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Abstract

Strengthening mechanisms, which are commonly exploited by conventional alloys, can be effectively
incorporated in high entropy alloys (HEAs) to improve their mechanical behaviour. In this light, compositional
modification of equiatomic HEAs can be pursued in order to obtain specific microstructural features. Herein,
a face centred cubic CoCuFeMnNi alloy was modified by the addition of a proper amount of Ti; a dedicated
thermal treatment allowed to concurrently activate two different phase formation mechanisms, i.e.
precipitation and spinodal decomposition. This resulted in a nanostructured microstructure, characterized
by the presence of periodic modulations of Cu content and by nanosized coherent L1, NisTi precipitates. Such
microstructure resulted in a more than 100 % increase of yield strength after ageing treatment and allowed
to retain a satisfactory ductility. Advanced microstructural characterization, coupled with the application of
semi-empirical models allowed to understand the role of each microstructural feature in determining the

alloy’s mechanical strength.
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1. Introduction
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In recent years the search for new metallic alloys has been incredibly boosted by the introduction of the
concept of high entropy alloys (HEAs). After the seminal works by Cantor [1] and Yeh [2], the development
of such alloys has been initially driven by the search for stable and crystallographically simple solid solutions.
Nevertheless, the search for improved mechanical properties led soon enough to the idea of extending the
well-known strengthening mechanisms, which are commonly exploited in conventional alloys, to HEAs, too
[3]. As a consequence, a mechanistic approach has emerged in the design of new compositions: HEAs are
designed from scratch or, more frequently, obtained by modification of pre-existing systems to obtain
specific microstructural features. Strictly equiatomic compositions have been abandoned and chemical
compositions are finely tailored in order to meet specific goals, such as the activation of twining- or
transformation-induced plasticity (TWIP / TRIP [4]), the formation of eutectic structures [5] or to exploit
specific strengthening mechanisms [6]. In this regard, strengthening has been pursued through grain
refinement [7], plastic deformation [8], precipitation [9], spinodal decomposition [10,11] and formation of
interstitial solid solutions [12,13]. The resulting alloys, which are based on multiple elements in considerable
amounts and are characterized by complex microstructures, are frequently referred to by the broader

complex concentrated alloy (CCAs) definition [14].

Recently, the authors of the present work explored the microstructural evolution of an equiatomic, face
centred cubic (FCC) CoCuFeMnNi alloy during dedicated thermal treatments, obtaining a 100 % increase of
strength upon ageing [15]. Such improvement of the mechanical resistance was related to the emergence of
a maze-like structure, consisting of intercalated, coherent Cu-rich and Cu-poor discs and likely deriving from

a spinodal decomposition process.

In this view, it might be of interest to modify the CoCuFeMnNi alloy, so as to induce the formation of suitable
precipitates, which might cooperate with the structure resulting from spinodal decomposition in further
improving the alloy’s mechanical behaviour. Indeed, the formation of nanometric precipitates has been
found to be particularly effective and to produce outstanding strengthening in several HEAs based on
transition metals: among others, Al-, Ti- and Mo-based precipitates have been frequently pursued [16-18].
Among such dopants, Ti appears to be particularly interesting, as it is a common alloying element in
numerous well-known alloys. In particular, Ti, in the presence of Ni, gives rise to the NisTi phase, whose most
stable form assumes an hexagonal crystal structure (D0O,4 strukturbericht, space group P63/mmc), presenting
a stacking sequence intermediate between FCC and HCP [19]. Both marageing steels and Ni-based alloys are
commonly strengthened by the presence of NisTi phase. Heat-resistant Ni-based alloys are frequently
characterized, in their service state, by a composite structure composed of a disordered FCC matrix phase (y)
and a coherent cuboidal precipitate with FCC stacking (y’), which presents an ordered L1, structure (Pm-3m)

and a composition close to NisX, where X can be Al or Ti, depending on the relative availability of alloying
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elements [20]. Marageing steels are strengthened by the precipitation of several phases, including among
others the NisTi, which mainly forms within the martensitic (BCC) parent phase [21]. NisTi, usually called n
phase in the context of steels, has been reported to undergo several transformations during different heat
treatment stages, moving from the initial formation of Ni,Ti-rich clusters to ordered FCC zones and finally

leading to the precipitation of stable particles with hexagonal symmetry [22,23].

As far as HEAs are concerned, the possibility of obtaining Ti-based precipitates has attracted considerable
interest in recent years, too. Among others, CoFeNi and CoCrFeNi alloys were modified in several works
through the addition of selected amounts of Ti and, frequently, Al, usually in the 4 at.% - 8 at.% range. Such
modifications resulted in the formation of a large amount of intermetallic precipitates ascribable to the
Nis(Al,Ti) composition, with other elements frequently occupying the Ni lattice positions [24]. The obtained
precipitates were able to produce an evident increase of mechanical resistance [25], which could sometimes
exceed 1 GPa. Concurrently, the presence of ordered precipitates was shown to affect the plastic
deformation of the addressed alloys: at high precipitate density the resolved shear stress for twin formation
was found to be increased, thus giving rise to a purely shear band - dominated deformation [18,26]. It may
be appreciated that, also because of the considerable high amount of Ti added to the selected alloys, the
mentioned works report the formation of relatively large ordered nanoprecipitates (up to 50 nm), which may
directly interact with dislocations through the shearing mechanism [26,27], whereas the possibility of
obtaining extremely fine precipitates, acting through coherency, modulus mismatch and order

strengthening, has been addressed to a lesser degree.

