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Abstract

Dedicated thermal treatments can improve the mechanical behaviour of high entropy alloys (HEAs) by
producing nanostructured microstructures with improved characteristics. Herein, the inherent
metastability of an equiatomic CoCuFeMnNi alloy was exploited to induce the formation of secondary
phases upon ageing treatment. Advanced characterization techniques, namely high resolution synchrotron
X-ray diffraction and aberration corrected scanning transmission electron microscopy, allowed to describe
the decomposition of the supersaturated solid solution. Nanometric rounded Cu-rich clusters in the
solution-treated alloy and coherent, regularly oriented Cu-rich discs in the peak-aged condition were
possibly produced by spinodal decomposition. An almost 100 % enhancement of mechanical strength was
obtained thanks to the modulation of composition. Moreover, mechanical behaviour at cryogenic
temperature was improved by ageing, both in terms of strength and ductility. Plastic deformation took

place by dislocation slip, regardless of the testing temperature.
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1. Introduction
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Since their introduction in 2004, high entropy alloys (HEAs) [1] have attracted considerable research
interest and have paved the way to the design and development of an astonishing variety of new
formulations. Nowadays, the pursuit for materials with improved mechanical properties has become a
strong drive for the development of specifically designed HEAs, or multi-phase compositionally complex
alloys, that are strengthened through different mechanisms, including grain refinement [2,3], twinning [4],
transformation induced plasticity [5,6], and precipitation hardening [7]. The most studied HEAs are based
on transition metals, as the CoCrFeMnNi (Cantor alloy), that was the object of many recent investigations
[8]. In 2016, a variant of the Cantor alloy, which is based on the substitution of Cr with Cu, was proposed by
Tazuddin and co-workers [9,10]. The CoCuFeMnNi showed the possibility of obtaining a single face centred
cubic (FCC) phase after homogenization treatment followed by water quenching [11]. A number of works
highlighted the unstable nature of the FCC phase in CoCuFeMnNi structure that promotes the formation of
second phases at high temperatures [11-13]. In particular, Sonkusare et al. [12] studied the decomposition
of the FCC phase at temperatures between 450 °C and 650 °C, and they concluded that Cu atoms diffuse to
grain boundaries leading to the formation of a Cu-rich FCC phase [11]. Mac Donald and co-workers [13]
studied the effect of post-deformation annealing treatments and they concluded that annealing at
temperatures below 600 °C causes the precipitation of an ordered body centred cubic (BCC) phase rich in
Fe and Co, whereas a Cu-rich FCC second phase was obtained in the 600 °C — 900 °C interval. These phases
were found able to improve mechanical properties of the alloy. A peculiar microstructure emerged in the
homogenized CoCuFeMnNi alloy subjected to 0.2 % deformation, where the initial FCC phase separated

into two intercalated phases, with different content of Cu but same lattice parameter [14].

Thus far, the available knowledge on CoCuFeMnNi shows the possibility of tailoring its microstructure and
mechanical performance through controlled heat treatments. To the best of Authors’ knowledge, no
published paper focused on controlled decomposition of supersaturated solid solution through ageing
treatment of the CoCuFeMnNi alloy. Such treatment is commonly applied to a variety of alloys, including
aluminium alloys [15], steels [16] and nickel-based alloys [17], and allows fine-tuning the nature, size and
morphology of precipitates, thus leading to improved mechanical properties. In fact, similar heat
treatments have been applied to other families of specifically designed high entropy alloys, too, resulting in
an impressive improvement of mechanical properties [18,19]. In this view, the present work aims at
enhancing mechanical properties of the CoCuFeMnNi HEA through a properly designed heat treatment
schedule. The heat treatment parameters were designed based on results of CALPHAD simulations of phase
stability and by monitoring the evolution of material hardness as a function of time and temperature. The
microstructure of the alloy in different heat treatment conditions was investigated at multiple length-scales
by advanced characterization techniques, including high resolution synchrotron X-ray diffraction (S-XRD)
and aberration corrected scanning transmission electron microscopy (ac-STEM). Finally, the correlation

between the alloy microstructure and its tensile behaviour was investigated at room and cryogenic



temperature. In fact, HEAs have been proposed for numerous applications which involve prolonged
exposition to extremely low temperatures, such as offshore plants, transportation of liquid fuels and
energy industry [20]. Such interest is driven by the optimal combination of increased strength and
improved ductility, which HEAs frequently show at cryogenic temperatures thanks to the activation of

specific plastic deformation mechanisms [21].

