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Mechanical properties of a nanocrystalline (~ 60 nm) and a coarse grained (grain sizes ~ 4 um) CoCrFeNiMn
high entropy alloys were studied in uniaxial compression in the temperature range 4.2—-350 K. Temperature depend-
ences of yield strength, flow stress and strain rate sensitivity have been registered and analyzed in the framework of
two thermal activation deformation models, that of thermal activation of local barrier overcoming, and that of
Peierls valley double kink formation. Microscopic parameters of dislocation interaction with the barriers for ther-
mally activated motion are estimated and low temperature deformation mechanisms are discussed.

Keywords: high entropy alloy, nanocrystalline, low temperature, dislocation, thermal activation analysis.

1. Introduction

The high entropy alloys (HEAS) are new and intriguing
materials [1-4], which have unique mechanical properties
such as a combination of high strength and good plasticity,
high fracture toughness in a wide range of low tempera-
tures, high thermal stability, and others. These properties
are related to the multicomponent structure of the alloys
and distorted crystal lattice due to presence of elements
with different atomic radius. At present, the most promi-
nent HEA is CoCrFeNiMn, which has a single fcc phase
and high plasticity at all temperatures, including cryogenic
ones [4-7]. The carriers of plasticity are reliably found in a
wide range of temperatures [5,6]. The principles of the
thermally activated plastic deformation of coarse grained
CoCrFeNiMn alloy, which govern the temperature de-
pendences of strength and strain rate sensitivity at low ho-
mologous temperatures, were attempted to study in several
works [8-10], but they were not sufficiently clarified
(mainly due to absence of the detailed temperature de-

pendence of yield stress and strain rate sensitivity), which
therefore will be the main task of this work.

The nanocrystalline state of the CoCrFeNiMn alloy
achieved by high pressure torsion (HPT) at a processing
temperature 300 K, demonstrates both an outstanding
strength and at the same time good plasticity [11,12], while
the deformation mechanisms behind still are not clear so
far. Therefore, the mechanical properties of the coarse
grained (CG) and nanocrystalline (NC) CoCrFeNiMn HEA
will be studied and compared in a broad range of low tem-
peratures; a careful thermal activation analysis of the ex-
perimental data should allow to clarify the microscopic
mechanisms of the thermally activated plastic deformation
of both structural states of CoCrFeNiMn in question.

2. Materials and methods

Ingots of the equiatomic fcc CoCrFeNiMn high entropy
alloy were produced by arc melting of the components in
high-purity argon inside a water-cooled copper cavity. The
purities of the alloying elements were higher than 99.9%.
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To ensure chemical homogeneity, the ingots were flipped
over and re-melted at least 5 times. After that, the homog-
enization annealing was carried out at 1000 °C for 24 h (in
vacuum), which was followed by rolling from 5.3 to
2 mm, annealing at 800 °C (1 h), rolling from 2 to 1 mm,
annealing at 800 °C (1 h). The average grain size after such
treatment was 4 pm.

Severe plastic straining of the alloy was performed by
the High Pressure Torsion (HPT) method. Disc-shaped
billets with diameter 10 mm and thickness 0.9 mm were
processed by 5 rotations of HPT at a hydrostatic pressure
of 6 GPa and temperature 300 K. Plungers have been rotat-
ed by a speed of 0.2 rot/min. It is known that such HPT
regime allows to produce uniform NC structural state with
average grain sizes 50-60 nm [11,12].

Compression samples with the shape of rectangular
prisms 0.8 x 0.8 x 1.3 mm, were cut from the HPT discs.
CG compression samples with the same dimensions were
cut from the initial discs.

The mechanical characteristics of HPT processed as well
as of CG CoCrFeNiMn samples were studied in a MRK-3
deformation machine at initial strain rate 310 *s |, Cryo-
genic temperatures were achieved by liquid nitrogen and
helium and temperatures above 290 K were achieved by
hot air.

During the measurement of the deformation curves, the
shear flow stress sensitivity At/Alné was estimated from
the change in the flow stress by increasing the rate of de-
formation by a factor of 9. The resolved shear stress T was
expressed by the relation t = 6/3 typical for texture free fcc
polycrystalline materials [13].