In this view, the present work aims at modifying an equiatomic CoCuFeMnNi HEA through the addition of a
limited amount of Ti to exploit the superposition of the strengthening effects arising from the Cu-related
phase separation and the formation of coherent, possibly extremely fine NisTi precipitates. A suitable fraction
of Ti to be added and a proper heat treatment schedule were designed on the basis of CALPHAD simulations.
The alloy’s microstructure was investigated by means of multiple analysis techniques, showing that both
spinodal decomposition and precipitation did indeed take place. The fairly complex nanostructuring was
therefore directly related to the improvement of mechanical properties thanks to the application of

dedicated semi-empirical models.
2. Materials and methods

Two alloys, namely the equiatomic CoCuFeMnNi and the modified CoCuFeMnNiTio13, were produced by
vacuum arc remelting (VAR, mod. Leybold LK 6/45) of pure raw materials under low pressure Ar atmosphere.

Designed and experimentally verified compositions are reported in Table 1.

Table 1. Designed and measured chemical compositions (at.%) of the CoCuFeMnNi and CoCuFeMnNiTio.13

alloys.
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Co Cu Fe Mn Ni Ti

Designed composition 20.0 20.0 20.0 20.0 20.0 -
CoCuFeMnNi

Actual composition 19.7 20.2 19.8 20.1 20.2 -

Designed composition 19.5 19.5 19.5 19.5 19.5 2.5
CoCuFeMnNiTio.13

Actual composition 19.6 19.4 19.5 194 19.7 2.4

The obtained buttons were remelted 6 times inside a water-cooled copper crucible to ensure compositional
homogeneity. Thereafter, the alloy was cold pressed to improve its workability and finally cold rolled down
to 1 mm - thick sheet (80 % cold work). The rolled samples were then solution-treated under Ar atmosphere
at 1000 °C for 1 h and quenched in water at ambient temperature (25 °C), to ensure dissolution of second
phases and proper recrystallization of the heavily deformed cold worked sheets [28]. Finally, ageing
treatments were performed for different durations and at 530 °C, 580 °C and 630 °C. Such temperatures were
selected on the basis of the phase stability diagrams calculated by means of Thermocalc (TCHEA4 database)

software.

Differential thermal analysis (DTA) was performed on solution-treated samples by a DTA equipment (mod.

TA Instruments Q600) in the [100 °C, 1100 °C] temperature range.

Microstructural characterization of samples was performed through different techniques. The crystalline
structure of the alloy was investigated by synchrotron-based X-ray diffraction (S-XRD). High resolution
Synchrotron Diffraction data were collected at 25°C at the 1D22 beamline of the ESRF, in Grenoble, in
transmission geometry at incident wavelength A = 0.3545 A (about 35 keV). The signal was recorded with a
2D Eiger detector, positioned behind the crystal analysers [29]. 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, still improving random grain orientation. To this purpose, the specimens were
rotated during acquisition. The diffraction signal was recorded to get full statistics in the 20 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
transmission electron microscopy analysis using standard routes as indicated in Ref. [15]. Finally, the
structure of the specimens down to atomic scale was investigated by aberration corrected scanning
transmission electron microscopy (ac-STEM) using a JEOL ARM-200F operated at 200 keV, equipped with an

energy-dispersive x-ray (EDX) spectrometer.
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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). Tensile samples

were obtained from rolled sheets, with their main axis lying parallel to the rolling direction.

3. Alloy design

In the present study, the addition of Ti as alloying element in the CoCuFeMnNi alloy was explored. Therefore,
a numerical approach based on CALPHAD method was undertaken to explore the possibility of introducing
Ti as a secondary alloying element in the CoCuFeMnNi alloy and verify the actual formation of strengthening
phases. Figure 1 a reports the pseudo-binary phase diagram for the (CoCuFeMnNi) - Ti system: it is evident
that Ti has a relatively limited solubility in the disordered FCC phase at high temperature (about 5 at.% at
1300 K) and that such solubility steeply decreases at lower temperatures, opening to the possibility of
inducing precipitation of reinforcing phases from a supersaturated parent phase. It is also evident that the
addition of Ti exceeding 3 at.% would lead to the formation of an increasing amount of intermetallic, likely
brittle phases at low temperature, which could degrade the mechanical performance of the designed alloy.
In this light, a safety factor of 0.5 at.% was considered and, as a result, an addition of 2.5 at.% Ti was selected
for further numerical analysis and experimental investigation. The equilibrium step diagrams for the selected
alloy (CoCuFeMnNiTig.13) and its lean counterpart are reported in Figure 1a,b: the evolution of phase fractions
in CoCuFeMnNi alloy is quite similar to those reported by previous works [28], although it shows the presence
of more phases than in graphs elaborated with older Thermocalc databases [30]. According to the
computation results, the alloy microstructure is expected to be dominated by a single disordered FCC phase
at relatively high temperature (above 800 °C), whereas a second disordered FCC phase and a BCC one appear
at lower temperatures. A second BCC and a tetragonal phase with prototype MnNi crystal structure (L1,
strukturbericht, space group P4/mmm) are also predicted [31], but these phases have not been observed in
any of the experimental works reported in literature. The CoCuFeMnNiTig 13 alloy, in turn, is expected to be
characterized by the same two FCC and BCC phases. Besides these phases, the formation of HCP NisTi phase
below 753 °C is predicted. These preliminary simulations confirm that the possibility to exploit the
precipitation of secondary phases by decomposition of a parent phase is feasible. The presence of single
phase fields at high temperature and the emergence of secondary phases at lower temperature suggests that
a thermal treatment based on solution treatment, quenching and ageing could induce satisfactory
precipitation hardening. Realistic and desirable candidates for precipitation include the secondary Cu-rich

FCC phase, the Fe,Co-rich BCC described by MacDonald et al. [28] and the NisTi phase.
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Figure 1. Pseudo-binary phase diagram of the (CoCuFeMnNi) — Ti alloy system (a); equilibrium step diagrams
of the CoCuFeMnNi (b) and CoCuFeMnNiTio 13 (c) alloys.

