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Microstructure-based alloy compression
strengthening model of an equiatomic
high-entropy alloy CoCrFeNiNb

M. Cabibbo, F. Prasa, S. Spigarelli, E. Santecchia, C. Paoletti

High-entropy alloys within the scientific community was promoted due to their exceptionally high mechanical and
physical properties, namely compression strength, toughness, plasticity, hardness, wear, corrosion resistance, and
thermal stability. In the present study, an equiatomic CoCrFeNiNb HEA was prepared by a sequence of conventional
induction melting, powder metallurgy, and compaction via spark plasma sintering. The as-cast HEA showed an
ultimate compression strength (UCS) of ~1400 MPa. After sintering and compaction at 1273K the UCS increased
considerably up to ~2400 MPa. After compaction at 1273K the fcc phase was characterized by a diffuse presence of
nano-size twinning. Extensive TEM quantitative analyses were carried out to model the UCS by the most significant
microstructure strengthening features. A quite good agreement between the microstructure-strengthening model and
the experimental UCS was found.

PAROLE CHIAVE: HIGH-ENTROPY ALLOYS (HEA), POWDER METALLURGY (PM), SPARK PLASMA

SINTERING (SPS), MECHANICAL PROPERTIES, TEM, STRENGTHENING MECHANISMS

INTRODUCTION

High-entropy alloys (HEAs) belong to the group of modern
metallic materials that have been intensively studied since
2004, when Cantor et al. reported the first CoCrNiFeMn hi-
gh-entropy alloy [1]. HEAs generally consist of five or more
principal metallic elements whose individual concentration
canvary from 5 to 35 at. % [2]. The worldwide attention cast
on these new alloys is chiefly due to their unique combina-
tion of properties, such as high strength [3], high toughness

together with high plasticity [4], high hardness [2], excellent Marcello Cabibbo, Stefano Spigarelli,
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severe lattice distortion [7].

HEAs are mostly strengthened by solid solutions and Filip Praiga
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known to improve the alloy ductility and strength [4,8]. Prague 6, Czech Republic.

Both the mechanical properties are likely to be promoted

by Nb addition due to its larger atomic radius compared to

the usual elements constituting the 5-element HEAs.

Ontheother hand, Nbhas negative enthalpies of mixing with

Co, Fe, Crand Ni [8] and forms Nb-enriched Laves phases

[9]. Laves phases have hcp crystallographic structure, which

substantially increases the yield, fracture strength, and the

elastic modulus as it precipitates within the fcc matrix [9,10].

secondary phase induced precipitation. With this respect,
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The amount of Laves phases increases with niobium content
[10]. However, alloy plasticity tends to reduce by increasing
in volume fraction of Laves phases [9]. Published results on
HEAs [11] showed that only by balancing the Nb content in
the alloy the strength and ductility can be improved.

HEAs are usually produced by combining mechanical
alloying (MA) and consolidation process. This process
combination guarantees the optimization of the alloy
mechanical properties, which cannot be obtained by any
other single conventional method [3,12,13]. One of the
most used and sound consolidation method is the spark
plasma sintering (SPS). In fact, the mechanical properties
of HEAs prepared by combining MA and SPS were found
significantly higher than those of as-cast alloys, chiefly due
to the formation of a refined nanocrystalline microstructure
[13,14].

In this work, high-entropy equiatomic CoCrNiFeNb
alloys were prepared by a combination of short-term
(8h) MA followed by compaction via SPS. The results
showed an ultrafine-grained microstructure composed
of fcc solid solution strengthened by hcp Laves phases
as well as Cr,0, nanocrystalline particles. The obtained
microstructure resulted in excellent mechanical properties
that outperformed the properties of the as-cast counterpart
and were retained even when the material was exposed
to temperatures up to 900K. A microstructure-based
strengthening model was applied to describe the different
features contributing to the showed extraordinary alloy
compression strength.