The values of apparent activation volume for the pro-
cess of plastic deformation were calculated from the rate
sensitivity of yield stress [14]

Alng

V(T)=kT )

)

where k is the Boltzmann constant.

For the thermal activation analysis of the NC and CG
structural states, the temperature dependences of the shear
flow stress t(T) and of the strain rate sensitivity
At/AIng(T) are required, which have been registered at the
stage of well developed plastic strain, but very close to the
yield limit to reduce influence of strain hardening at diffe-
rent temperatures: in this work the values at 1% of plastic
strain are analyzed. In NC state the strain rate sensitivity was
registered within a temperature range of 65-350 K, as rela-
tively low plasticity below 65 K does not allow to reliably
determine the At/AlIné values.

3. Experimental results

The temperature dependences of the yield strength g2
of the HPT deformed NC and initial CG CoCrFeNiMn
high entropy alloy can be seen in Fig. 1.
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Fig. 1. Temperature dependence of yield strength o2 in com-
pression of nanocrystalline (grain size ~ 60 nm) and initial coarse
grained (grain size ~4um) CoCrFeNiMn high entropy alloy.

The strength of CG CoCrFeNiMn (Fig. 1) well com-
bines with the literature data for the tension of the samples
with comparable grain sizes (~ 5 um) [6] and (~ 17 um)
[10]. The comparison of yield strength at different com-
pression temperatures shown in Fig. 1 demonstrates that
decrease of grain size from 4 um to approximately 60 nm
leads to significant (5-6 times) increase of strength. The
value of the yield strength at 300 K in tension (1.95 GPa)
of HPT CoCrFeNiMn [11] is in good correlation with the
value of yield strength in compression (Fig. 1) — 2 GPa,
so very weak SD effect (strength difference in tension and
compression) is observed.

The plasticity of the NC CoCrFeNiMn in compression is
rather high in a wide temperature range: approximately 10%
at 350 K, increasing up to 30% at 200 K, decreasing to 10%
at 77 K and approximately to 1% at 4.2 K. At the tempera-
ture 4.2 K, significantly serrated plastic deformation is regis-
tered in the CG and NC states, which can be explained by
collective avalanche-type motion of dislocations [15].

The temperature dependences of the shear flow stress t(T)
and of the strain rate sensitivity At/AIné(T) have been
determined at 1% of plastic strain and are shown in Fig. 2
(t2(T)) and Fig. 3 (At/AIng(T)). A wide maximum is ob-
served in the At/AIng(T) dependence at 150-250 K for NC
state and at 100-200 K for CG state. Such “bell-shaped”
temperature dependence of the strain rate sensitivity is typical
of many metals with fcc, hcp and bec crystal lattice.

From the flow stress sensitivity for strain value 1%
(Fig. 3), the activation volume calculated according to rela-
tion (1), shown in Fig. 4 in b3 units, where b is Burgers
vector, being for fcc structures, with a = 3.6 A [16] as the
lattice parameter.

The activation volume of the CG CoCrFeNiMn high en-
tropy alloy had been evaluated from strain rate change and
stress relaxation tests in several works: 18 b° (at 77 K) and
85 b> (at 293 K) [8]; 40 b° (at 293 K) [9]: 60 b°at (77 K) and
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Fig. 2. (Color online) Temperature dependences of the shear
stress 11 (at 1% plastic strain) of the CoCrFeNiMn high entropy
alloy in nanocrystalline (a) and coarse grained (b) states. The
lines are theoretical dependences (see Sec. 4).

340 b° (at 293 K) [10]. Large difference in values partly can
be explained by difference in the used Taylor factor (,/3, 2,
3), different grain sizes of the samples and the different type
of experiments (strain rate jumps and relaxation), but never-
theless it should be noted that the observed variance of the
activation volume values is much higher than variance of the
corresponding strengths characteristics and maybe more
fundamental reasons underline it.

The values and temperature dependence of the activa-
tion volume of the NC CoCrFeNiMn alloy in general are
similar to those observed in NC fcc alloys [17].