4. Experimental results
4.1 Definition of a suitable thermal treatment route

DTA and preliminary ageing tests were performed in order to understand whether precipitation hardening
could actually take place in the alloys, if subjected to proper thermal treatments. Thermal analysis results
(Figure 2) reveal both similarities and differences between the two alloys. As far as CoCuFeMnNi alloy is
concerned, a first broad and quite shallow exothermic peak (named as B in the figure) was identified with its
maximum lying at 540 °C, whereas two endothermic peaks (C at about 670 °C and D at about 870 °C) were
found at higher temperature. According to Sonkusare et al. [30] peaks C and D can be attributed to the
dissolution of a Fe,Co-rich BCC phase and a Cu-rich FCC one, respectively, whereas peak B has not been
described in previous works. However, it is most likely related to the formation of Cu-rich phases, as

suggested by Lin and Tsai for a comparable FeCoNiCrCugs alloy [32]. The Ti-modified alloy presents similar
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peak sequence in the higher temperature range (peaks B’, C' and D’), which may very well correspond to
those identified in the base alloy. On the other hand, an additional exothermic peak (peak A’) is located at
360 °C and, conversely, the endothermic peak C' (now lying at 690 °C) appears to be larger than the
corresponding peak C. Indeed, the phase stability field predicted by CALPHAD simulation for the NisTi phase
(330 °C—750 °C) roughly corresponds to the range defined by the exothermic peak A’ and the endothermic
one C’, thus suggesting that these peaks may be related to the precipitation and dissolution of the NisTi
phase. As a further confirmation of the possibility of exploiting precipitation hardening in the alloys at hand,
solution-treated samples were aged for 2 h at temperatures in the 380 °C — 780 °C range. As shown in Figure
2 b, hardening took place in both the alloys at all the explored temperatures. It is interesting to notice that
the hardness of the Ti-containing alloy shows a strong deviation from the overall trend, namely a 115 HV
drop, after treatment at 680 °C. As this temperature closely matches that of the endothermic peak C’, this
observation further supports the attribution of peaks A’ and C’ to the precipitation and dissolution of a
reinforcing phase, likely the NisTi foreseen by CALPHAD simulation. Based on these preliminary analyses, the
530 °C — 630 °C temperature range was chosen for further studies, as it appears able to induce maximum

hardening for both the base and the Ti-bearing alloys.
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Figure 2. (a) DTA thermogram of CoCuFeMnNi and CoCuFeMnNiTio13 alloys; (b) hardness evolution as
function of ageing temperature of the two alloys (ageing time of 2 hr). Dotted lines indicate the hardness of

solution-treated samples.

Thus, isothermal ageing treatments on cold worked and solution-treated samples of both alloys were
performed at 530 °C, 580 °C and 630 °C. The hardness values as function of ageing time are collected in Figure
3. The CoCuFeMnNi alloy shows an almost constant behaviour during ageing at 630 °C and 580 °C, both in
terms of hardening magnitude and dependency on treatment duration: the trend is characterized by an initial
steep hardness increase, from 140.5 HV to 228.8 HV (after 45 min at 630 °C). Thereafter, a much shallower

increase up to the maximum (246.2 HV after 6 h at 630 °C) takes place and, finally, this hardening level is
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roughly maintained up to 24 h, with no evident indication of overageing in the tested range of time. Only at
the lowest temperature (530 °C) some evidence of a two-step hardening process is noticeable, probably
related to the formation of the Fe-, Co-rich BCC phase [15,28]. As shown in Figure 3 b, the addition of Ti to
the alloy induces a rather different ageing behaviour. Indeed, it can be appreciated that, according to the
results reported in Figure 2 b, a more significant hardening is obtained through ageing treatments performed
at the three selected temperatures. The maximum hardness increase (from 154.1 HV to 334.5 HV) was
reached by aging the solution-treated sample for 6 h at 630 °C. Moreover, the hardening process appears to
be much more temperature-dependant, as both the obtained absolute hardening and its response to
treatment time change considerably at different temperatures. In particular, the initial hardness increase
becomes steeper as the treatment temperature increases and, more importantly, the obtained hardening is
much larger with respect to the unmodified alloy. This further confirms that the addition of Ti was able to
activate a secondary precipitation process, which is likely based on the NisTi phase. Again, at all
temperatures, no sign of overageing can be detected. Considering these preliminary trials, samples of the
two alloys aged at 630 °C for 6 h were selected for further microstructural and mechanical analyses and for

comparison with the corresponding solution-treated condition.
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Figure 3. Ageing curves of CoCuFeMnNi (a) and CoCuFeMnNiTio 13 (b) alloys collected on isothermal holding
at 530 °C, 580 °C and 630 °C.

4.2 Microstructural evolution

The evolution of microstructure was investigated at multiple scales to understand the nature of phases in
solution-treated and peak-aged alloys and their influence on the mechanical behaviour. The observed

microstructures were compared to those of the CoCuFeMnNi alloy, which were described in a previous work
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by the authors: the reader is kindly asked to refer to ref. [15] for direct comparison of microstructural
features of CoCuFeMnNi and CoCuFeMnNiTig 13 alloys. Figures 4 and 5 show the results of the FE-SEM, S-XRD

and ac-STEM analyses.