EXPERIMENTAL PROCEDURES AND METHOD

The equiatomic CoCrNiFeNb alloy was prepared by mixing
pure powders in equiatomic ratiosandforminga20 g powder
batch that was eventually homogenized for at least 5 min.
Mixture was done by AISI420 balls with addition of 5 wt.%
of n-heptane as a process control agent (PCA). The mould
was sealed and flushed with argon (purity of 99.996%) for at
least 3 min with a flow rate of 3 cl/s. The mechanical alloying
(MA, Retsch™ PM100®, Haan, Germany) was performed at
a speed of 400 rpm in 30 min intervals followed by 10 min
breaks to allow alloys cooling for a overall duration of 8h.
The powdered alloy was then compacted by a spark plasma
sintering (SPS, FCT-System™, HP- D10®, Frankenblicke,
Germany) using a die, pistons and sealing papers all made
of graphite. The process heating rate was 200K/min, and
samples were compressed at 48 MPa. Compacted samples
were 4 mm-thick with a diameter of 20 mm.

La Metallurgia Italiana

International Journal of the Italian Association for Metallurgy

Microstructure inspections were carried out by transmission
electron microscopy (TEM, Philips™ CM-200@) using a
voltage of 200 keV and equipped with a double-tilt specimen
holder and a liquid N2 cooling stage. TEM samples were
prepared by grinding, polishing and dimpling 3 mm discs.
The final preparation for electron transparency was carried
out in a precision-ion milling system (PIPS, Gatan™) in a
vacuum at avoltage of 12V and with atilting incident angle of
8o for the first half, 6° for the following quarter, and 4° for the
final quarter of the whole Ar-ion thinning time. The statistical
data were obtained by 3 different TEM discs. TEM analysis
was carried out on the MA+SPS at 1273K condition. All
statistical evaluations of the microstructure features used for
the strengthening model were carried out by stereological
methods according to ASM EN-112,

Two-beam excitation conditions were selected for most
of the TEM observation and dislocation characterizations.
Tangled dislocation (TD) density, p,,, was quantified using
Ham's interception stereological methods [15]. Thence,
was calculated through the count of interception points

Pro

between the mesh and the existing dislocations, ng, in

the TEM micrographs. This was evaluated by p,, = 2n,_/
(l'meshtTEM
is the thickness of the TEM foil. Crystal thickness, t,.,,, was
determined through the diffracted beam intensity variation
under dual beam conditions, using converged electron

beam diffraction (CBED) patterns. This way, by plotting the

), were, |__is the total length of the mesh, and t

mesh TEM

linear interpolation of data points in'a S?/n..2vs. n 2

fringes

the number

fringes
graph, where S is the fringes spacing and nfrmgi
of counted fringes, t,,? was determined at y-axis line
intercept. The error due to the invisible dislocations (i.e.,
the ones oriented as to have b-g =0, where b is the Burgers
vector and g refers to the dislocation lying crystallographic
plane) is within the experimental error of the foil thickness
evaluation.

Themechanical propertiesweredetermined by compression
stress-strain tests carried out at room temperature, 1073K,
and 1273K. Rectangular gage samples with length 1.5 times
the side dimension were used. The compression tests were
carried out on STM Labortech™, LabTest SP 250.1-VM® with

a strain speed of 104 s using at least three samples.

RESULTS AND DISCUSSION

Alloy microstructure

Figure 1 shows a representative BF-TEM micrograph of
the alloy compacted at 1273K in which the three different
constituents can be easily recognized: fcc matrix, hcp Laves
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phases and rounded oxide particles. The three phases
were crystallographically identified by means of selected
area electron diffraction patterns (SAEDPs). These are fcc
identified as y-like phase characterized by a diffuse presence
of tangled dislocations and twinning, a hcp Laves phase,
and hecp Cr,0,
of the FCC phase showed the presence of lattice defects,

intergranular rounded oxides. The grains

mainly composed of dislocation pile-ups found in the solid
solution, deformation nanotwins, and to some extent,
the presence of secondary phase particles. The presence
of stacking faults as well as nanotwins was also reported
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elsewhere [16,17]. The Laves lattice is a Co,Nb-type
structure, with crystallographic parameters a = 0.4835 nm
and ¢ = 0.7860 nm. As for the chemical composition of the
Laves phase, Jiang et al. [10] reported the composition of this
Laves phase as Co(Ni,Fe,Cr),Nb, while Liu et al. [18] reported
a slightly different composition of (Co,Fe,Ni),(Cr,Nb). Triple
grain junctions were characterized by a diffuse presence of
small rounded Cr,O, oxides having an average diameter of
100 nm. Anyhow, the volume fraction of these oxides was
quite low, being within the 1.5 vol.%.
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Fig.1 - BF-TEM micrographs of the 8h MA+SPS alloy compacted at 1273K; SAEDPs refer to the fcc y phase
(and twinned double spots), hcp Laves phase, and hcp Cr,0, oxides

(after M. Cabibbo et al.: ] Al

Mechanical properties

The mechanical properties of the as-cast alloy and the
MA+SPS compacted alloy are reported in Figure 1, while
the corresponding compression curves are reported in the
Figure 2.