4. Analysis and discussion

The microscopic mechanisms of plastic strain in CG fcc
CoCrFeNiMn high entropy alloy have been discussed in
[5,6,18] in a wide range of low temperatures: the main de-
formation mechanism is typical of fcc materials sliding of
full <110> {111} dislocations; twinning is registered at
300 K and its activity is increasing with decrease of tempera-
ture [6,18,19]. It was found [18,19] that twinning actively
participates in the plastic deformation at later stages of the
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Fig. 3. (Color online) Temperature dependences of the strain rate
sensitivity Ati/AIn€ (at 1% plastic strain) of the CoCrFeNiMn
high entropy alloy in nanocrystalline (a) and coarse grained (b)
states. The lines are theoretical dependences (see Sec. 4).

deformation curve (typically after 5% of plastic strain). Thus
it can be expected that only dislocation processes are respon-
sible the experimental data (Figs. 2—4). Compression tests in
the CoCrFeNiMn single crystal allowed to estimate the criti-
cal resolved shear stress (CRSS) for <110> {111} disloca-
tions at temperatures 300 and 77 K (70 and 175 MPa corre-
spondingly) [20]. These values cannot be directly compared
to shear stress values of polycrystals (Fig. 2) due to differ-
ent values of internal stresses, but the difference terss77 —
Terss300 = = 105 MPa in the single crystal is roughly com-
parable to difference tcg77 — tcg300 = 71 MPa of CG
CoCrFeNiMn (Fig. 2(b)), indicating that the shear stress
(Fig. 2(b)) can be considered as a stress acting at the full
dislocation in its glide plane. In NC state, however, this
difference is as large as tnc77 — Tnc3o0 = 269 MPa, indi-
cating that in this state the temperature dependence of
strength cannot be explained by thermally activated motion
of dislocations inside the grains.

The present CoCrFeNiMn alloy demonstrates a rather
strong temperature dependence of the flow stress (Figs. 1, 2)
in CG as well as in NC state (approximately 1.7-1.8 times
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Fig. 4. Temperature dependences of the activation volume
(measured at the value of plastic strain 1%) of the CoCrFeNiMn
high entropy alloy in nanocrystalline (a) and coarse grained (b)
structural states. The lines are theoretical dependences (see Sec. 4).

increase of strength at 4.2 K in comparison with 350 K), in-
dicating that plastic deformation occurs thermally activated.
In CG fcc metals and alloys at low temperatures the tempera-
ture dependence of flow stress is typically rather weak, and
plastic straining is controlled by thermally activated motion
of dislocation through the local barriers inside the grains [14],
and the typical local barriers are forest dislocations, impurity
atoms and clusters, small precipitates, etc. In bcc metals,
however, the thermally activated motion of dislocations in
the Peierls potential relief determines the macroscopic
strength [21] and gives much higher temperature dependence
of flow stress than in fcc metals. The measured temperature
dependence of strength in CG CoCrFeNiMn is in the middle
of fcc and bcce cases, which suggests to apply also the Peierls
potential model to this fcc alloy. It is interesting to note that

temperature dependences of flow stress for fcc CoCrFeNiMn
HEA and for bec TizpZrosHf15NbygTagg HEA [22] are rather
similar, and as the both models (local barriers and motion in
the Peierls potential relief) successfully were applied for
approximation of the experimental data for the bcc HEA al-
loy [22], it can be considered as additional argument for trying
the Peierls potential model for the fcc CoCrFeNiMn alloy.

The microscopic plasticity mechanisms of the NC mate-
rials with the grain sizes below 100 nm have not been fully
clarified yet, but it has been reported [23,24] that for grain
sizes above approximately 20 nm the plasticity is realized
by dislocation motion. Similar temperature dependences of
the flow stress and strain rate sensitivities in NC and CG
states (Figs. 2, 3) suggest that in NC state these tempera-
ture dependences are also related to the thermally activated
motion of dislocations, which allows to apply the thermally
activation analysis to the experimental data of NC
CoCrFeNiMn (Figs. 2—4), results of it will be discussed.

Description of the thermally activated process of plastic
deformation in the framework of the transition state theory
[14,25] allows relate the plastic strain rate ¢, activation
enthalpy H and temperature T by the Arrhenius-type ex-
pression:

£=¢ exp[——Hk(;*):l, )

where the pre-exponential factor €, is constant to a good
approximation, t* =t—r1; is thermally activated (effec-
tive) component of the flow stress 1, and 7 is the athermal
component arising from internal stresses.