2. Materials and experimental procedures

Buttons of equiatomic CoCuFeMnNi alloy were produced by vacuum arc remelting (VAR) of pure raw
materials under low pressure Ar atmosphere. They were remelted 6 times inside a water-cooled copper
crucible to ensure high compositional homogeneity. The ingots were pressed at room temperature and

cold rolled down to 1 mm-thick strips (80 % cold work).

Thermocalc (TCHEA4 database) software was used to calculate phase stability diagram and to select
temperatures for heat treatments. The strips were solution-treated under flowing Ar atmosphere at 1000
°C for 1 h, quenched in water at ambient temperature (25 °C) and then aged at three temperatures

between 530 °C and 630 °C for different times (Figure 1 a).

Microstructural characterization of solution-treated and peak-aged samples was performed through
different techniques. The crystalline structure of the alloy was investigated by X-ray diffraction (XRD),
employing a laboratory XRD system (Panalytical X’PertPro, wavelength = 1.5418 A) for preliminary analysis
and a synchrotron-based one (S-XRD) for high-resolution observations. High resolution Synchrotron
Diffraction data were collected at 25°C at the ID22 beamline of the ESRF, in Grenoble, in transmission
geometry at incident wavelength A = 0.3545 A (about 35 keV). The high resolution is provided by Si (111)
crystal analysers intercepting the diffracted beam. The signal is recorded with a 2D Eiger detector,
positioned behind the crystal analysers [22]. The wavelength was calibrated with Si Nist 640 powder
reference. The specimens were shaped on purpose in the form of finely polished small bars, about 20 mm
long and 1 mm thick in order to fit the sample holder. Reducing the thickness is crucial to minimize sample
absorption, yet guaranteeing random grain orientation. To this purpose, the specimens were rotated during
acquisition. The diffraction signal was recorded to get full statistics in the 26 range between 3° and 50°,

corresponding to about 0.9 - 15 A momentum transfer Q.

Metallographic analysis of selected conditions was performed by field emission scanning electron
microscope (FE-SEM, Zeiss Gemini) on finely polished and etched (Nital 2% reagent) samples. Samples were
prepared for STEM analysis using standard routes, i.e. first, grinding and polishing the specimens to < 50

pum and then ion beam milling to electron transparency. lon beam milling was performed at room



temperature by a Fischione lon Mill 1010 using Ar* initially at 6 keV and final milling at 1 keV. Finally, a JEOL
ARM-200F operated at 200 keV, equipped with energy-dispersive x-ray (EDX) spectrometer was used to

investigate the structure of the specimens down to atomic scale.

Mechanical properties were evaluated through micro-hardness (Future-Tech FM-810, applying a 300 gf
load for 15 s) and tensile tests at room temperature and -70 °C (MTS 2/M, strain rate 0.015 min). Used
sub-size specimens were designed according to E8/E8M-11 ASTM standard. They showed an overall length
of 100 mm and a thickness of 1 mm; the reduced section was 32 mm long and 4 mm large; the grip sections
measured 10 mm x 30 mm. Post-mortem metallographic analyses were conducted by optical microscopy

(Leitz Aristomet) on broken tensile specimens to investigate plastic deformation mechanisms.

3. Results and discussion

The diagram of Figure 1 b shows the evolution of equilibrium phases as a function of temperature. Based
on numerical results, solution treatment temperature (i.e. 1000°C) was selected within the FCC single-
phase field (FCC1), whereas ageing temperatures, namely 530°C, 580 °C and 630 °C are expected to
produce further thermodynamically stable phases. At 580 °C and 630 °C, a second FCC phase (FCC2) is
predicted to form from the parent FCC1 phase, whereas at 530°C a BCC phase is expected along with the
two FCC phases. The hardness trends of the solution-treated alloy as a function of ageing time are
illustrated in Figure 1 c. The CoCuFeMnNi alloy shows a similar behaviour during ageing at 630 °C and 580
°C, both in terms of achievable hardening magnitude and dependency on treatment duration. Their trends
are characterized by a steep hardness increase in the initial stage of the treatment, from 141 HV of the
solution-treated condition to 229 HV after 45 min at 630 °C. Thereafter, a shallower increase up to the
maximum hardness value (246 HV after 6 h at 630 °C) occurs. Finally, a limited overageing effect is
noticeable for longer durations. At 530 °C, some evidence of a two-step hardening process is visible, with a
hardness plateau dividing the initial steep increase from the following shallower hardness gain. Such
different behaviour could be related to the formation of different phases during the treatment at 530°C, i.e.
the BCC and FCC2 phases predicted by CALPHAD simulation and that also detected by XRD analysis, as
shown by the diffractogram of Figure 1 d. This is also in good agreement with the findings of MacDonald et
al. in ref. [13], where a Fe- and Co-rich BCC phase was found in rolled CoCuFeMnNi alloy that was annealed
at 600 °C. On the contrary, reflections related to FCC phases only were detected in samples aged at 580 °C
and 630 °C, which also agrees with CALPHAD predictions.