Theherereported mechanical properties ofthe HEA are quite
interesting as the alloy reached a quite high compression
strength of almost 2300 MPA, with a close yield strength of
about 2200 MPa. These results are considerably higher than
those reported by Qin et al. [9] in a similar (CoCrCuFeNi),
Nb,_ (x=0-16) alloy prepared by arc melting, where a
maximum value of 1322 MPawas reached and corresponded

| Compd 835 (2020) 155308).

to the (CoCrCuFeNi),,Nb,, alloy. In this latter case, the alloy
microstructure was composed of fcc solid solution up to a
content of 8 at.% Nb. It resulted that the observed high UCS
values obtained after MA+SPS at 1273K were

induced by solid solution strengthening of the fcc matrix,
due to Nb, as well as the significant volume fraction of the
Laves phases.

Theherereported mechanical properties ofthe HEA are quite
interesting as the alloy reached a quite high compression
strength of almost 2300 MPA, with a close yield strength of
about 2200 MPa. These results are considerably higher than
those reported by Qin et al. [9] in a similar (CoCrCuFeNi)

100-
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Nb_ (x=0-16) alloy prepared by arc melting, where a
maximum value of 1322 MPawas reached and corresponded
to the (CoCrCuFeNi),,Nb , alloy. In this latter case, the alloy
microstructure was composed of fcc solid solution up to a
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content of 8 at.% Nb. It resulted that the observed high UCS
values obtained after MA+SPS at 1273K were induced by
solid solution strengthening of the fcc matrix, due to Nb, as
well as the significant volume fraction of the Laves phases.
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Fig.2 - Compressive stress-strain curves at room temperature of the equiatomic MA+SPS CoCrFeNiNb alloy

compacted at 1273K, and compared to the results obtained in the as-cast alloy.

Tab.1 -Compression mechanical properties of the equiatomic CoCrFeNiNb HEA. YCS is the yield compressive
strength; UCS is the ultimate compressive strength.

HEA exp conditon Test temperature, K

8h MA+SPS at 1273K 873

YCS, MPa UCS, MPa

2178 2284

It should be noted that a simple substitution of Mn by Nb
in the investigated MA+SPS alloys resulted in a tremendous
increase in the compressive properties when compared
to the results of our previous research that focused on
equiatomic CoCrFeNiMn alloys [14]. On the other hand, the
UCS increase corresponded to a significant microstructural
refinement that involved grain boundary strengthening,
solid solution strengthening and strengthening through
the hcp Laves phases homogeneously distributed in the
alloy. These observations are in good agreement with other
published works [10,18].

Thus the strengthening of the present HEA is driven by
the three cooperating microstructure factors: fcc Nb solid
solution, matrix grain refinement and twinning, and Laves

phase formation.

Microstructure strengthening model

Thedifferent microstructure strengthening contributionsare
attributed to the three alloy constituents, i.e., the y-phase,
the Laves phase, and the Cr,0, oxide particles. The y-phase
is strengthened by Hall-Petch mechanism (grain boundary),
solid solution, tangled dislocations, secondary phase
particle, and twinning formation. Lattice friction strength of
the unreinforced alloy, 60, was assumed to be as the one of
pure cobalt 60 = 255 MPa [19]. The overall microstructure
strengthening was evaluated by the rule of mixtures of the
different contributors, according to [20].

