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Rapid precipitation in an A} sCrFeCoNICu high
entropy alloy

N. G. Jones, K. A. Christofidou and H. J. Stone

The effect of cooling rate on the microstructural evolution of AlysCrFeCoNiCu has been studied
using differential scanning calorimetry and scanning electron microscopy. As cast
Alp sCrFeCoNiCu contained three phases; Cr—Fe—Co-Ni solid solution dendrites, Cu rich
interdendritic material and L1, precipitates. During cooling at rates between 10 and
50uC min? ', an additional exothermic event, at y 1010uC, was observed in the heat flow curves.
Microstructural examination after cooling revealed the presence of two distinct populations of
intragranular precipitates not present in the as cast material. Energy dispersive X-ray spectro-
scopy indicated that Cu rich precipitates formed within the dendrites, while a Cr—Fe—Co rich
phase formed in the interdendritic constituent. Precipitation during cooling at rates approaching
1uC s? ! indicates that the diffusion kinetics of Al sCrFeCoNiCu is not, as previously suggested,
sluggish.
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This paper is part of a special issue on High entropy alloys

that a Ni-Al based B2 phase and a Cr—-Co—Fe based
s phase precipitate in this alloy during prolonged
exposures at temperatures between 700 and 1000'°1¢
At higher temperatures, two fcc phases exist in equili-
brium, indicating the presence of a miscibility gap in the
Gibbs energy curve'’ As a result, the entopic stabilisation
of these phases is reduced, increasing their susceptibility
to phase decompositions at lower temperature$:*’
However, the speed at which these precipitation reactions
occur remains unknown. Recently, Nget al.*® suggested
that the diffusion kinetics of this alloy were suf ciently
slow that no microstructural evolution occurred when
furnace cooled from elevated heat treatment tempera-
tures. It was proposed that the timescales required to
enable a phase transformation were such that the slow
cooling rates employed were equivalent to quenching a
conventional alloy.

Introduction

Multiprincipal element high entropy alloys (HEAS),
where each of the major constituents has a concentration
between 5 and 35 at-9%, offer a new approach in
materials development with practically limitless potential
combinations. The term ‘HEA’ was derived from the fact
that the theoretical entropy of mixing of a statistically
disordered solid solution would be signi cantly higher
than that of a conventional alloy. It was suggested that
this high entropy of mixing extended the mutual solubility
of different elemental species, stabilising simple struc-
tured solid solutions with respect to the formation of
intermetallic compounds?! Studies of alloys of this type
have identied a number of promising properties,
including high strength~® good wear characteristics™°
and excellent corrosion resistanc& ™2 However, while

over 1400 scienti c manuscripts have been published in
this area to date, much of the underlying science of these
materials remains under debate.

One of the key areas of research has been to estab-
lish the phase equilibria of these novel materials and
determine the extent to which entropic contributions
overcome enthalpic effects. The AICrFeCoNiCu system
is probably the most extensively studied and numerous
different phases, both solid solution and intermetallic,
have been reported:***® The AlysCrFeCoNiCu alloy
was originally reported to contain only fcc and the
related, ordered, L% phases at all temperatures below the
solidus* However, subsequent studies have identi ed
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Diffusional phase transformations require the coop-
erative movement of different atomic species through
the lattice to enable the elemental redistribution
necessary to lower the Gibbs energy of the system.
However, the kinetics of long range diffusion are
thought to be sluggisH in HEAs, as a result of the
complex nature of the multicomponent solid solution
phasest*8 It has been proposed that HEAs have highly
distorted lattices, due to the different atomic radii of the
constituent elements, and that this can hinder atomic
movement through the structure>® In addition, it is
believed that the local con guration, bonding and
energy at any given lattice site is different in an HEA,

{ The term sluggish has been widely used in the HEA literature, without
definition. Therefore, in the present work, the term is used to indicate
anomalously slow diffusion when compared to other metallic systems.