The microstructure of the solution-treated CoCuFeMnNiTig 13 alloy consists of equiaxed grains (20.2 um on
average in size, see Figure S1 in supporting material), featuring faint contrast variations in their interior
(Figure 4a). Such structures were also observed by ac-STEM (Figure 4c,d). In particular, the bright globular
areas, featuring a size of approximately 10 nm, exhibit coherent interfaces with respect to the surrounding
matrix and are indeed defined by their composition. As shown in Figure 4 e, the particles are characterised
by an evident Cu enrichment and depletion in Fe and Co, giving rise to a periodic modulation of the local
composition throughout the matrix. A much lower variation of the local amount of Ti was also detected. XRD
analysis shows that the alloy consists of a single FCC phase, Fm-3m, characterized by a cell parameter a =
3.62394(1) A. A Le Bail fit is shown in Fig 2a. No evidence of peak splitting (see highlight on 200 reflection)
nor superstructure peaks is observed. Such a result confirms that, similarly to the CoCuFeMnNi alloy, the

local compositional variations do not affect the long range ordering.

The ageing treatment at 630 °C after solution annealing induced the appearance of a maze-like structure in
the interior of grains and some elongated second phases lying along grain boundaries. The ac-STEM results
displayed in Figure 5 reveal that the maze-like structure is composed of intercalated, coherent, Cu-rich and
Cu-poor layers. Indeed, Cu-rich areas take the shape of ~15 nm-thick, mutually orthogonal discs lying on the
{100}¢cc planes of the matrix. The grain-boundary phase is also rich in Cu and coherent to the matrix. A limited
amount of Ti was found to segregate along grain boundaries. S-XRD (Figure 5b) reveals the formation of new
satellite peaks around those of the FCC matrix phase, which has lattice parameter 3.617(X)A and sharp
signals. The high angle signals show that any original FCC peak has more contributions. The full pattern was
modelled considering more disordered FCC phases (Fm-3m), with different lattice parameter, spanning from
3.596 to 3.633 A, likely reflecting different chemical compositions. An example of Le Bail fit of the first five
reflections is shown in Fig. 5 b, with the 200 reflection magnified in the panel. The satellite peaks (consistent
with lattice parameters 3.633 and 3.606 A) are broader than that of the matrix, likely suggesting a limited
domain coherence, consistent with the AR-STEM analysis. Thus, the pattern is consistent with the formation
of secondary phases having the same structure of the matrix, but different chemical composition, which

reflects on a different lattice parameter.
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Figure 5. Results of microstructural characterization of the CoCuFeMnNiTiq 13 alloy, aged at 630 °C for 6 h: (a)
FE-SEM micrograph, (b) S-XRD pattern with a magnification of (200) reflection; (c) and (d) ADF-STEM images
of the maze-like structure obtained close to [110] zone axis, (e) EDX line scan obtained across the matrix; (f)

and (g) ADF-STEM images acquired from a grain, (h) EDX line scan obtained across the grain boundary shown

in (g).

A deeper study of ADF-STEM results, based on the analysis of Fast Fourier Transform (FFT) patterns extracted
from the obtained images, was conducted. Figure 6 reports a magnified micrograph of the CoCuFeMnNiTig.13
alloy in peak-aged condition and the related FFT pattern. In fact, Figure 6 a shows some fine rounded areas,
about 3 nm in diameter, characterized by different contrast and the FFT pattern presents a relatively complex

overlay of different patterns. Besides the larger spots, which are related to the previously described FCC
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phases (yellow circles, zone axis close to [110] direction), a second set of spots emerges (red circles). Such

spots belong to an ordered phase based on the same FCC stacking observed along [112] zone axis. This second
set of reflections features a distance between adjacent spots which is % of the spacing characterizing the

matrix, thus suggesting that a reduction in symmetry and an expansion of the unit cell took place with respect
to the matrix [33]: the matrix displays an average unit cell parameter of 3.55 A (close to the value measured
by S-XRD), while the second set of fainter reflections refers to a unit cell of 7.07 A., with a reduced lattice
parameter close to that of the matrix. These features lead to the conclusion that the red-circled spots are
superlattice reflections, belonging to an L1, structure [25,34—-36], i.e. consistent with the ordering of the
original FCC cell leading to Pm-3m space group. Apparently, such superlattice presents a definite orientation
relationship with the matrix, as {111}superiatice planes are parallel to {111}marix planes. Evidence of
superstructure reflections were not revealed from S-XRD. This is likely due to the low relative intensities of
superstructure peaks, which become problematic to resolve from the background when characteristic of
secondary phases. In addition, the growth of low symmetry domains leads often to the formation of
antiphase boundaries with consequent broadening of superstructure peaks, which become more arduous to

resolve from background [37,38].

Figure 6. ADF-STEM image obtained close to [110] zone axis (a) and related FFT pattern (b) of the
CoCuFeMnNiTio.13 alloy peak-aged at 630 °C.