4.1. Local barriers

The thermally activated motion of dislocation over the lo-
cal barriers often is described by two models (two statistics):
for sufficiently small values of t* (almost straight disloca-
tion line) the Mott—Labusch statistics [26] applies, while for
significantly curved dislocation segments the Friedel sta-
tistics [27] is to be used. Reasonable correlation of the exper-
imental data (Figs. 2-4) with the theory was achieved only
for the Friedel model, which thus will be described here in
more detail. The analytical approximation of the activation
enthalpy for the Friedel model [27-29] reads as

c

237
H () = H, 1—(T—] . 1<q<2, (3
T

Table 1. Empirical values of the parameters for the nanocrystalline structural state

Model i, GPa Tc (Tp), GPa | Ho(2Hy), eV Te, K A q
Local barriers 0.627 0.512 0.65 384 19.51 14
Peierls (regime 1) 0.617 0.458 0.74 420 20.40 -
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where Hg is the enthalpy parameter of the dislocation-
barrier interaction, 1 is the critical stress for non-thermally
activated motion of dislocation over the barrier, and q is a
numerical parameter, which depends on the barrier shape.
Relations (2) and (3) provide expressions (4)—(6) for the
experimentally measured characteristics of plasticity, i.e.,
the flow stress 1, strain rate sensitivity At/Alné€, and the
effective activation volume of plastic deformation V:

3/2

T 1/q
m=wewl(L]] W

C

1/2

(Ar)N(ar)_?ﬂ_clﬂql_lllq (5)
Alng )y \dIne )~ 29Al T, T, '

-1/2
(9-1)/q 1/q
R I N
81*1- 3’CC TC TC

Here, the parameter A= In(éolé) should not depend signif-
icantly on temperature and stress; above the critical tempera-
ture Tc = Ho/kA the thermal part of the flow stress is negligi-
ble. The parameters t¢, tj and Ho depend on the shear
modulus G, and correspondingly depend on temperature as
the shear modulus does. Use of relations (4)-(6) in a wide
temperature range requires to take into account the tempera-
ture dependence of these parameters, but here the investiga-
tion is limited by a temperature range around 300 K, so in
first approximation the corrections due to the temperature
dependence of the shear modulus can be neglected.
The parameter A can be estimated by the relation

-1
N
Alné J; \dT J;

which one receives from expressions (4) and (5) considering
dri/dT << dt/dT [29]. Empirical estimates of the parameter
A, obtained with relation (7) and the experimental depend-
ences 1(T) and At/AIng(T) (Figs. 2, 3), are shown in
Fig. 5 for the NC and CG structural state. As the parameter
A does not depend significantly on temperature, the assump-
tion €, = const holds, being one of the criteria for the ap-
plicability of relations (4)—(6) for describing the process of
thermally activated plastic flow.
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Fig. 5. Temperature dependence of the parameter A in
nanocrystalline (a) and coarse grained (b) structural states.

The theoretical equations t(T), At/AIng(T) and V(T)
(4)—(6) can be fitted to the experimental dependences
(Figs. 2-4) to determine material parameters g, i, ¢, Ho,
T, A for the model of local barriers. The best fit values of
parameters are listed in the first line of Table 1 for NC
state and Table 2 — CG state.

The experiments’ dependences and approximating theo-
retical curves (marked as “Local barriers”) in Figs. 2—4 show
that in the whole temperature range 25 K< T <350 K con-
sidered for the CG state, and 65 K <T <350 K for the NC
state, good coincidences of the theoretical and experimental
results were achieved, which suggests to consider one single
mechanism to control the thermally activated plasticity in the
temperature ranges studied.

For the Friedel statistics, the average area Sg per local
obstacle in the slip plane of a dislocation can be written in
the form [27,30].

Table 2. Empirical values of the parameters for the coarse grained structural state

Model i, GPa ¢ (1p), GPa Ho(2Hy), eV To, K A q
Local barriers 0.145 0.134 0.63 353 20.80 1.71
Peierls (Regime 1) 0.147 0.100 0.65 365 20.76
Peierls (Regime 2) 0.143 0.110 0.54 330 19.00
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b2t*(b\*(V )’
=g (W) (b3) ’ ©
where G is shear modulus, and w=w(t*) is half-width of
the barrier for thermal activation.