Further microstructural investigations and mechanical testing results, which will be described in the
following paragraphs, were performed on samples displaying the lowest and highest hardness, i.e. the

solution-treated samples and those aged at 630 °C for 6 h, respectively. For the sake of brevity, the peak-



aged nomenclature will be used for samples which underwent solution treatment at 1000 °C, followed by

water quenching and ageing at 630 °C for 6 h.
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Figure 1: (a) schematic depicting the heat treatment schedules; (b) CALPHAD-computed equilibrium step-
diagram of the CoCuFeMnNi alloy; (c) ageing curves collected at 530 °C, 580 °C and 630 °C; (d) XRD
diffractogram obtained from samples aged for 6 h at different temperatures.

Figures 2, 3 and 4 show the results of FE-SEM, S-XRD and ac-STEM analyses on the CoCuFeMnNi alloy in the
different heat-treatment conditions. The solution-treated alloy is composed of uniform grains, with an
average size of about 20 um, and, at a first glance, only faint rounded features are visible (Figure 2 a).
However, the contrast variation observed in the annular dark-field (ADF) STEM images obtained from the
grains in the solution-treated alloy (Figure 4 a) indicates that the rounded features observed in this alloy
are induced by local compositional fluctuations. Such compositional fluctuations appear as coherent
spherical-like shapes with diameter of about 5 to 10 nm. These spherical-like clusters show a brighter
contrast compared to the matrix in the ADF image, implying that their density is higher than the matrix
density. The EDX line scans (e.g. Figure 4 c) obtained across the features with bright contrast in ADF images
indicate that those features have a higher Cu concentration compared to the matrix, which in turn results

to be depleted in Cu. It shall be noted that these values can be to some extent affected by underlying



material and the clusters that appear in the image can lie at different depths. Similar features with
comparable size and composition were also found with atom probe tomography in homogenized
CoCuFeMnNi alloy [12,14,23]. In addition, a proper interface cannot be defined between these clusters and
the matrix, as the boarders of such clusters are determined by compositional variations rather than by
differences in crystal structure or a significant change in the lattice spacing. It is also worth noting that
further round features (1-2 nm in size) showing slight variation in contrast (Figure 4 a, b) due to fluctuations
in Fe and Co content (Figure 4 c) are also noticeable throughout the microstructure. Despite the presence
of such chemical fluctuations, a single set of FCC peaks (d11)= 3.616 A) were observed by S-XRD (Figure 3
a), which is consistent with selected area electron diffraction patterns available in literature [12]. In this
context, as shown below, the same technique makes possible to discern phases with slightly different cell

parameter, even though they are not resolved on a laboratory instrument.

Ageing treatment at 630 °C was observed to induce a radical change in the microstructure: although it did
not noticeably change the grain size, it caused the formation of several different second phases at both
grain boundaries and cores (Figure 2 b). For instance, as shown in Figure 2, heat treatment altered the
structure of the interior of grains into a maze-like structure along with round shaped particles. ADF-STEM
and EDX results provided in Figure 4 revealed that such round features are discs of the same nature of the
bright phase constituting maze structure. Thus, we can conclude that the structure of aged alloy is made up
by discs that are orthogonally oriented along three directions. Similar microstructures were observed by
Shim et al. [14] in the homogenized CoCui;FeMnNi alloy. Second phase particles with elongated shape are
also found along grain boundaries (Figure 4 g, h). Interfaces between the matrix and both discs (Figure 6 e)
and grain boundary phase (Figure 6 h) appear to be perfectly coherent. Discs and grain boundary second
phases are both characterized by an evident Cu-enrichment (about 40 — 50 at.%) and Fe-, Co-depletion, but
the latter are coarser. Cu-rich discs, approximately 60 nm in diameter and 15 nm thick, lie on all the {100}¢cc
crystallographic planes of the matrix. Moreover, Cu-poor areas (Cu content is about 10 at.%, Figure 6 i) are
formed close to the Cu-rich grain boundary phase. In agreement with this microstructural description, the
S-XRD diffractogram displays three sets of FCC peaks (Figure 3), whose corresponding lattice parameters
appear to be mainly determined by the enrichment/depletion of large Cu atoms in each phase. Thus, the
phases observed in the samples annealed at 630°C can be summarized as follow: the matrix (central peaks,
duin) = 3.612 A, f = 44.6 %), the Cu-rich discs and Cu-rich grain boundary phase (low-angle peaks, du11) =
3.626 A, f = 26.8 %) and the Cu-poor areas (high-angle peak, du11)= 3.600 A, f = 28.6 %).
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Figure 2: FE-SEM micrographs depicting the microstructure of CoCuFeMnNi alloy (a) in solution-treated and
(b) peak-aged at 630 °C .
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Figure 3: S-XRD patterns of CoCuFeMnNi alloy (a) in solution-treated condition and (b) peak-aged at 630 °C
(magnified views of 8° to 12° showing (111) and (200) reflections).
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Figure 4: ADF-STEM images and EDS line scans obtained from the CoCuFeMnNi alloy in (a - c) solution-
treated (d —i) and peak-aged at 630 °C conditions: (a, b, c) Cu-rich clusters in solution-treated condition; (d,
e, f) Cu-rich rods in the maze-like structure; (g, h, i) grain-boundary phase in peak-aged condition. All ADF-
STEM images show the (100)ecc crystallographic plane.