4.3 Mechanical properties

The influence of microstructural evolution on the mechanical behaviour of the considered alloys was
explored through tensile tests at both ambient temperature (25 °C) and at — 70 °C: in particular, solution-
treated and peak-aged samples were considered. An overview of the stress — strain curves obtained at
ambient and cryogenic temperatures is depicted in Figure 7 a and b, respectively. The corresponding yield

strength (YS), ultimate tensile strength (UTS) and elongation to failure (&) values are reported in Table 2. It
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may be immediately appreciated that, coherently with the results of hardness tests, the addition of Ti
induced a significant increment of mechanical resistance in both the solution-treated (+ 29 %) and peak-aged
(+ 47 %) conditions, also confirming that ageing is more effective in the Ti-bearing alloy. Conversely, no
reduction of ductility was induced by the presence of Ti. At -70 °C, the lean CoCuFeMnNi alloy shows an
improvement of both strength and ductility. Conversely, the Ti-modified alloy shows an improvement of low
temperature strength in the peak-aged condition, whereas no such increment is visible for the solution-
treated alloy. As expected, the failure of all tested samples took place in a ductile mode and the resulting
fracture surfaces (see Figure S3) appeared to be decorated by a high number of relatively small dimples:
coherently with the measured € values, solution treated samples displayed the largest dimples. Moreover, it
may be underlined out that no sign of cleavage or intergranular fracture could be observed, not even in peak-
aged samples: this point confirms that the formation of Cu-rich grain boundary phase does not lead to a

weakening of the grain boundaries themselves.
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Figure 7. Engineering stress-strain curve of the CoCuFeMnNi and CoCuFeMnNiTio.13 alloys in the solution-

treated and peak-aged (630 °C) conditions tested at room temperature (a) and at — 70 °C (b).

Table 2: Average yield strength, ultimate tensile strength and elongation to failure values of CoCuFeMnNi

and CoCuFeMnNiTio 13 alloys in solution-treated and peak-aged conditions, tested at room temperature and

at—-70°C
CoCuFeMnNi CoCuFeMnNiTio.13
. Solution-
Solution-treated Peak aged treated Peak aged
YS (MPa) 208 + 4 398+7 269+3 585+6
25°C UTS (MPa) 516+9 642 +5 628 +8 949 + 12
€ (%) 28.3+0.1 18.5+0.3 30.4+0.3 17.7+0.2

-70°C YS (MPa) 300+10 449 + 12 271+9 644 + 8
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5. Discussion

5.1 Phases formation mechanisms

As discussed in a previous paper [15], the process giving rise to Cu-rich clusters in the solution-treated
condition and to Cu-rich maze like structure after ageing bears several distinctive characteristics typical of
the spinodal decomposition, including the formation of periodic compositional fluctuations, same crystal
structure of the resulting phases and coherent interfaces. In this respect, it is well known that the Cu-Fe and
the Co-Cu-Fe phase diagrams, contain a submerged miscibility gap [39,40]. Inside such miscibility gap two
areas can be distinguished: a first one where phase separation takes place by nucleation and growth, and a
second one, where the solid solution becomes unstable against local compositional fluctuations, thus leading
to spinodal decomposition [41]. Therefore, such miscibility gap is likely to trigger the decomposition of the
supersaturated solid solution by either precipitation or spinodal processes. In particular, copper precipitation
has been reported in several steels and HEAs [42], whereas spinodal decomposition through local
compositional fluctuations and short-range diffusion was shown to take place in concentrated FCC Fe — 50 %
Cu alloys obtained by mechanical alloying [43,44]. It should also be underlined that the decomposition
process could not be suppressed by the rapid quenching from solution treatment temperature, as would be
expected for a precipitation process. Finally, spinodal decomposition has also been frequently shown to be
an exothermic phaenomenon [45] and to be generally related to broad and shallow DSC/DTA peaks [46],
similar to those described in Section 4.1: considering the above-reported discussion, it is now possible to

attribute DTA peaks B and B’ in Figure 2 to the process giving rise to Cu-rich disc-shaped phases in both alloys.

The addition of Ti did not significantly alter the decomposition process or the resulting Cu-rich phases. The
most notable effect was a limited segregation of Ti along the interfaces of the Cu-rich clusters in the solution-
treated alloy and at the borders of the Cu-rich grain boundary phase in peak-aged samples. Moreover, an
increase in the lattice parameter from 3.616 A (CoCuFeMnNi) to 3.624 A (CoCuFeMnNiTio.13) was noted in
solution-treated samples. This suggests that dissolved Ti, having a larger atomic radius than all other alloying
elements, does expand the unit cell volume. On the other hand, the ageing treatment would be expected to
induce the precipitation of some Ti-containing phase, as intended in the alloy design phase and as predicted
by CALPHAD simulations. Indeed, the formation of HCP NisTi precipitates was numerically predicted but no
sign of such phase could be observed through microstructural analyses. However, the superlattice spots in

the FFT analysis of peak-aged CoCuFeMnNiTio 13 alloy correspond to those expected in case of precipitation
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of an ordered cubic form with FCC stacking, consistent with L1, strukturbericht type. The fact that these
precipitates are observed only after addition of Ti points towards the formation of L1, NisTi. Unfortunately,
it was not possible to precisely distinguish the areas characterized by such crystal structure: it may be possible
that some of the darker spots visible in Figure 6 are indeed NisTi clusters. Although their composition cannot
be totally confirmed, as their dimension lies below the resolution threshold of the employed EDS probe, the
darker contrast suggests that these areas should contain elements with a smaller atomic number than the
average one, a condition which is fully satisfied by Ti. Moreover, their shape and distribution closely
resembles those of similar Nis(Ti,Al) precipitates, which were detected and described in several HEAs [18,47]
as well as in Ni-based alloys [48] and marageing steels [23]. The recognition of NisTi precipitates is also made
particularly difficult by the fact that the lattice constants of L1, NisTi (3.618 A [49]) and that of the
CoCuFeMnNi matrix (3.617 A) coincide to a large extent: in fact, such coincidence makes it very hard to
distinguish the two phases both by S-XRD and AC-STEM analyses. These precipitates would be usually
expected to rapidly evolve into the thermodynamically stable HCP form, as predicted by CALPHAD simulation:
in the present case, however, they appear to be rather stable, as no evident sign of overageing was found
during ageing tests. The relative stability of the L1, crystalline form of NisTi precipitates might be attributed
to the proposed mechanism of sluggish diffusion, which may characterize HEAs [50]. However, it has been
previously demonstrated that the CoCuFeMnNi alloy does not display any such effect [30] and the retainment
of the cubic structure may therefore be rather attributed to the fact that the coherency relation with the FCC
matrix allows a large reduction in the precipitates’ interfacial energy [51]. Finally, the recognition of the
observed L1, nanometric clusters as NisTi phase is further supported by the results of calorimetric analyses
(Section 4.1): the exothermic peak A’ lies between 280 °C and 420 °C, a temperature range that is related to
the precipitation of hardening intermetallic phases, including NisTi , in maraging steels [52,53]. Moreover,
the endothermic peak C corresponds to the temperature range usually associated to the dissolution of

hardening phases in the above mentioned steels.