Using Eq. (8), the values of activation volume (see
Fig. 4), and those of the shear modulus of CoCrFeNiMn
alloy being G = 80 GPa [31] can be derived. Assuming
w > b, upper estimates of the average area per local obsta-
cle Sp can be achleved being Socc < 340b> for the CG
state, and Sonc < 58b? for the NC state; they correspond to
the following average dlstances between the local obstacles
in the slip plane: lopcg = (Soce) 2 < 18.4b = 4.7 nm for CG
state, and lgnc < 7.6b = 1.9 nm (for NC state).

4.2. Peierls barriers

In the frame of this model, the thermally activated mo-
tion of dislocations in the Peierls potential relief below the
critical temperature T is realized by nucleation and expan-
sion of kink pairs at the dislocation line [25,32]. Two dif-
ferent regimes of the kink—kink interaction are considered
[25,32,33]: in regime 1 at low t* values (at high tempera-
tures), the kinks are fully formed and separated, and the
enthalpy balance is governed by the elastic interaction be-
tween kinks; in regime 2 at high t* values (at low temper-
atures), the dislocation has not reached the adjacent Peierls
valley; the kinks have not fully formed yet and can be de-
scribed by the line tension model.

In the regime 1, the activation enthalpy is represented by
the formation of kink pairs, that is, associated with elastic
repulsion of the kink pair. This can be quantified according
to [25,34] as

N 1/2
AHp = 2H, 1—[:—J 9)
p

where Hy is the formation enthalpy of the isolated kink,
and T, is the critical stress of the athermal part of disloca-
tion motion over the Peierls barrier.

Combining equations (2) and (9), expressions for the
flow stress 1, strain rate sensitivity At/AlIné, and the acti-
vation volume of plastic deformation V can be obtained as
follows:

T
t(T)= r.+rp[ —T—} (10)
(e, ~Gne), =25 Jo g ) o
Alné )¢ dIng )y AT, T,
-1
vz—(aH) He [1—l} . (12)
ot* Tp Te

Where A=In(£q/¢), and T = 2Hy/KA.
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Joint approximation of the experimental data (Figs. 2-4)
by the relations (10)—(12) allows to self-consistently find the
values of all theoretical parameters t;, tp, Hk, Tc, A, which are
given in line 2 of Tables 1 and 2 for the NC and CG state
correspondingly. Note that the approximated value of param-
eter A coincides well with its empirical value calculated by
Eq. (7) (also shown in Fig. 5), which is an additional prove of
the consistency of the model. The Regime 1 of the thermally
activated flow typically is valid at relatively low stresses
T <1,/2 [32], and correspondingly the relations (10)—(12)
should correlate with the experimental data at not too low
temperatures (e.g., above 100-150 K). However, it can be
seen from Figs. 2—4 that even in the whole range of low
temperatures studied, the theoretical curves (10)—(12) of the
regime 1 of the Peierls model (noted as “Peierls, Regime 1”
at Figs. 2-4) are in good correlation with the experimental
data.

At high values of t* (at low temperatures) the line ten-
sion approximation of the kink interaction (Regime 2)
gives the activation enthalpy [25,34] in the form

5/4
6(2 T*
AHkp = 2Hk g[g[l—a}jl (13)

where Hg is formation enthalpy of the isolated kink, and
T, is the critical stress of the non-activated motion of dis-
location over the Peierls barrier.

Now, the temperature dependences of the flow stress t,
strain rate sensitivity At/Alné¢, and the activation volume
of plastic deformation V can be obtained also for the re-
gime 2, with the use of (2) and (13):

4/5
3(5T
TU):Ti +Tp|:1—5(gfj :|, (14)

(Ar) ~( ar) _ T
Ang)r \aing); A

1/5
) B o

oty Tp

where A=1In(gq/¢), and T¢ = 2HK/kA.

