242 £ 1.0 22.2 £ 0.8 19.5 £ 0.6 116 £ 1.5
5 fce(Al) 22.2 £ 0.2 23.0 £ 0.3 22.2 + 0.3 22.0 £ 04 10.7 £ 0.4
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Fig. 2. Examples of XRD patterns of the as-solidified and
heat-treated Alp.5s CoCrFeNi alloy. The heat treatment con-
sisted of solution annealing at 1280°C for 8 h, followed by
water quenching (WQ) and ageing at 800 and 900°C for
25 h.

cF4), bee(A2) (body centred cubic crystal structure
A2, Pearson symbol cI2) and bee(B2) (ordered body
centred cubic crystal structure B2, Pearson symbol
cP2), as shown in Fig. 2.

Based on the measured chemical composition
and XRD analyses, the dendrites belong to fcc(Al)
phase. The interdendritic region consists of the or-
dered bce(B2) (region 2), net-like disordered bec(A2)
(region 3), net-like fcc(Al) (region 4) and irregu-
larly shaped fcc(Al) (region 5) phases, as shown in
Figs. 1c,d.

3.2. Differential thermal analysis
and solidification path

Figure 3 shows the typical DTA heating and cool-
ing curves of the as-solidified Aly5CoCrFeNi alloy.
The heating curve (red colour curve) indicates that
the melting of the alloy starts at an onset temperature

Heating

LI B B B B |

S ]
= h
- 1
K= - Cooling
w b ——
< C
= C
[m] L

;‘[20 uV

I T I T TN T T T B O S O B A A A A |

800 900 1000 1100 1200 1300 1400 1500

Temperature (°C)

Fig. 3. DTA heating and cooling curves of the studied
Alp.5CoCrFeNi alloy.
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Fig. 4. Calculated isopleth of the Al, CoCrFeNi alloys [20].

of 1352°C, continues with a phase transformation at
1368°C, and the melting is finalized at 1409°C. The
cooling curve (blue colour curve) indicates that the
solidification starts at a temperature of 1391°C, con-
tinues with a phase transformation at 1345°C, and the
solidification is finalized at 1335°C. Figure 4 shows
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Fig. 5. Microstructure of Aly.5CoCrFeNi alloy solidified at a constant cooling rate of 10°C min~': (a) dendritic microstruc-
ture of as-solidified sample, LM and (b) microstructure of the interdendritic region, BSE. D — dendrite, IR — interdendritic
region.
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Fig. 6. BSE micrographs showing the effect of solution annealing at 1280°C for 8 h followed by water quenching on the
microstructure of Alp5CoCrFeNi alloy: (a), (b) preservation of dendritic microstructure during solution annealing; (c)
formation of bee(A2) 4+ bee(B2) structure in the interdendritic region.

the calculated isopleth for the Al,CoCrFeNi system
reported by Zhang et al. [20]. The chemical composi-
tion and experimentally measured phase transforma-
tion temperatures of the studied Aly 5CoCrFeNi alloy

are marked in the phase diagram by red dashed line
and red symbols, respectively. Five independent DTA
experiments carried out for the studied alloy lead to
an average solidus temperature of Tg = (1343 + 4)°C,
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Fig. 7. BSE micrographs showing the effect of solution annealing at 1330°C for 1h followed by water quenching of the

sample subjected to prior solution annealing at 1280°C for 8 h on the microstructure of AlpsCoCrFeNi alloy: (a), (b)

partially recrystallized microstructure with remaining coarsened dendrites; (c) formation of bee(A2) + bee(B2) structure
in the interdendritic region.

a phase transformation during the melting and solidi-
fication at a temperature of (1357 + 4) °C and liquidus
temperature of 71, = (1400 £ 4) °C, which correspond
very well to those of 1345, 1356, and 1402 °C calculated
by Zhang et al. [20], respectively. It should be noted
that the experimentally determined phase transforma-
tion temperatures differ from those reported by Zhang
et al. [19], where T1, and Ts were calculated to be 1380
and 1190°C, respectively.