5.2 Mechanical behaviour

The role played by each of the observed microstructural features in strengthening the studied alloys at
ambient temperature was evaluated through the implementation of different models. The different
contributions to the total yield strength are collected in Table 3 and Figure 8. Moreover, all the parameters
considered for computation and their origins are reported in the supporting material section, in Tables S1,

S2 and S3.
Yield strength of polycrystalline metallic materials is usually described as the sum of individual contributions:

Oy = Opr + 0gp + Osy + Oss + Osp (1)



369
370
371
372

373

374

375

376

377
378
379
380

381

382

383
384
385
386
387
388

389

390
391

392

393
394

395

396

where ay,. is the intrinsic lattice frictional stress, o¢p is the grain boundary strengthening, agy is the strain
hardening caused by dislocations, ggs is the solid solution strengthening and osp is the second-phase
strengthening. o, is considered constant in all the considered conditions (34 MPa); similarly, agy is

neglected, as no dislocation was observed during ac-STEM analyses.

Grain boundary strengthening

The contribution to strength given by grain boundaries is expressed by the well-known Hall-Petch relation:

1
Ogg = I(d_E (2)

where K is the Hall-Petch constant and d is the grain size. Since the grain size was very limitedly affected by
both the alloy composition and the applied thermal treatment, this contribution resulted to be fairly constant
in all the considered conditions (46.8 MPa for CoCuFeMnNi alloy and 46.7 MPa for CoCuFeMnNiTio 13 alloy,

regardless of the thermal treatment condition)

Solid solution strengthening

In the base alloy, ogs was computed by subtracting the contribution of other mechanisms from the total gy,
as no straight-forward model for computing such contribution in HEAs exists [54,55]: as expected, results
show that this contribution is more significative in solution-treated condition (56.5 MPa) than after ageing
treatment (29.5 MPa). As far as the Ti-modified alloy is concerned, the contribution of the doping element
to the alloy’s strength may be evaluated through a common substitutional solid solution model, according

to the following expression [56]:

3
Gric’er;2
700

(3)

Oss(riy = M

where M is the Taylor factor, Gri is the shear modulus of Ti, c is its concentration and &y is an interaction

parameter describing the change of the alloy’s lattice parameter a as a function of Ti concentration (&r; =

d . . . . .
%d—i). Computations show that the lattice strain caused by the presence of the larger Ti atoms results in

strength contribution of about 31.6 MPa, which agrees well with available literature results [56]. Finally, it is

worth highlighting that this contribution was assumed to be negligible after ageing treatment.

Second phase strengthening
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The strengthening caused by second phases can be described in different ways, depending on the nature and
the main characteristics of such phases. In particular, different models have to be applied in the current
study, as phases supposedly resulting from both spinodal decomposition (Cu-rich clusters in solution treated
samples and maze-like discs in peak-aged samples) and proper precipitation (NisTi precipitates in peak-aged

Ti-containing alloy) were found.

Strengthening through spinodal decomposition has been addressed over the years by several works: the
models, which have been proposed, are admirably collected and discussed in [57]. Among the available
descriptions, those proposed by Kato appear to have drawn considerable appreciation and have been
successfully applied to HEAs [58]. Two contributions to strength are considered in such models, namely the
modulations of lattice strain and elastic modulus. In [59] Kato examined FCC spinodal alloys, characterized
by a limited amplitude of compositional variations. He concluded that the elastic modulus modulation could
be neglected because of the small variation of local composition, whereas the lattice strain modulation
played a pivotal role. The resulting strengthening was demonstrated to be independent of the modulation’s
wavelength. Conversely, in [60] the same effect in BCC alloys was shown to stem from both contributions:
the strain component was still found to be wavelength — independent, whereas the modulus contribution
was not. As the large modulation of Cu content in the present alloys may lead to a substantial variation of
elastic properties, both lattice strain (o) and modulus (om) contributions will be considered in the present

work, according to the following equation:

Osp = 0, + 0y = T +0.65°22 (4)

where A is the amplitude of the compositional modulation, € is the lattice mismatch parameter describing

. . . 1d .
the change of the local lattice parameter a as a function of composition (& = Zd—z), Y depends on the elastic

(C11—C12)(€C11+2Cq3)
C11

constants C; and for {100} modulations can be computed as Y = , AG is the difference in

shear moduli induced by compositional fluctuations , b is Burger’s vector and A is the wavelength of the
modulation. The rounded clusters detected in solution treated samples are characterized by an evident Cu
enrichment but by no change in lattice parameter with respect to the matrix; on the contrary, in the peak-
aged condition the discs composing the maze-like structure display differences in both composition and
lattice parameter. Therefore, the second term only (om) shall be considered in solution treated condition,
whereas both mechanisms (o, and owm) are activated by ageing treatment. Computations show that the two
alloys are strengthened to similar extents by the phases resulting from spinodal decomposition processes. In
particular, a somehow greater effect is caused in the Ti-modified alloy by the slightly larger amplitude of
compositional modulation and by the partial segregation of Ti inside Cu-rich clusters / discs, which is
connected to an increased variation of local modulus and lattice parameter. Finally, it shall be underlined

that, if models usually applied to precipitation strengthening were to be applied to the present phases,
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strength values largely exceeding the experimental ones would be found. This point may represent a further
hint supporting the claim that the origin of the Cu-rich second phases lies in a spinodal decomposition

process.