Thence, the different strengthening phases and interphase
constituents were combined as sum of squares, Eq. (1):

(1] oy (CoCrFeNiNb-HEA) = co + oss + Gd + GHP + OT + Gssp + GP =
co + {[VV"/(GSS + G4 + oHp + Gspp + GT)]2 + [VVLaveS(GTELaves + cﬂ_TLaveS) + VVCr203(GTECr203 + cﬂ_.rCrZO(’z)]2}0.5
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where oss is the strengthening contribution from solute
atoms (solid solution strengthening) which only pertains
to the y-phase, od is the strengthening contribution
from tangled dislocations within the y grains, o, is the
y-grain the Hall-Petch
relationship between grain size (Dy) and alloy strengthening

contribution determined by
contribution, o, represents the twinning contribution to the
alloy strength, o
from

and o, are the strengthening contribution

ssp

secondary-phase particles within the y-phase

(shearable) and from coarser intergranular particles (non-
shearable), i.e., Laves and Cr,O,,
to these two coarser intergranular particles, the o, in Eq.(1)

respectively. According

yields a strengthening contribution constituted by a linear
sum of the Orowan (bypass) strength, o, particle thermal

expansion, o.., and related thermal expansion between the

TE!
particles and the surrounding matrix, o, ;.

The volume fractions of the three phases, namely Vv, V ‘e,
andV 293, were determined by stereological methods (ASM

EN-112), and related data are reported in Table 2.

[2a]

[2b]

where M =3.06 is the Taylor factor, G is the shear modulus,
which for the equiatomic CoCrFeNiMn HEA was set to 74
GPa, b = 0.255 nm is the Burger's vector, ¢_ refers to the
atomic size mismatch of respectively Cr and Nb respect to
the Co-matrix (i.e. y-phase). It resulted that, according to
Eq. (2), the solid solution strengthening contribution yield
by Nb is expected to be in excess of the ratio of Nb/Cr
atomic radius (=1.98/1.66). Anyhow, it is hard to determine a
quantitative value for the two element concentration within
the y-phase. Thence, in order to estimate this strengthening
contribution, He etal. [23]inastudy ofasimilarbut not exactly
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In the following, all the meaningful strengthening terms are
calculated.

Solid solution strengthening

Substitutional solid solution strengthening model, based on
dislocation-solute elastic interactions can be here applied
limited to the two major solute elements, Cr and Nb. The
dislocation-solute elastic interaction is primarily attributed
to atomic size differences among the solute atoms and the
elements constituting the bulk of the existing phases, i.e.
the y-phase [21]. The atomic radii (A) of the HEA constituting
elements are Co (1.26), Cr (1.66), Fe (1.27), Ni (1.25), and Nb
(1.98). According to [21] and references therein, the solute
strengthening contribution essentially comes from those
elements having a significant atomic size difference with
respect to cobalt that constitute the y-matrix. Thence, the Cr
and Nb alloy solute strengthening contribution is estimated
by Egs. (2a) and (2b) [22]:

02s(Cr) = MGba, 5Cro%
O_ss(Nb) = MGng1-5NbO.5

the same HEA, showed that, in most of the experimental
cases of HEAs, the solute strengthening contribution can
be estimated as no higher than 25 MPa for each meaningful
element. That is, in the present case, a value within 40-
45 MPa can be considered as a realistic strengthening
estimation. This appears to be quite low compared to the
overall compression yield stress, experimentally evaluate to
be o, = 2300 MPa.

Dislocation strengthening
Tangled dislocation strengthening was calculated by Eq. (3):

(3] Od = MO!Gb(,OdO'5)

where, for the FCC y-phase, a = 0.2 [24]. The tangled
dislocation density within the y-phase was measured
with a stereological method by counting dislocation ends
that intercepted equal radius circles in 15 different TEM
micrographs and for more than 50 y grains. The tangled
dislocation distribution within the y grains was revealed by
tilting the sample to align the beam to the y,,, zone axis. The

mean dislocation density, is reported in Table 2,

pdislocatiom’

and the related statistical data are shown in a plot reported in
Figure 3. The dislocation strengthening calculated by Eq. (3)
was o, =310 £ 20 MPa.