The solidification of the studied alloy starts with
the formation of fcc(A1l) dendrites according to phase
transformation sequence L — L + fcc(Al) at a lig-
uidus temperature of 1400°C. The observed phase
transformation temperature of 1357 °C corresponds to
transformation sequence L 4 fcc(Al) — L + fec(Al) +
bee(B2). The solidification is finalized at a tempera-
ture of 1343°C according to phase transformation se-
quence L + fcc(Al) 4+ bee(B2) — fec(Al) + bee(B2).

Figure 5 shows the microstructure of Aly5CoCr
FeNi alloy solidified at steady-state growth condi-
tions characterized by a constant cooling rate of
10°C min~!. The microstructure of the as-solidified

alloy consists of fcc(Al) dendrites marked as D
(94vol.%) and interdendritic region marked as IR
(6 vol.%), as seen in Fig. 5a. The interdendritic region
is composed of bec(B2) matrix and irregular shaped
coarse and fine fcc(A1l) particles, as seen in Fig. 5b.
The calculated phase diagram also predicts the for-
mation of Cr-rich o phase (body-centred tetragonal
crystal structure) in Aly 5CoCrFeNi alloy at tempera-
tures below 840°C, as shown in Fig. 4. The formation
of o phase has been confirmed by Butler and Weaver
[28] during annealing of Al, CoCrFeNi alloys at a tem-
perature of 700°C for 520 h. However, the o phase can
not be identified by XRD analysis in the as-solidified
Alp.5CoCrFeNi alloy. The present results indicate that
the time required for diffusion-controlled nucleation
and growth of o phase is too short to form a sufficient
amount of this phase even at a relatively low constant

cooling rate of 10°C min~!.

3.3. Solution annealing

Figure 6 shows the effect of solution annealing
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Fig. 8. BSE micrographs showing the effect of solution annealing at 1360°C for 1h followed by water quenching of the
sample subjected to prior solution annealing at 1280°C for 8 h on the microstructure of Aly.sCoCrFeNi alloy: (a), (b) fully
recrystallized fcc(A1l) grains; (c) formation of net-like bec(A2) 4+ bee(B2) structure in the interdendritic region.

temperature on the microstructure of the as-solidified
Alp.5CoCrFeNi alloy. The annealing at a tempera-
ture of 1280°C for 8 h followed by water quenching
(WQ) preserves the dendritic microstructure, as seen
in Figs. 6a,b. The XRD pattern indicates the diffrac-
tion peaks of fcc(Al) and bee(B2) phases, as seen
in Fig. 2. This annealing in the fcc(Al) + bce(B2)
phase field leads to a decrease in volume fraction of
the interdendritic region to (5.4 + 0.7) vol.% and dis-
solution of net-like bcc(A2) phase in the bee(B2) ma-
trix. The water quenching from the solution annealing
temperature leads to the formation of bec(A2) par-
ticles in the bee(B2) interdendritic region, as shown
in Fig. 6¢c. The formation of cuboidal bce(A2) parti-
cles in bce(B2) matrix has been reported by Shi et
al. [29] for Alp7CoCrFeNi alloy subjected to the so-
lution annealing at 1250°C for 50 h followed by water
quenching. Figure 7 shows the effect of solution an-
nealing at 1330°C for 1h followed by water quench-
ing on the microstructure of the sample subjected to
prior solution annealing at 1280°C for 8 h. This solu-
tion annealing in fcc(Al) + bee(B2) phase field affects