As far as precipitation hardening is concerned, several models have been proposed, too. In particular, a
dislocation by-pass mechanism (Orowan strengthening) is predominant if precipitates are relatively large and
incoherent with respect to the matrix; whereas lattice distortion and chemical hardening effects shall be
considered if precipitates are small and coherent. The strength contribution provided by Orowan by-pass

mechanism is given by the following equation:

0.4Gb ln(%)

Oor =M 7= (5)

Where d is the average precipitate diameter and A is the interparticle spacing. The dependence on d shown
by Equation 5, as well as available literature data [27], indicate that this mechanism becomes relevant only
if the diameter of precipitates exceeds 200 nm. In this light, and considering the microstructure shown by
the CoCuFeMnNiTig 13 alloy, it may be safely assumed that Orowan strengthening may be neglected. NisTi
precipitates are both extremely fine and fully coherent to the matrix: therefore, contributions from
coherency (oc), modulus mismatch (omm) and order strengthening (oo) shall be considered, depending on
dislocations actually shearing precipitates or not [61]. The former two effects contribute to strength before
shearing, whereas the latter one acts during shearing: as a consequence, the larger between o, + o5 and
0o shall be considered as the overall strength contribution provided by coherent precipitates. Such

contributions can be computed by the following equations:

oc = Mag(GsC)% (%)% (6)
G = M 0.0055(AG)z (%)% (2"’—b)37m_1 (7)
0o = M 0.81 YZ—Z”(%)% (8)

. 2Aa . . . . . .
Where a. is 2.6 for FCC metals; ¢, = gza is the constrained lattice parameter, with Aa being the difference

in lattice parameter between the NisTi precipitate and the FCC matrix; d and f are the precipitate’s diameter
and volume fraction, respectively; AG is the difference in shear moduli between the matrix and the
precipitate; m = 0.85; y4p)p is the anti-phase boundary energy of the precipitates. The computed values, which
are reported in Table 3, suggest that NisTi precipitates mainly strengthen the alloy before being sheared by
dislocation, since oy < o + oy - Moreover, the contribution of o, (1.3 MPa) is negligible with respect to

oym (133.8 MPa): such result stems from the almost zero difference in lattice parameter between the
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precipitate and the matrix and, conversely, from the relevant change in elastic modulus between the two
phases. The present computation may overestimate the strength contribution of NisTi precipitates: in fact
the equilibrium volume fraction for such phase, derived from CALPHAD simulation, was used. The actual
amount of formed precipitates is likely lower, but the use of the equilibrium fraction may still represent a
sensible assumption. Indeed, hardness curves collected on prolonged ageing at 630 °C (up to 4 days, Figure

S2) show a very stable plateau from 6 h onwards.

The results of the reported computations are summed and visually collected in Figure 8. Since the generic
solid solution strengthening is computed as the difference between experimental strength values and the
sum of all other contributions, the computed overall strength values obviously fit the experimental ones for
the CoCuFeMnNi alloy. On the other hand, it is remarkable that an extremely good agreement is found
between theoretical and experimental values in the case of the CoCuFeMnNiTig.13 alloy, too. The present
analysis shows that the dominant strengthening contribution is given by the spinodal decomposition,
modulus-related strengthening in solution-treated alloys. After ageing treatment, the lattice strain induced
by Cu-rich discs becomes the main contribution in both alloys but is effectively backed by the modulus
mismatch strengthening related to the formation of NisTi precipitates. Indeed, such results confirm that the
observed second phases mainly influence dislocation motion at long range through the continuous

modaulation of local lattice strain and elastic properties, rather than by being properly sheared [62].

Table 3. Theoretical contributions of the discussed strengthening mechanisms in CoCuFeMnNi and

CoCuFeMnNiTig 13 alloys in solution-treated and peak-aged conditions.

Mechanism (MPa) CoCuFeMnNi CoCuFeMnNiTig 13
Solution- Peak- Solution- Peak-
treated aged treated aged
Frictional stress 34.0 34.0 34.0 34.0
Hall-Petch strengthening 46.8 46.8 46.7 46.7
Solid solution strengthening 56.5 29.5 56.5 29.5
Solid solution strengthening- Ti - - 31.6 0
. Lattice strain 0 248.6 0 290.2
Spinodal contribution
strengthening Modulus 70.3 39.7 112.8 50.9
contribution
Coherency i i i 13
S strengthening
Precipitation -
. Modulus mismatch
strengthening . - - - 133.8
strengthening
Order strengthening - - - 19.8
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Figure 8. Theoretical contributions of the discussed strengthening mechanisms in CoCuFeMnNi and
CoCuFeMnNiTig13 alloys in solution-treated and peak-aged conditions. Black dotted lines represent the

experimentally measured yield strength values.