Approximation of t(T) and At/AIng(T) (Figs. 2(b),
3(b)) by the relations (14) and (15) for the CG alloy gives
empirical values of the parameters 1j, tp, Hk, Tc, A (line 3
of the Table 2). It can be seen from Figs. 2(b) and 3(b) that
the low temperature model of the Regime 2 is valid at tem-
peratures below 100-150 K, and that at higher tempera-
tures the elastic approximation of regime 1 more adequate-
ly corresponds to experimental data. For the NC alloy, the
low plasticity below 65 K did not allow to measure the
strain rate sensitivity, and correspondingly there are not
sufficient experimental points to perform approximations
for the low temperature regime 2 as well.
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4.3. Discussion of the thermally activated plastic
deformation

As the thermally activated motion of dislocations over
the local barriers inside the grains is the main microscopic
plasticity mechanism of the CG CoCrFeNiMn high entropy
alloy, the knowledge on microscopic parameters of the
thermal activation analysis (Table 2) could help to identify
the type of barriers. Considering forest dislocations as the
possible local barriers — taking into account that the area
per local obstacle is Socg < 340b% — an estimation of the
required dislocation density gives 1/80(;@24.5-1016 m_z,
which is too high for CG not severely deformed material.
Impurity atoms also cannot be these local barriers, because
the alloy doesn’t contain the impurity, whose concentration
would provide the estimated distance between the barriers
4.5 nm. Alloy atoms also cannot represent these local bar-
riers, because the alloy concentration is much too high to
provide the estimated barrier distance of 4.5 nm. However,
several neighboring atoms of the present HEA alloy with
relatively high atomic radius can cause distinctly increased
lattice distortions, and therefore may act as the barriers for
the dislocation motion. Indeed, such “clusters” of atoms
were experimentally observed in high entropy alloys [35],
with a typical distance between them of several nanome-
ters; this value equals that from the estimation done by the
thermally activation analysis by means of the local barrier
model. Moreover, the value of activation energy 0.63 eV
(Table 2) obtained from this model is more typical of a
complex local obstacle than of a single impurity atom; al-
together an interpretation of plasticity process with the
thermally activated overcome of complex atom clusters
seems to be rather convenient. Unfortunately, at the mo-
ment no detailed statistics is available of the clusters sizes
and distribution, which not allows more exact analysis.

Alternatively, motion of dislocation in grains of CG
CoCrFeNiMn can be controlled by thermally activated over-
coming by dislocations of the Peierls potential relief — the
model demonstrates good correlation with the experimental
results (Figs. 2—4). The activation energy (energy of the kink
pair formation) for the low and high temperature regimes of
the Peierls barrier model of CoCrFeNiMn (Table 2) (0.54 eV
and 0.65 eV) are in reasonable correlation with the kink pair
formation energy of the metals (elements of the alloy), whose
dislocation mation is controlled by the Peierls barriers: Fe —
0.58 eV, Cr — 0.93 eV [21]. Modelling of the single crystal
CoCrFeNiMn alloy utilizing the Peierls—Nabarro formalism
by density functional theory calculations [20] gives estima-
tion of the Peierls stress: 178 MPa. This estimate is in rather
good agreement with the values of the Peierls stress from the
thermal activation analysis (Table 2) 100 MPa and 110 MPa
for the Regimes 1 and 2 correspondently.

Such agreement of the thermal activation analysis with es-
timate of the Peierls stress from the single crystal modeling
and good correlation of the Peierls model with the experi-
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mental results (Figs. 2—4) allow to consider at the moment
the thermally activated overcoming by dislocations of the
Peierls potential relief as the most probable microscopic
mechanism, which control the motion of dislocations in
grains of the CG CoCrFeNiMn alloy. However, when micro-
scopic parameters of dislocation interaction with the local
clusters as well as a statistics of the cluster’s distribution will
be available, the additional comparison of the models will be
required. It also should be noted that both models (local clus-
ters and Peierls barriers) give very similar values of the mi-
croscopic parameters of the dislocation-barrier interaction
(Table 2), which indicate that maybe both of them are rele-
vant and they describe the same effect from different sides,
for example the size of the kink pair can be influenced by
variation of local composition of atoms (a sort of clusters
along the Peierls valley). The recently developed model for
solute strengthening of random FCC alloys [36] could be
such an alternative to the models of the local barriers and the
Peierls barriers, but the attempt to apply this solute strength-
ening model to the thermally activated plastic deformation of
the CG CoCrFeNiMn [10] has shown that the predictions of
the model are not able at the moment correlate to experi-
mental results sufficiently good (for example, values of the
activation volume from theory and experiment differed sev-
eral times), so the model should be improved to use it for
describing the thermally activated plastic deformation of the
high entropy alloys.