MORE OpenChoice articles are open access and distributed ued the terms of the Creative Commons Attribution License 3.0

Published by Maney on behalf of the Institute
Received 18 November 2014; accepted 11 January 2015
DOl 10.1179/1743284715Y.0000000004

Materials Science and Technology 2015 voL 31 No10 1171



Jones et al. Rapid precipitation in an Al sCrFeCoNiCu high entropy alloy

1172

1 BSEI micrographs ( a 50 mm, b 10 mm) of Al 3 sCrFeCoNiCu in the as cast state showing a dendritic microstructure

unlike a conventional solid solution, which is dominated
by a single element. Therefore, when considering
substitutional diffusion through atom—vacancy inter-

on 5 mm diameter discs using a Netzsch 404 high
temperature calorimeter under owing argon. Samples
were heated at a rate of 1GC min®? to a maximum

change, it has been suggested that a moving atom may temperature of 145QC, y 100uC above the liquidus

become trapped if it jumps to a lower energy site or will
return to its original position if the target location is a
higher energy con guration.*®

Despite the large number of references to the sluggish
diffusion characteristics of HEAs and the theories put
forward to rationalise this behaviour, very little direct
evidence exists to substantiate the claim. To date, only one
study has speci cally investjated this topic, using quasi-
binary diffusion couples to assess the diffusion parameters
of each of the subspecies in a CrMgsFeCoNi alloy at
temperatures between 900 and 1100.%° The temperature
normalised activation energies @Q/Ty, where Q is the
activation energy and T, is the melting temperature for
pure metals and the solidus temperature for alloys) were
found to be slightly higher in the HEA than those in either
pure metals or a series of Fe—Cr—Ni alloys and this was
concluded to provide evidence of the sluggish diffusion
effect?® However, the normalised activation energies were
not substantially greater than those of the other materials,
which is perhaps surprising given the extent to which the
sluggish kinetics have been alluded to. Therefore, it is clear
that further work is required to establish the diffusion rates
in HEAs and understand the in uence of multiprincipal
element solid solutions.

The present work does not attempt to make a direct

temperature of the material, and held at this temperature
for 10 min. Cooling from 1450uC was performed at
nominal rates of 10, 15, 20, 30, 40 and %€ min® %, which
were achieved experimentally to withinj 1uC min®?!
until a temperature of 50Q,C. The DSC samples were
sectioned vertically and metallographically prepared
using P800—P4000 grade silicon carbide paper, followed
by polishing using a 0.06nm colloidal silica solution.
Microstructural characterisation was performed using
backscattered electron imaging (BSEI) in a JEOL 5800
scanning electron microscope and an FEI Nova
NanoSEM 450. Elemental partitioning information was
obtained in the latter instrument using a Bruker XFlash 6
solid state energy dispersive X-ray (EDX) detector.

Results

The composition and microstructure of AlysCrFeCo
NiCu in the as cast state has been characterised
extensively in previous publications-®*’ However, for
completeness and ease of comparison with the results
presented later, BSEI micrographs from the as cast
condition are shown in Fig. 1. Following arc melting
and rapid cooling on a water chilled Cu hearth, a
dendritic microstructure was observed, consisting of Cr—

assessment of the diffusion coef cients of each species in Fe—Co-Ni solid solution dendrites (darker contrast) and

Al o sCrFeCoNiCu, but does provide new information
relating to the kinetics of precpitation. In particular, it is
shown that when Al CrFeCoNiCu is cooled from the
liquid state at a constant rate, between 10 and 5@ min??,
precipitates form that were not present in the as cast
material, which solidi ed on a water cooled copper hearth.

a Cu rich interdendritic constituent (lighter contrast).
Previous work has shown that both of these phases have
an fcc crystal structure and in addition, that an L1,
phase precipitates within the dendrites when cooled
through a solvus between 800 and 85C.*6"

A DSC thermogram showing the heat ow evolution

These results are in direct contrast to previous assertions during the heating, melting and subsequent cooling of

and challenge the suggestion that the diffusion kinetics of
this particular alloy are sluggish>*#152

Experimental

A small, 40 g ingot of Alg sCrFeCoNiCu was arc melted
from elemental metals, with purities of 99.95% or higher,
on a water cooled Cu hearth under an inert atmosphere.
The ingot was inverted and remelted a total of ve times
to increase the homogeneity of the nal material.
Differential scanning calorimetry (DSC) was conducted
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the as cast material at 10C min?* is shown in Fig. 2.
Upon heating three distinct events were observed; a
sigmoid like deviation at a temperature ofy 850uC, and
two endothermic peaks aty 1125 andy 135Q.C. The
sigmoidal deviation has been associated with the
dissolution of the L1, precipitates back into solution,
while the two large endothermic peaks correspond to the
melting of the interdendritic material and the dendrites
respectively'®*’