the dendritic microstructure of the alloy and leads to
the formation of a low amount of recrystallized grains,
as shown in Figs. 7a,b. The volume fraction of the
interdendritic region decreases to (2.9 £+ 0.6) vol.%.
The water quenching leads to the formation of fine
bee(A2) particles in the interdendritic bee(B2) phase,
as shown in Fig. 7c. Figure 8 shows the effect of so-
lution annealing at 1360°C for 1h followed by water
quenching on the microstructure of the sample sub-
jected to prior solution annealing at 1280°C for 8 h.
This solution annealing in fcc(Al) + L phase field
leads to the formation of fully recrystallized grains
with an average grain size of (85 + 8) wum, as shown in
Figs. 8a,b. The volume fraction of the interdendritic
region is measured to be (5.0 + 0.7) vol.%. The wa-
ter quenching preserves fcc(Al) phase within the re-
crystallized grains and leads to the formation of net-
like bee(A2) + bee(B2) structure during quenching of
liquid phase formed along some grain boundaries, as
shown in Fig. 8c. Wang et al. [30, 31] have reported
the formation of high-temperature bce(A2) phase in
the interdendritic region of Aly.5CoCrFeNi alloy and
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foolA1) NS
bec(B2)+Hcc(A1)
:

Fig. 9. BSE micrographs showing the microstructure of

the heat-treated samples subjected to solution annealing

at 1280°C for 8 h followed by water quenching and ageing
at: (a) 800°C for 25 h; (b) 900°C for 25 h.

its spinodal decomposition to bee(A2) + bee(B2) type
of microstructure. However, the experimental results
of this work support formation of the ordered bee(B2)
phase during solidification and its spinodal decompo-
sition to bee(B2 ) + bee(A2) phases, which is in agree-
ment with the thermodynamic calculations of Zhang
et al. [20], Gwalani et al. [32], and experimental results
reported by Rao et al. [14].

3.4. Precipitation hardening

Figure 9 shows the microstructure of Aly5CoCr
FeNi alloy after solution annealing at 1280°C for 8 h,
followed by water quenching and ageing. The ageing
of the quenched samples at the temperatures of 800
and 900°C leads to the formation of needle-like pre-
cipitates within the fcc(Al) dendrites and fine and
coarse precipitates within the bec(B2) interdendritic
region, as shown in Figs. 9a,b. The XRD patterns in-
dicate the diffraction peaks of two phases fcc(A1) and
bee(B2) phases in the samples aged at 800 and 900°C
for 25h, as seen in Fig. 2. Based on the XRD and
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Fig. 10. Effect of ageing time on volume fraction and size of

needle-like bee(B2) precipitates forming in fcc(Al) phase:

(a) dependence of volume fraction of precipitates on ageing

time; (b) dependence of mean length of precipitates on age-

ing time; (c) dependence of mean diameter of precipitates

on ageing time. The ageing temperatures are indicated in
the figures.

EDS analyses, the needle-like precipitates forming in
the dendrites belong to the bce(B2) phase and coarse
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and fine precipitates in the bce(B2) interdendritic re-
gion to fcc(A1l) phase. According to the phase diagram
(Fig. 4) calculated by Zhang et al. [20] and experimen-
tal results reported by Butler and Weaver [28], the
ageing at temperatures below 840°C should lead to
the formation of o phase. The thermodynamic calcu-
lations of Stryzhyboroda et al. [22] indicate the stabil-
ity of o phase up to a temperature of 960 °C. However,
the ageing time of 25h at both ageing temperatures
of 800 and 900°C is too short for the formation of a
sufficient amount of o phase, which can be identified
by the XRD or EDS analysis in the present work.
Figure 10 shows the effect of ageing time and age-
ing temperature on volume fraction, length, and diam-
eter of needle-like bee(B2) precipitates formed within
the fcc(Al) dendrites in the samples subjected to so-
lution annealing at 1280°C for 8 h followed by water
quenching and ageing. The volume fraction of bce(B2)
precipitates increases with increasing ageing time and
decreases with increasing ageing temperature, as seen
in Fig. 10a. The decrease in the volume fraction of
needle-like bee(B2) precipitates with the increasing
ageing temperature is connected with the increasing
Al solubility in fcc(Al) phase, as seen in Fig. 4. The
mean length and mean diameter of bce(B2) precip-
itates increase with increasing ageing time and in-
creasing ageing temperature, as shown in Figs. 10b,c.
Aizenshtein et al. [33] have reported that the dom-
inant morphology of bce(B2) precipitates is needle-
like up to a temperature of 1000°C and changes com-
pletely to equiaxed at 1200 °C. The coarsening kinetics
of equiaxed bee(B2) particles can be described by Lif-
shitz and Slyozov [34] kinetic equation with activation
energy for particle coarsening of 187 kJ mol~! [33].