Similar geometric patterns were observed in other HEAs exhibiting both the FCC [24] and BCC [25,26]
structures. Some works describe these phases as the result of a generic precipitation process [27,28].
Others refer to similar structures as the result of a spinodal decomposition, namely a phase separation
process that does not include a nucleation step but derives from local compositional fluctuations leading to
short-range diffusion and atomic clustering [29]. As a consequence, the two product phases usually show
the same crystal structure and are only differentiated by chemical composition, with no distinct interface.
Such characteristics could apply to the Cu-rich round clusters, which were found in solution-treated

CoCuFeMnNi (Figure 4 a, b), and the mutually orthogonal Cu-rich discs detected in peak-aged samples



(Figure 4 d, e). Periodic compositional fluctuations, mainly consisting of Cu-enrichment and Fe-, Co-
depletion, full structural coherency, and faint interfaces were indeed observed in such phases.
Nevertheless, the presently available results cannot provide full confidence in discriminating between
precipitation and spinodal transformations: further investigations, e.g. by means of atom probe
tomography or small angle scattering (SAXS), could be useful to confirm the process leading to the
formation of Cu-rich phases [30]. In particular, copper precipitation has been reported in several steels and
HEAs [31], whereas spinodal decomposition through local compositional fluctuations and short-range
diffusion was shown to take place even in concentrated FCC Fe - 50% Cu alloys obtained by mechanical
alloying [32,33]. The decomposition of the supersaturated solid solution, taking place by spinodal
decomposition or precipitation, is likely accompanied by stresses arising from the local variation of lattice
parameter with composition [34], which likely favour the formation of the maze-like structure after ageing

treatment [35].

As far as solution-treated samples are concerned, it shall be noted that CALPHAD simulation actually
predicts the existence of a single FCC phase at 1000 °C. The existence of an evident phase separation is
nevertheless evident and leads to the question whether such decomposition took place during holding at
high temperature, upon quenching or, lastly, during ambient temperature storage as a sort of natural
ageing. Previous works showed that spinodal decomposition can indeed take place in several materials,
including both steels and HEAs, during rapid cooling from high temperature [36—38] and natural [39,40] and
artificial [36,41] ageing. In both the solution-treated and peak-aged conditions, Cu atoms appear to be
extremely prone to segregate from the disordered matrix. This tendency has been observed in other HEAs
[31,42,43] and it is related to the large and positive mixing enthalpy, characterizing the interaction between
Cu and other alloying elements (6 KJ/mol vs. Co, 13 KJ/mol vs. Fe, 4 KJ/mol vs. Mn and Ni [44]). It has also
been reported that Cu segregation allows to minimize lattice strain energy in the considered alloy [14].
Therefore, it can be concluded that all the Cu-rich phases detected in peak-aged samples are actually the
same phase originating from the unstable solid solution because of Cu tendency to segregate, and coincide
with the Cu-rich FCC2 phase predicted by CALPHAD simulation and with the y phase described in [12]. It
shall be noted that ageing treatments at 530 °C and 580 °C would likely result in similar phase
compositions, apart from the formation of a BCC phase after annealing at 530 °C. Indeed, as CALPHAD
simulation predicts the stability of the Cu-rich FCC2 phase at both 530 °C and 580 °C, it is reasonable to
expect that a decomposition of the supersaturated solid solution would result in a phase separation leading

to the intercalation of Cu-rich and Cu-poor areas.