Concerning the relevance of the Peierls relief model in
NC state of the CoCrFeNiMn high entropy alloy, the ther-
mal activation analysis gives the value of the Peierls stress
of 458 MPa (Table 1), which is much higher than in CG
state, although the height of the Peierls barrier should not
depend on grain size. And like in case of CG state, this value
is much higher than that estimated from the single crystal
modelling [20], meaning that thermally activated motions of
dislocations over the Peierls barriers inside the grains cannot
control the plastic deformation. On the other hand, for the
NC state the estimation of the distance between the local
clusters to be 7b by means of the barrier model looks too
small: it is difficult to imagine the two clusters with a curved
dislocation segment between them at the area of seven inter-
atomic distances. Moreover, this result would mean that the
distance between the clusters in the NC state is much small-
er than in CG state, which has no relevant explanation. Al-
ternatively, the commonly accepted viewpoint in literature
[24] is that in NC materilas the process of plastic defor-
mation is not controlled by motion of dislocations inside the
grains, but by the nucleation of dislocations at the grain
boundaries. As these dependences of the flow stress, strain
rate sensitivity and activation volume of the NC
CoCrFeNiMn are very similar to that of the CG state, this
indicates similar processes to occur, but with much higher
barriers for the thermally activated plastic deformation. In-
deed, such high barriers may be represented by the grain
boundaries of the NC state. Then the model of local barriers
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probably concerns the dislocation line, which had been al-
ready nucleated at the grain boundary, but pinned there at
several points (probably at ledges). Under applying stress,
these dislocation segments will bow out, and the plastic de-
formation is controlled by thermally activated tearing-off
the bowed dislocation segment from the pinning ledges
within the grain boundary, followed by subsequent free mo-
tion of dislocation through the grain. During the latter, the
local barrier model (Table 1) gives the stresses and energy
parameters of thermally activated transition of dislocation to
the grain as well as the estimate of average distance between
the ledges at the grain boundary. As well as the model of
Peierls barrier can describe the transition of dislocation from
grain boundary to the neighboring Peierls valley and Table 1
gives the microscopic parameters of this process. The com-
puter simulations of the NC materials [24] confirm the pos-
sibility of dislocation nucleation at grain boundaries.

Conclusions

The process of plastic deformation of the NC and CG
CoCrFeNiMn high entropy alloy has been studied in a wide
range of low temperatures. NC CoCrFeNiMn demonstrates
exceptionally high strength (especially for fcc material),
which achieves 3 GPa at 4.2 K, while maintaining reason-
able plasticity even at cryogenic temperatures. The yield
stress and strain rate sensitivity of flow stress have been
registered at temperatures 4.2-345 K. Values of the activa-
tion volume of the process of plastic deformation have
been evaluated from the strain rate sensitivity. Experimen-
tally measured temperature dependences of the flow stress
and strain rate sensitivity in a wide range of low tempera-
tures indicate thermally activated plasticity of both the CG
and the NC CoCrFeNiMn high entropy alloy. Thermal
activation analysis for the CG CoCrFeNiMn has shown
that plastic deformation most probably is controlled by
thermally activated motion of dislocation in grains over the
Peierls potential relief. The thermally activated process in
the nanocrystalline material can be interpreted as the gen-
eration of dislocation from grain boundary and the transi-
tion to the grain interior. Microscopic parameters of dislo-
cation interaction with the barriers for thermally activated
motion are estimated for CG and NC structural states of
the CoCrFeNiMn high entropy alloy.

The authors have pleasure to dedicate this publication
to the 80th anniversary of Prof. VV.D. Natsik and express
gratitude for interest to the work and useful discussions.