Grain boundary (Hall-Petch) strengthening

Figure 3 reports the statistical data of the mean y grain size,
and the mean equivalent diameter was Dy = 180 + 20 nm.
Thus, Hall-Petch strengthening was given by Eq. (4):

14] onp = Kup(D))0°
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where, k., is the Hall-Petch constants, in this case for

HP
nanocrystalline grains D.. This is known to be significantly
smaller than the values generally used for the coarse-
grained counterparts (typically micrometre-scale grains).
In this regard, several studies have shown that a number of
alloy physical and mechanical parameters of CoCrFeNiNb,
CoCrFeNiMn, and other Co-based HEAs are similar to those
of micrometer and

submicrometer-size grained pure Fe [21,25]. On the other
hand, the Hall-Petch constant k., can vary significantly in
complex alloy systems such as the HEAs [14,26]. In fact,
Shaysultanov et al. [26] for their strengthening model of
a similar CoCrFeNiMn equiatomic HEA use a k,, = 0.35
MPa-m!2 (350 MPa-m?/?). Compared to this value for k,, a
significantly lower value, k., = 200 MPa-um??, was used for a
similar CoCrFeMnNiHEAn [27], while aslightly highervalue,
k.p = 400 MPapm'?, was used for a C-added CoCrFeNiMn
HEA in [28]. On the other hand, in a number of published
works on quite similar CoCrFeNiMn HEA [29-33], k., was
set at 490 MPa-pm2, In a similar CoCrFeNiMn [34] and a
quaternary CoCuMnNi HEA [35], k,,, = 494 MPa-um*2, Even
higher values were reported in some other published works.
Forinstance, Zhao et al. [36] reported a k,,, = 568 MPa-um?”?
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to model a CoCrNi medium-entropy alloy, while Sun et al.
[37] presented amore comprehensive work ontemperature-
dependent Hall-Petch relationship in a CoCrFeNiMn HEA.
They found that a general trend of k,.(T) = 659-0.39T, with
temperature, T, in K. That is, a k,(T=25K) = 650 MPa-um??,
High Hall-Petch constants were also reported in [38] k, =
550 MPa-um2, for a Cr-rich CoCrFeMnNi HEA, and a value
of k., = 667 MPa-um'? was used in [39] for a CoCrFeNiMn
HEA, and similarly in [40] for a different FeCrNiCoMn HEA.
With this significant variety of Hall-Petch constant used for
similar equiatomic 5-element HEAs, the right value to use
is somehow not straightforward. Yet, since in most of the
recent literature works on modelling of similar equiatomic
HEAs avalue ofk,,, =400 MPapm2 was used [29-33], this was
here considered as the most appropriate value. Having said
that, the Hall-Petch strengthening contribution yield by the
y-phase was calculated as o,,, = 940 + 50 MPa.

Twin strengthening
Twin boundaries, o, was calculated by a Hall-Petch type
relationship as follows [41], Eq. (5):

[s] or = Kra(Ar8)%°

where, k., is a Hall-Petch type constant equivalent to the
Hall-Petch constant for nanocrystalline y grains, kv, and
A Is the average twin boundary (TB) spacing. In Eq. (6) k,,
= 35 MPa-um?'2, The TB spacing was statistically evaluated
with 20 high-magnification TEM micrographs that contained
more than 100 individual y grains and whose distribution is
shown in the plot of Figure 3. The related mean value was
A =11.0 £ 2.5 nm, as reported in the Table 2. That is, the
mean twin strengthening contribution was calculated to be
o, = 340 + 40 MPa.

KM

3.3.5.Secondary phase particle (shearable) strengthening
They-phasewasalso strengthened by the existingsecondary
phase particles. These were quite small and round-shaped,
with mean equivalent diameter, d, /= 7.5+ 0.5 nm, a mean
spacing, A = 23 + 3 nm, and a volume fraction, V #° = 1.2
+ 0.2% of the V¥ Based on well-established models of
strengthening from secondary phase particles ([20] and
references therein), it can be assumed that the secondary
phase particles have a mean diameter corresponding to a
typical dislocation strengthening mechanism of bowing,
which, according to [20,42], can be calculated by Eq. (6):

Gb

[9) =
PP (1-0°5 (Zspp—dspp)

where, K'=0.127 and Poisson's ratio v =0.31. The secondary
thus

Intergranular coarse particle strengthening
phase particle strengthening contribution was

calculated as o, =570 + 110 MPa.

The two intergranular phases in the present alloy are
the Laves phase and the Cr,O, oxides. These latter were
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essentially located at the triple junctions of the y grains,
while the Laves phase was randomly distributed at the
y grain boundaries throughout the alloy. Both phases
behave as intergranular chemically, crystallographic and
mechanically alloy constituents different from the y-phase.
Thence, their strengthening contribution can be considered
to act as a composite-like mechanism. While the Laves
phase particles have a reqular-solid geometric morphology,
the Cr,0, oxides have a spherical morphology. According

particle

[7al LT

where o is the matrix stress, which in this case is the HEA o,
=255MPa; V, is the particle (Laves or Cr,0,) volume fraction;
L is the particle size facing the load direction; t is the mean
particle thickness; and A = L/t is the particle aspect ratio.