The effect of microstructural evolution on mechanical behaviour of the considered alloys was investigated
through tensile tests at both ambient (25 °C) and cryogenic (-70 °C) temperatures. Representative stress —

strain curves of the solution-treated and peak-aged alloy are depicted in Figure 5. At ambient temperature,



the ageing treatment causes an increase in the yield strength (YS) from 208 + 4 MPa to 398 + 7 MPa and
ultimate tensile strength (UTS) from 516 + 9 MPa to 642 + 5 MPa. Conversely, fracture elongation (&) was
reduced from 28.3 £ 0.1 % to 18.5 £ 0.3 %. Differently from the typical behaviour of conventional alloys,
lower temperature resulted in an improvement in both the strength (YS =300 + 10 MPa and UTS = 635 + 15
MPa) and ductility (gr = 31.2 £ 0,2 %) of the solution-treated alloy. Similarly, aged samples showed larger YS
(449 + 12 MPa), UTS (771 £ 17 MPa) and &¢ (20.3 £ 0.3 %) at cryogenic temperature. These results show that
the controlled ageing treatment can strongly improve the alloy’s mechanical resistance, as yield strength
shows an increase of almost 100 % with respect to the solution-treated condition. Indeed, it has been
shown in previous works [45,46] that similar intercalated microstructures can positively affect material
strength: the resulting lattice misfit generates a continuous modulation of local stress fields and elastic

properties, which hinder the motion of dislocations [47].
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Figure 5: Representative engineering stress — strain curves at room temperature and -70 °C of the
CoCuFeMnNi alloy in the solution-treated and peak-aged at 630 °C conditions.

It is of particular interest that both mechanical resistance and ductility are improved at cryogenic

temperature. While the improvement in strength is related to the increase of critical resolved shear stress,



which is frequently observed at low temperature in most of structural alloys [48], the improved ductility

may be related to the activation of different deformation mechanisms. In order to try and shed light on this
. , d
aspect, the strain hardening parameter © was computed as © = a_Z' where o and € are true stress and true

strain, respectively. The obtained curves of strain hardening as a function of the plastic strain and
deformation temperature are depicted in Figure 6. Similar trends characterize all the studied conditions:
after a fast decay during initial plastic deformation (Stage 1) a softer decrease takes place until Considére’s
criterion (@ = o) is met, confirming that uniform elongation of the sample and localized necking take place
before failure. The latter section is usually referred to as Stage Ill and is typical of alloys displaying a high
stacking fault energy, such as aluminium or copper. Conversely, the intermediate presence of the so-called
Stage |l, characterized by a broad O peak, would indicate the activation of some peculiar deformation
mechanism, including twinning and transformation induced plasticity [49]. In fact, it has been reported that
twinning is frequently activated in FCC HEAs during deformation at low temperatures and allows to sustain
elevated strain-hardening and accommodate large deformation [50]. Therefore, the absence of Stage Il
during the deformation of the present alloy may suggest that plasticity takes place by dislocation slip only,
at both ambient and cryogenic temperatures. The present findings are in good agreement with those of
Tazuddin et al. [10], who analysed the deformation behaviour of an homogenized CoCuFeMnNi alloy at
room temperature and concluded that plasticity is mainly related to conventional octahedral slip. Similar
conclusions were drawn by Shim and co-workers [14], who observed the formation of numerous grain-sized
slip bands in deformed samples and suggested that Cu may raise the alloy’s stacking fault energy with
respect to other HEAs, such as the Cantor alloy. In full agreement with such results, we have observed
deformation bands throughout solution-treated and peak-aged samples deformed at both ambient and
cryogenic temperatures (Figure 7). Conversely, no deformation twin was found at this length scale.
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Figure 6: true stress-strain and strain hardening rate curves at room temperature and -70 °C of the

CoCuFeMnNi alloy in the solution-treated and peak-aged at 630 °C conditions.



Figure 7: optical micrographs depicting deformation bands morphology in solution-treated (a, b) and peak-
aged at 630 °C (c, d) samples tested at room temperature (a, c) and -70 °C (b, d).

4. Conclusions

To conclude, the present work shows that the inherent metastability of Cu-containing HEAs can be used to
improve their mechanical behaviour through optimized thermal treatments, able to stimulate the
formation of nanostructured and coherent second phases. Such phases create a continuous modulation of
local composition and lattice parameters, which improve the alloy’s strength. This is allowed by the
presence of Cu, which shows higher atomic radius, lower shear modulus and a strong tendency to
segregation. In particular, rounded Cu-rich clusters are detected in the solution-treated alloy. Conversely,
regularly oriented, coherent, Cu-rich nanometric discs characterize the peak-aged condition and cause
improved hardening of the alloy. Mechanical behaviour at low temperature is characterized by
simultaneous enhancement of strength and ductility; plastic deformation appears to be based on

dislocation slip, regardless of the testing temperature.
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