Plastic deformation behaviour

The trend of stress — strain curves recorded for all the considered conditions at both ambient and cryogenic
temperatures suggests that, at first glance, no difference exists in the deformation behaviour between
CoCuFeMnNi and CoCuFeMnNiTig 13 alloys. Indeed, previous works demonstrated that plastic deformation in
the lean alloy is dominated by dislocation slip, regardless of the testing temperature, and that no twinning
or transformation-based mechanism is present [15,63]. It might be expected that the presence of NisTi could
raise the threshold stress for dislocation slip and thus enable the activation of other deformation
mechanisms. Nevertheless, the present results provide no hint of such a shift. In this respect, it shall be
observed that Cu is known to strongly increase the stacking fault energy in both conventional [64] and high
entropy alloys [65]; moreover, Cu was also shown to retard the kinetics of twin formation [66]. It is therefore
likely that the stress needed for the activation of twinning in the present alloy is still much higher than the

one required by dislocation slip and is not sufficiently affected by the presence of NisTi precipitates.

6. Summary and conclusions
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A novel high entropy alloy was mechanistically designed to be strengthened by concurrent precipitation and
spinodal hardening. An equiatomic CoCuFeMnNi alloy was modified through the addition of Ti and a target

composition (CoCuFeMnNiTig.13) was selected by means of CALPHAD simulation.

The compositional modification allowed to obtain an alloy, which, after a proper thermal treatment schedule,
is synergistically strengthened by phases resulting from two different mechanisms. Since spinodal
decomposition and precipitation of NisTi concern different atomic species (Cu — Fe — Co and Ni — Ti,
respectively) and rely on different mechanisms (short range diffusion vs. nucleation and growth based on
long range diffusion), the two mechanisms do not interfere with each other and the resulting effects can be
safely superimposed. Coherent, Cu-rich discs arranged in a nano-scale maze-like structure are produced by
the spinodal decomposition of the supersaturated matrix and strengthen the alloy through the periodic
modulation of local lattice strain and elastic properties. Conversely, coherent, extremely fine NisTi phases
with L1, ordered structure arise from a proper precipitation process and mainly strengthen the alloy thanks
to the mismatch between their modulus and the one of the surrounding matrix. This combination of different
mechanisms allowed to obtain an improvement of almost 200 MPa in the alloy’s yield strength after ageing

treatment, while at the same time retaining a remarkable ductility (17.7 %).

In summary, the behaviour and possibilities of the CoCuFeMnNiTip13 HEA are determined by the
simultaneous presence of Cu and Ti, which are able to induce the formation of coherent-only phases through
two distinct and concurrent formation mechanismes, i.e. spinodal decomposition of Cu-rich phases and proper

precipitation of NisTi.
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728 Figure S1: optical micrographs showing the grain structure of CoCuFeMnNi and CoCuFeMnNiTig.13 alloys,
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Figure S2: Ageing curves of CoCuFeMnNi and CoCuFeMnNiTio.13 alloys collected on isothermal holding at 630

°C for 4 days.
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Figure S3: SEM micrographs depicting the fracture surfaces obtained after tensile tests at room
temperature on CoCuFeMnNi alloy in solution-treated (a) and peak-aged (b) conditions and

CoCuFeMnNiTig.13 alloy in solution-treated (c) and peak-aged (d) conditions.

Table S1. Strength contributions resulting from frictional stress, grain size and solid solution strengthening

and related parameters. Experimental parameters were extracted from S-XRD and ac-STEM / EDS analyses.

Mechanism Parameters CoCuFeMnNi CoCuFeMnN:iTig.13 Source
Solution- Peak- Solution- Peak-
treated aged treated aged
Frictional Value
stress (MPa) 34 34 34 34 [67]
K 0.21 0.21 0,21 0,21 [67]
Hall-Petch d (um) 20.1 20.1 20.2 20.2 Exp.
strengthening Value 46.7 46.7
(MPa) 46.8 46.8
Solid solution Value
strengthening (MPa) 56.5 29.5 56.5 29.5
M - - 3.06 - [68]
Gri (GPa) - - 44 - [56]
Solid solution c (%) - - 2.5 - Exp.
strengthening- 0.0884 - dln(a)
Ti Es i i ~ "¢
Value 31.6 0
(MPa) i i

Table S2. Strength contributions of the spinodal structure from different mechanisms and related

parameters. Experimental parameters were extracted from S-XRD and ac-STEM / EDS analyses.

Mechanism Parameters CoCuFeMnNi CoCuFeMnNiTig 13 Source
Solution- Peak- Solution- Peak-
treated aged treated aged
A - 0.23 - 0.34 Exp.
Lattice strain n - 0.016 - 0.013 Exp.
contribution Y 162.6 162.6 162.6 162.6 Y(100) [69]
Value (MPa) 0 248.6 0 290.2
AG (GPa) 7.28 7.17 10.97 9.49 [68]
Modulus b (nm) 0.26 0.26 0.26 0.26 Exp.
contribution A (nm) 17.3 30 16.2 31 Exp.
Value (MPa) 70.3 39.7 112.8 50.9

Table S3. Strength contributions of the NisTi phase from different mechanisms and related parameters.

Experimental parameters were extracted from S-XRD and ac-STEM / EDS analyses.
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748

CoCuFeMnNiTig.13 — peak-aged

Mechanism Parameters Source
M 3.06 [68]
Qg 2.6 [68]
G (GPa) 73.75 Exp.
1.84x10* 2Aa
Coherency & P ——
strengthening d(nm) 3 Eipa
f 0.07 CALPHAD
b (nm) 0.26 Exp.
Value (MPa) 13
M 3,06 [68]
AG (GPa) 23.25 Exp.
Modul f 0.07 CALPHAD
oaurus G (GPa) 73.75 Exp.
mismatch
. d (nm) 3 Exp.
strengthening b
(nm) 0.26 Exp.
m 0,85 [70]
Value (MPa) 133.8
M 3,06 [68]
Order Yapb 06 [71]
. b 0.26 Exp.
strengthening
f 0.07 CALPHAD
Value (MPa) 19.8