Laves

[7b]
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to the shear-lag model proposed by Nardone and Prewo in
[43], both the Laves phase particles and the Cr203 oxides
reinforced the alloy by carrying a fraction of the load (load-
transfer strengthening contribution, o ;) from the y-phase
(the matrix).

This strengthening contribution strongly depends on the
morphology of the particles, namely, on their aspect ratio
[42,43] as shown in Eq. (7a):

particle particle
v +oo(1 -V, )

For geometrical but regular and slightly elongated Laves
particles (L/t=0.92), whose volume fraction, V,, = 25% (Table
2), Eq. (6a) can be rewritten as, Eq. (7b):

arr = 0'0(1-48)vaves + 0o(1 — VuLaves)

For equiaxed particles, as in the case of the Cr,O, oxide particles, Eq. (7a) reduces to Eq. (7¢):

[7c]

The Cr,0, volume fraction, V 293, was estimated to be 3%
(Table 2).

Thence, the Laves load transfer strengthening contribution
accountedforo =285+ 10 MPa, while the corresponding
strengthening contribution fromthe Cr,0, was o, ,Cr,0,=4 +
1 MPa and thus negligible.

In general, the presence of sub-micrometre and micrometre
particles also generates a microstructure mismatch due

(8]

(8b] aves

OTi
This additional dislocation
strongly depends on the particle geometry, namely on the
particle surface-to-volume ratio (S/V). In the case of the
spherical Cr,0, oxides, S/V = ¢/d = 8.6-102 nm. The
Laves phases have a geometric morphology that is more

strengthening mechanism

Cr203

similar to a parallelogram than a sphere, as in the case of the
Cr,0, oxides. Thus, for the Laves phase, their parallelogram-
like morphology was assumed to be essentially cubic. Thus,

oL TCr203 =0.5 VVCFZOS bo)

to the different thermal expansion coefficients (CTE)
between the particles and the matrix. This, in turn, induces a
dislocation density rise, yielding an additional strengthening
contribution to the alloy, generally named the particle
thermal expansion contribution, o, [42,43]. This additional
strengthening contribution was thus calculated by Egs. (8a)
and (8b):

oreC?93 = aquGb(pcr203 thermal®?®)

= a’/,le( PLaves_thermalO'5)

according to the specific zone axis selected for the TEM
inspections (hcp, ,,,and hcp,, ,, Laves zone axes), the quasi-
Lt V2and SJV = 6/s =
7.1-102 nm, The calculated S/V ratio of the intergranular
Cr,0, oxide particles was ~17% larger than that of the

cubic-like Laves phase had side s = d

intergranular Laves phase particles. Therefore, according to
Eq. (7a) and (7b), the two thermal expansion strengthening
terms were o,.429% = 280 £ 60 MPaand o ;#'* = 330 £ 60 MPa.

La Metallurgia Italiana - Luglio-Agosto 2021

pagina 14



Scientific papers - Metal Physics

Therefore, the overall strengthening contribution yield by
Cr,0, oxide particles was 6293 = g “20% + ¢, 203 = ¢ C1203 =
290 + 60 MPa, while the one from Laves phase was oteves =
0,12 + g, e = 620 + 70 MPa,
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Other possible strengthening contributions

The Laves phase particles were found to be nanometric with
=120 + 20 nm (Figure 4).
The Laves particle strengthening contribution was modelled
according to Eq. (9) [44,45]:

mean equivalent diameter D

Laves

[9] oor = (GbIA) + (BGV\};avesg,/27)

where, A is the mean distance between the Laves particles,
ep is the plastic strain. This strengthening contribution
would be not significant as the mean distance between the
Laves particles, A, is large.

Quite similar argument can be extended to the intergranular
Cr,0, oxide particles, which are even almost one-order of

ln(
M0.4Gb)

magnitude less abundant than the Laves phase.