3.5. Vickers microhardness and hardness

Figure 11 shows the dependence of Vickers mi-
crohardness of dendrites and Vickers hardness of
Alp.5CoCrFeNi alloy on the ageing time at the age-
ing temperatures of 800 and 900°C. Both the mi-
crohardness HV,, and hardness HV increase with in-
creasing ageing time up to 5h and then decrease at a
longer ageing time. The ageing in fec(A1) + bee(B2) +
o phase field at an ageing temperature of 800°C re-
sults in significantly higher microhardness and hard-
ness values compared to those of the samples aged in
fcc(Al) + bbe(B2) phase field at 900°C. Assuming
precipitation hardening theories reviewed by Ardell
[35], the increase of HV,, and HV can be attributed
mainly to a higher volume fraction, smaller size and
coherency of needle-like bee(B2) precipitates forming
at 800°C compared to those forming during ageing at
900°C. It should be noted that the measured Vick-
ers hardness values for the samples aged at 800°C are
higher than those ranging from 245 to 285 reported
for as-cast Aly.5CoCrFeNi alloy aged at temperatures
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Fig. 11. Dependence of Vickers microhardness HVy, and

Vickers hardness HV on ageing time. The ageing tempe-
ratures are indicated in the figure.
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curves for water quenched (WQ) and aged specimens:
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5—-900°C/2h, 6 —900°C/5 h, and 7 — 900°C/25 h.

ranging from 350 to 950°C for 24 h [36] or those rang-
ing from 258 to 302 after solution annealing at 1150°C
followed by ageing at 700°C up to 80h [32].

3.6. Room temperature compressive behaviour

Figure 12 shows examples of room temperature
compressive true stress-true strain curves measured
for the specimens subjected to solution annealing at
1280°C for 8 h followed by water quenching and age-
ing at the temperatures of 800 and 900°C for a various
time ranging from 2 to 25h. Figure 13 shows the de-
pendence of room temperature 0.2 % offset compres-
sive yield strength on ageing time. The yield strength
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Figure 13. Dependence of 0.2 % offset compressive yield
strength on the ageing time. The ageing temperatures are
indicated in the figure.

increases with increasing ageing time up to 5h and
then decreases at a longer ageing time at both ageing
temperatures of 800 and 900°C. The ageing at 800°C
results in higher yield strength values compared to
those of the specimens aged at 900°C. According to
precipitation hardening theories [35], the higher com-
pressive yield strength of the specimens subjected to
ageing at 800°C can be attributed mainly to a higher
volume fraction, smaller size and coherency of needle-
like bee(B2) precipitates forming in fcc(Al) matrix
compared to those of the specimens aged at 900°C.

The compressive curves show a clear work hard-
ening during deformation up to a true strain of 0.5.
The work hardening behaviour can be characterized
by work hardening rate (WHR), defined as:

Ooy,

WHR = 9, (1)
where oy is the true stress and ¢ is the true strain.
Three different regions can be well identified on the
WHR curves, as illustrated for the compression spec-
imen aged at 800°C/5h in Fig. 14. Region I is char-
acterized by a fast decrease of the WHR up to a
true strain of 0.057 or up to true stress of 1168 MPa,
as seen in Figs. 14a,b. Region II observed at a
true strain ranging from 0.057 to 0.382 or at true
stress ranging from 1180 to 1566 MPa is character-
ized by a gradual decrease in WHR with increas-
ing true strain or true stress. The high WHR mea-
sured in region II is controlled by an increase of
dislocation density and mechanical twinning in the
fcc(Al) matrix [37, 38]. The fast decrease of the WHR
in region III at a true strain or true stress higher
than 0.382 or 1566 MPa, respectively, indicates an
intensive softening of the Aly;CoCrFeNi alloy. Fig-
ure 15 shows a longitudinal section of the specimen
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Fig. 14. (a) Dependence of work hardening rate on true

strain and (b) dependence of work hardening rate on true

stress. The heat treatment conditions of the compression
specimens are indicated in the figures.

aged at 800°C/5h after compressive deformation to
a true strain of 0.5. The contour curve of the de-
formed specimen contains multiple visible protuber-
ances, which can be related to the individual colum-
nar grains, as seen in Fig. 15a. Similar formation of
protuberances on deformed surfaces of compression
specimens was reported by Stamborska and Lapin
[10] for COQ4CI‘19F€24Ni19Alg(Ti,Si,C)G (at%) alloy
with anisotropic as-cast microstructure and related to
deformation behaviour of individual columnar grains
during compression. Figure 15b indicates that the fast
decrease of WHR in region III is connected with the
initiation and propagation of cracks in the barrelled re-
gion of the compression specimen. It should be noted
that the initiation and propagation of cracks have
not been observed in the W(Q compression specimens,
which showed a significantly lower compressive yield
strength and moderate WHR compared to those of
the precipitation-hardened ones.
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Fig. 15. LM micrographs showing a longitudinal section

of the specimen aged at 800°C/5 h after compressive de-

formation to a true strain of 0.5 at room temperature:

(a) barrelled shape of compression specimen with protu-

berances and (b) propagation of a crack in the direction
parallel to columnar dendrites.

Figures 13 and 14 indicate that a low yield
strength, moderate strain hardening rate, and good
ductility at room temperature of the studied Aly 5Co
CrFeNi alloy can be achieved by solid solution anneal-
ing followed by water quenching (WQ), which is con-
sidered to be beneficial to some cold working processes
such as cold rolling. High yield strength and high
WHR required for high-temperature structural appli-
cations can be achieved by appropriate heat treat-
ments consisting of solution annealing, quenching, and
precipitation hardening.

4. Conclusions

The effect of heat treatments on microstructure
and mechanical properties of Aly.5sCoCrFeNi complex
concentrated alloy was studied. The achieved results
can be summarized as follows:

1. The dendritic microstructure of the as-solidified
alloy consists of fcc(Al) dendrites and an inter-

dendritic region composed of bee(B2), bec(A2) and
fcc(Al) phases. The solidification path and phase
transformation temperatures determined experimen-
tally at steady-state growth conditions correspond to
some recent thermodynamical calculations.

2. The increase of solid solution annealing tempera-
ture from 1280 to 1360°C leads to full recrystallization
of as-solidified dendritic microstructure, formation of
equiaxed grains, and decrease in volume fraction of
the interdendritic region.

3. The solid solution annealing at 1280°C followed
by water quenching and ageing at 800 and 900 °C leads
to the precipitation of needle-like bee(B2) particles in
fcc(Al) dendrites and the formation of the interden-
dritic region composed of bce(B2) and fec(Al) phases.
The volume fraction of bee(B2) precipitates increases
with increasing ageing time and decreasing ageing
temperature. The length and diameter of needle-like
precipitates increase with increasing ageing time and
ageing temperature.

4. Solid solution annealing followed by water
quenching of as-solidified alloy results in low compres-
sive yield strength, moderate strain hardening rate,
and good ductility at room temperature. Vickers mi-
crohardness, Vickers hardness, and room temperature
compressive yield strength of the precipitation hard-
ened alloy increase with decreasing ageing tempera-
ture and increasing ageing time up to 5h and then
decrease at a longer ageing time up to 25 h.
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