Upon cooling from a liquid state, a large exothermic
peak occurred at y 1325C, corresponding to the
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2 DSC thermogram from as cast Al osCrFeCoNiCu during
heating (red) and cooling (blue) at 10 uC min??

solidi cation of the dendrites, followed by a smaller
event at y 1115C relating to the freezing of the
interdendritic material. As with the heating data, a
sigmoidal deviation was observed ay 815.C, which was
attributed to the precipitation of the L1, phase.
However, in contrast to the heating data, an additional
exothermic event was observed in the cooling data at a
temperature ofy 1010u.C (seeinset of Fig. 2). This event
suggested that the microstructural state following cool-
ing at 10uC min®* was different from that observed in
Fig. 1, which was rapidly cooled on a water chilled
copper heath.

The microstructure obtained following cooling at
10uC min?! is shown in Fig. 3. As with the as cast
condition, the material had a dendritic microstructure,
but the slower cooling rate produced signicantly
coarser features than those shown in Fig. 1, for example,
the size of the interdendritic regions. Critically, and in
contrast to the as cast material, small precipitates, with a
maximum dimension, 4 mm, were observed within the
lighter contrast interdendritic material. In addition, ne
acicular precipitates were also observed within the
dendrites. These are more clearly seen in the higher
magni cation image given in Fig. 3b. EDX elemental
distribution maps, shown in Fig. 4, were obtained from
an area containing both dendritic and interdendritic
material. The dendrite phase, present in the top left and
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bottom right corners of the images, was rich in Cr, Fe
and Co, while the interdendritic material, as shown in
the centre of the image, was predominantly rich in Cu.
The distribution of Ni and Al was more even between
these two constituents, with Ni showing slightly higher
concentrations in the dendrite regions and Al in the
interdendritic material. The elemental partitioning
between the dendritic and interdendritic regions is
consistent with previous reports of as cast condition
material 21617

The precipitates observed within the interdendritic
material in Fig. 3 were also clearly evident in the EDX
maps shown in Fig. 4. These precipitates were found to
be rich in Cr, Fe and Co with extremely limited
solubility for Cu. No preferential partitioning of Ni
and Al could be determined from the maps obtained,
suggesting an approximately even distribution of these
elements. Secondary electron imaging showed that the
larger circular feature within the interdendritic material
at the top of the image was a shrinkage pore and that,
therefore, the EDX signal corresponded to the dendrite
phase beneath. However, this is a useful observation, as
the contrast difference between this area and the smaller
precipitates indicated that there is a compositional
difference between the two features. In addition, the
elemental maps shown in Fig. 4 indicated that an
orientation relationship existed between the precipitates
and the Cu rich interdendritic phase. The major axes of
the precipitates arey 90u to each other, suggesting a
strong orientation relationship with respect to the fcc
parent structure.

A high magni cation BSEI micrograph of the acicular
precipitates present within the dendritic material is
shown in Fig. 5a. A ne Widmanstatten structure of
high aspect ratio precipitates was observed, all of which
were less than 2mim in length. As with the precipitates
observed within the interdendritic region, the major axes
of these precipitates also appear to be at 90uto each
other, which suggested that they also have a well de ned
orientation relationship with the parent phase. The
lighter backscattered contrast suggested that these
precipitates have a greater concentration of heavier
elements than the Cr—Fe—Co-Ni rich dendrite phase. An
EDX map of the distribution of Cu is presented in
Fig. 5b. Elevated levels of Cu were seen in formations
that correlated with the precipitates shown in Fig. 3,
which is consistent with the BSEI observation.

3 BSEI micrographs ( a 50 nm; b 10 mm) of Al o sCrFeCoNiCu cooled at 10 uC min??® from the liquid state
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4 EDX elemental distribution maps from Al
within the interdendritic constituent

Heat ow data was also obtained from samples cooled
from the liquid state in the DSC at rates of 15, 20, 30, 40
and 500C min?!. The thermograms corresponding to
these experiments are shown in Fig. 6, and clearly
exhibit the same exothermic event around 101C that
was observed in Fig. 2. It is well known that changing
the cooling rate alters both the shape and position of a
DSC peak; faster rates result in peaks that have greater
amplitude, but which are depressed further from the true
transformation temperature???® Such trends can be
seen clearly for the two solidi cation events in Fig. 6.
Therefore, it is interesting to note that the position of the
peak around 101Q@C increased at faster cooling rates,
which can be more clearly seen in the inset of Fig. 6.