Anyhow, Xie et al. [30,46] proposed a further strengthening
contribution also acting by the presence of intergranular
Laves particles, modelled through a modified Orowan-like
mechanism, o,,m°¢, by Eq. (10):

(2/3)0'5DLaves)
b

mod — ( aE

(1- V)O.S

OoR

where, D'+, and V, are, respectively, the mean size and
volume fraction of the Laves phase. Thus, by taking the Dteves
=120 + 20 nmand V, = 25 & 6%, 0,,™? = 35 + 4 MPa. This
further contribution can be added to the overall Laves phase
strengthening of o™ = (g2 + 6, 2*) + 6,79 = 655 * 75
MPa.

A similar contribution, could be in principle determined also
for the intergranular Cr,0, oxide particles, anyhow, their
quite low volume fraction makes it as negligible factor.
Finally, In some of the y-grains few small rounded
secondary-particles were observed and identified as
Cr,C, carbides. The driving force to promote a fraction of
the solute C in Cr.C, carbide particles is given by the SPS
process at 1273K. It resulted that the quite limited fraction

[11]  gy/M%I= 5o+ Gss + Gy + OHp + OT + Ossp + OP

(2/3)0'5‘91‘“”5((”/41/1,)0.5‘1)

of these carbides and their mean size make these particles
not relevant by a strengthening contribution viewpoint,
and thus it was not taken into account in the strengthening
model here proposed.

HEA strengthening model

All the calculated microstructure strengthening terms were
addedto Eq. (1) to calculate the strengthening mechanism of
the sub-micrometre-grained equiatomic CoCrFeNiNb HEA.
This microstructure strengthening model was compared to
the ultimate compression strength, UCS, (Table 2). Thence,
according to the Eg. (1), the modelled strength of the
CoCrFeNiNb HEAis, Eq. (11):

= GO+{[VVY(GSS+Gd+GHP+Gspp+GT)]2+ [VVLaves(GTELaves+O.LTLaves)+NVCr203(GTECr203)]2}0.5 =1995 MPa.

This mean value is only 13% lower than the value
experimentally measured of ¢ ®® = 2291 MPa at room
temperature.
Thus, the

reasonably agreed with the experimental results for the

proposed  microstructure-based model
alloy compression strength at room temperature. The
most relevant strengthening contribution can be identified

as the y phase and related microstructure features (Hall-

Petch, twinning, tangled dislocations, and secondary-
phase particles). The strengthening contribution of the
Laves phase was composite-type, as well as that of the few
Cr,0, oxides. The little discrepancy from the model and the
experimentally-derived HEA yield compression strength
might be due to a different Hall-Petch constant, k,,, which
possibly be more appropriate in the specific case of the here
studied equiatomic HEA modelled by room-temperature

La Metallurgia Italiana - July-August 2021

pagina 15



La Metallurgia Italiana

International Journal of the Italian Association for Metallurgy

compression test. As already reported, different k,, values
were proposed,andinsome cases these were higherthanthe
one here used k,,, = 400 MPa-um*2, This would rise to some
5-t0-8% the alloy yield compression stress as obtained by
the microstructure model, and thus approachingthe model-
based yield strength to the experimentally based one.

Memorie scientifiche - Metallurgia fisica

On the other hand, the microstructure model reported
here well agrees with similar proposed models and related
findings recently published by Fu et al. in [47]. In their study,
they attributed the major strengthening contributions to the
yield stress to the FCC phase grain boundaries and tangled
dislocations in a Co, Ni.Fe, Al .Cu . HEA,

Tab.2 - Experimental data and microstructure strengthening contributions for the 8h MA+SPS alloy

compacted at 1273K

as calculated by Eq.(1).

v y phase Laves Cr,0, omin, oM, omen,
v 0.72 £0.07 0.25+0.06 0.03+0.01 MPa MPa MPa
pd, 10> m=2 0.70£0.1 - - 290 330 310
Apg NM 11.0+25 - - 300 380 340
Dy, nm 180 +£45 - - 740 940 830
d oo M 7.5+0.5 - -
)\spp, nm 2343 - - 460 680 570
VP of V yehase, of 1.440.2 - -
Lavest MM - 120+ 20 - 580 730 655
Depyoy NM - - 70 + 20 230 350 290
1700 2325 1995
1.0 — 5T
,_H{L . lll
08 |
]Li " I
5 i
g 06 i I
T 04
g I
g |
® 2] = IF
{:|% ’ & y-phase
_E'.,.r = Laves
0.0 ’.. t-:‘-.l T T T T
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o
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Fig.3 - Statistical evaluation of microstructure parameters used to calculate the different microstructure strengthening