05CrFeCoNiCu cooled at 10 uC min2?! showing Cr, Fe and Co rich precipitates

the precipitation of the extra phases observed in Fig. 3
occurred, even when cooling at a rate close touC s> .
To verify this result, the microstructure of the material
cooled at 5QC min?! was examined in the electron
microscope. Micrographs obtained by BSEI from the
50uC min? ! sample are shown in Fig. 7, and revealed a
dendritic structure similar in nature and length scale to
that of the sample cooled at 10C min?*. Consistent
with the microstructure shown in Fig. 3, small pre-
cipitates were observed within the interdendritic mate-
rial, albeit at a slightly ner scale than those observed
following cooling at 10uC min?*. EDX maps, as shown
in Fig. 8, indicated that the elemental partitioning was
very similar to that observed in the sample cooled at

Nevertheless, the presence of this peak suggested that 10uC min?®. The dendrites were found to be rich in Cr,

5 a BSEI of the microstructure of Al osCrFeCoNiCu cooled at 10 uC min?? showing precipitation in both the dendritic and

interdendritic constituents and
dendrites are Cu rich
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b corresponding Cu EDX map indicating that the “ne acicular precipitates within the



6 DSC thermograms illustrating the in"uence of cooling
rate on Al 3 sCrFeCoNiCu

Fe and Co, while the interdendritic material was Cu
based and the precipitates within this phase were rich in
Cr, Fe and Co. Evidence of the Widmanstien
precipitates within the dendrites was also observed in
the BSEI. However, the scale of these precipitates was
too ne to enable partitioning data to be collected via
EDX mapping in an SEM.

Discussion

The observation of precipitates, both within the
dendritic and interdendritic material following relatively
fast, constant rate cooling, is highly signi cant, particu-
larly given the previous claims of sluggish diffusion in
this alloy. The formation of precipitates, such as those
seen in Figs. 3 and 5, requires the coordinated long
range diffusion of different atomic species. The fact that
pronounced segregation has occurred during such a
short time period clearly indicated that the diffusion
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kinetics of different atomic species within A} sCrFe
CoNiCu are not slow. It could be argued that this result
is unsurprising for the interdendritic regions, as this
phase is predominantly Cu rich and would therefore be
expected to behave as a conventional alloy. However,
the same argument cannot be made for the dendritic
material, where at least four elements are present in near
eguiatomic concentrations.

The high temperature phase equilibria of A}sCr
FeCoNiCu is known to consist of two fcc solid
solutions, but at temperatures below 1004C, it has
now been established that three other phases can also
exist in equilibrium; a Ni—Al based B2, a Cr—Co-Fe
baseds phase and an L} phasel® Formation of the B2
phase has been reported following extended heat
treatments at temperatures between 700 and 9GD,
but was not present when annealed at or above
1000.C.*>1€ Similarly, the s phase has been observed
to form during exposures to temperatures within the
range of 700-850C, but was not present at 900C.*>®
The L1, phase is often found in the room temperature
microstructure of this alloy, as the solid state ordering
transformation appears to be quench insuppressibl¥.
However, it is only in equilibrium below the solvus
temperature, which lies between 800 and 880.%°

Given that the additional, exothermic event in the
DSC thermograms occurred just above 100 (Figs. 2
and 6), and that the B2 phase has been reported to form
following a 1 h heat treatment at 90QC,*® it might be
expected that the precipitates observed in Fig. 3 would
correspond to this phase. However, neither of the two
precipitate phases observed in the current study have a
chemistry remotely similar to that previously reported
for the B2 phase®® In fact, the precipitates within the
interdendritic region have a chemistry that is closer to
that reported for the s phase following 1000 h exposures
and therefore, presumably at equilibrium® Yet, it seems
unlikely that the intragranular precipitates observed
within the interdendritic regions ares, since this phase
has a highly complex structure and is more commonly
observed to form along grain boundarie$* 2 In
addition, previous studies of duplex stainless steels have
demonstrated that cooling rates § 15uC min®* are
suf cient to suppress the formation of s ,2’“?°and nearly
all of the rates considered in the present work were
above this value.