terms through Egs. (2)-(10) for the 8h MA+SPS alloy compacted at 1273K showing: a) grain size cumulative distribution

of both y-phase, d ¥ and Laves phase, d = b) distribution of the twin boundary spacing, A, c) size distribution of se-

cond-phase particles within the y-phase, d,_.
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Thus, a simpler strengthening model including the solid-
solution, grain boundary, secondary-phase particles, and
stacking-faults (SF) strengthening terms, proposed by Zhao
et al. [48], was able to account for the mechanical response
of a CoCrNi medium-entropy alloy (MEA) to some extent. In
this latter case, in addition to the FCC phase grain boundary,
a significant strengthening contribution was given by the
SFs within the FCC phase. The key role of the SFs was also
reported in two HEAs, i.e., AlCoCrCuFeNi by Ganji et al. [49]
and CoCrFeMnNi by Laurent-Brocq et al. [50], although in
the latter case, the role of the SFs was indirectly inferred by
modelling the alloy hardness.

Similar  microstructure  strengthening models were
proposed in other recent publications [51-53]. In particular,
Tongetal. [51]identified essentially the same microstructure
contributions to model the tensile stress of a non-
equiatomic FeCoNiCrTi , HEA. In that study, solid solution
strengthening and secondary-phase particles within fcc
grains, and both coherent and anti-phase boundary energy,
were considered. SF energy accounted for a significant

fraction of the alloy stress, which is in good agreement with

La Metallurgia ltaliana
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the present findings.

Gao et al. [52] recognized three major strengthening
contributions in a CrMnFeCoNi HEA: fcc grain refinement
(Hall-Petch), precipitation tangled
dislocations within the fcc phase. Similarly, Kang et al. [53]
modelled the compressive yield stress of a WNbMoTaV
HEA and identified similar strengthening contributions of
the ones described here. In their work, they found quite high
compression yield stress, o = 2618 MPa. This exceptionally
highvalue was essentially attributed tothe fcc grainboundary

strengthening and

strengthening, and specifically by solid solution and existing
secondary-phase particle Orowan strengthening.

The rule of mixtures and summation of the different
microstructure strengthening phases that was proposed
herein is in good agreement with the works by Huo et al.
[54] for a CoCrFeNiTa HEA and by Stepanov et al. [55] for
(AlCr =4/, 0,sNITIV) different HEAs used a partitioning

approach for the different phase volume fractions.
Finally, a quadratic sum ofthe different types of contributions

was extensively justified and discussed in a previous
published work by Cabibbo [20].

Fig.4 - BF-TEM representative micrographs showing the typical microstructure strengthening mechanisms including: a)

dislocation strengthening within the y-phase, p,; b) typical size of both y and Laves phases, d, and d "= c) typical twin

boundary morphology and spacing, A,,, within the y-phase; d) a representative micrograph showing the typical size of

Cr,C, carbides within the y-grains; in e), typical size of the intergranular rounded Cr,O

in f), BF-TEM displaying the three

273!

existing alloy constituents: y-phase, Laves, Cr,0..
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CONCLUSIONS

The equiatomic CoCrFeNiNb alloy was prepared by a combination of MA+SPS yielding a sub-micrometer grain refinement.
The initial microstructure consisted of sub-micrometer y-phase grains, intergranular sub-micrometer Laves phase particles
and nanocrystalline intergranular Cr,O, oxides. The MA+SPS alloy compacted at 1273 K showed exceptional compressive
properties, reaching an ultimate compression strength of 2412 MPa. These excellent properties were chiefly due to a
refined microstructure characterized by the formation of stacking faults and deformation nano-twins, and the presence
of composite-like structures composed by Laves and Cr,0O, oxides. The results of the compressive tests were in good
agreement with the microstructure strengthening model based on quantitative TEM analyses. It was found that the highest
contribution was given by fcc y-phase solid solution. Thermal stability was guaranteed by the presence of both intergranular
Laves and oxide particles that hindered y-phase grain growth upon compression at high temperature,
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