High aspect ratio Widmanstatten plates have pre-
viously been observed to form within the similar
composition fcc matrices of AbgCrFeCoNiCu?! and

7 BSEI micrographs ( a 50 mm, b 10 nm) of Al o sCrFeCoNiCu cooled at 50 uC min2?! from the liquid state

Materials Science and Technology 2015 voL 31 NOo 10 1175
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8 EDX elemental distribution maps from material cooled at 50
the interdendritic constituent

Al sCrFeCoNiCu s following furnace cooling from
110Q.C. High resolution transmission electron micro-
scopy has shown these plates to have elevated Cu
contents with an fcc structure. In addition, Cu rich
precipitates have been reported to occur in the dendritic
regions of AlysCrFeCoNiCu following long duration
exposures at 850C. These precipitates were believed to
be the same phase as the interdendritic constitueht.
The observation of these two distinct precipitate
populations may be rationalised through consideration
of the phase equilibria and governing thermodynamics.
The Gibbs energy curve for this alloy is known to
contain a miscibility gap.}” and the equilibrium compo-
sitions of the dendritic and interdendritic constituents
show a signi cant divergence between their values at
100Q.C, where they are the only stable phases, to 860,
where four phases are in equilibriumt® Therefore, it is
unsurprising that, when rapidly cooled, the solubility
limit for certain species in both of the solidi cation
phases may be reached and that intragranular precipita-
tion can occur. The miscibility gap in this alloy provides
the potential for each of the supersaturated metastable
solidi cation phases to separate, forming precipitates of
the other thermodynamically stable phase within itself.
If the driving force for such precipitation is related to the
level of supersaturation in the parent solid solutions,
then the behaviour of the corresponding DSC peak with
respect to cooling rate can be rationalised. Slower
cooling rates enable each element to diffuse greater
distances, thereby reducing the levels of supersaturation
in each parent phase. This reduced supersaturation
lowers the Gibbs energy driving precipitation and, as a
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uC min?? showing Cr, Fe and Co rich precipitates within

result, the critical temperature at which the saturation
limits were reached would decrease with cooling rate,
depressing the onset of precipitation. Precipitates formed
in this manner would exhilit a distinct orientation
relationship with the parent structure that, in cubic
materials, is likely to promote growth along the, 100
due to elastic anisotropy>' as seen in AsCrFeCo
NiCuos° Clearly, this hypothesis is speculative at
present and the crystallography of the precipitates needs
to be con rmed using transmission electron microscopy.
Nevertheless, the formation of precipitates in Ad CrFe
CoNiCu, when cooled at rates up to 50C min?* from the
liquid state, requires long range diffusion and, contrary to
previous suggestions, demonstrates that the kinetics of
this alloy can not be considered anomalously sluggish.

Conclusions

The microstructure of an arc melted A sCrFeCoNiCu
high entropy alloy has been characterised using scanning
electron microscopy following cooling from the liquid
state at rates between 10 and 5C min®!. These
microstructures were compared to that of the as cast
material, which solidi ed rapidly on a water cooled Cu
hearth. The as cast material, which has been characterised
previously,*®*” contained three phases: a Cr—Fe—Co—Ni
solid solution dendrite phase, Cu rich interdendritic
material and L1, precipitates that form when cooled
through a solvus temperature between 850 and 800.
DSC identied exothermic events associated with
solidi cation of the dendritic and interdendritic consti-
tuents as well as the precipitation of the L3 phase. In



addition, an extra exothermic event was observed
around 101QC in the thermograms recorded from the
samples cooled between 10 and B0 min®®. Micros-
tructural examination identi ed the formation of new
precipitates in both the dendritic and indendritic
regions. The precipitates within the dendrites were
extremely ne and had an acicular morphology. EDX
analysis suggested that these precipitates were slightly
enriched in Cu compared with the surrounding matrix.
Within the interdendritic regions, slightly coarser
acicular precipitates were observed, rich in Cr, Fe and
Co, but depleted in Cu. While the crystal structures of
these precipitates were not established, their formation
during cooling at rates approaching 1C s** demon-
strates that the diffusion kinetics in this alloy are not, as
previously reported, sluggish.
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