1. W. Yeh, S.K. Chen, S.J. Lin, J.Y. Gan, T.S. Chin, T.T. Shun,
C.H. Tsau, and S.Y. Chang, Adv. Eng. Mater. 6, 299 (2004).

2. B. Cantor, .T.H. Chang, P. Knight, and A.J.B. Vincent,
Mater. Sci. Eng. A 375, 213 (2004).

3. B. Gludovatz, A. Hohenwarter, D. Catoor, E.H. Chang, E.P.
George, and R.O. Ritchie, Science 345, 1153 (2014).

1252

4. Y. Zhang, T.T. Zuo, Z. Tang, M.C. Gao, K.A. Dahmen, P.K.
Liaw, and Z.P. Lu, Progr. Mater. Sci. 61, 1 (2014).

5. A. Gali and E.P. George, Intermetallics 39, 74 (2013).

6. F. Otto, A. Dlouhy, Ch. Somsen, H. Bei, G. Eggeler, and
E.P. George, Acta Mater. 61, 5743 (2013).

7. E.D. Tabachnikova, A.V. Podolskiy, M.O. Laktionova, N.A.
Bereznaia, M.A. Tikhonovsky, and A.S. Tortika, J. Alloys
Comp. 698, 501 (2017).

8. Z.Wu, Y. Gao, and H. Bei, Acta Mater. 120, 108 (2016).

9. S.I. Hong, J. Moon, S.K. Hong, and H.S. Kim, Mater. Sci.
Eng. A 682, 569 (2017).

10. G. Laplanche, J. Bonneville, C. Varvenne, W.A. Curtin, and
E.P. George, Acta Mater. 143, 257 (2018).

11. B. Schuh, F. Mendez-Martin, B. Volker, E.P. George,
H. Clemens, R. Pippan, and A. Hohenwarter, Acta Mater. 96,
258 (2015).

12. AV. Podolskiy, E.D. Tabachnikova, S. Maier, M.J.
Zehetbauer, C. Rentenberger, B. Joni, M.A. Tikhonovsky,
A. Tortika, and E. Schafler, Mater. Design (2018), in
submission.

13. J.P. Hirth and J. Lothe, Theory of Dislocations, McGraw-
Hill, New York (1968).

14. A. Evans and R. Rawlings, Phys. Status Solidi 34, 9 (1969).

15. V.V. Pustovalov, Fiz. Nizk. Temp. 34, 871 (2008) [Low Temp.
Phys. 34, 683 (2008)].

16. N.D. Stepanov, D.G. Shaysultanov, G.A. Salishchev, M.A.
Tikhonovsky, E.E. Oleynik, A.S. Tortika, and O.N. Senkov,
J. Alloys Comp. 628, 170 (2015).

17. E.D. Tabachnikova, A.V. Podolskiy, S.N. Smirnov, L.A.
Psaruk, V.Z. Bengus, H. Li, L. Li, H. Chu, and P.K. Liao,
Fiz. Nizk. Temp. 380, 301 (2012) [Low Temp. Phys. 38, 239
(2012)].

18. G. Laplanche, A. Kostka, O.M. Horst, G. Eggeler, and E.P.
George, Acta Mater. 118, 152 (2016).

19. N. Stepanov, M. Tikhonovsky, N. Yurchenko, D. Zyabkin,
M. Klimova, S. Zherebtsov, A. Efimov, and G. Salishchev,
Intermetallics 59, 8 (2015).

20. L. Patriarca A. Ojha, H. Sehitoglu, and Y.l. Chumlyakov,
Scripta Mater. 112, 54 (2016).

21. H. Conrad and W. Hayes, Amer. Soc. Metals 56, 249 (1963).

22. A.V. Podolskiy, E.D. Tabachnikova, V.V. Voloschuk, V.F.
Gorban, and S.A. Firstov, Mat. Sci. Eng. A 710, 136 (2018).

23. H. Li, F. Ebrahimi, H. Choo, and P.K. Liaw, J. Mater. Sci.
41, 7636 (2006).

24. M.A. Meyers, A. Mishra, and D.J. Benson, Progr. Mater.
Sci. 51, 427 (2006).

25. A. Seeger, Z. Metallk. 72, 369 (1981).

26. B. Schwarz and R. Labusch, J. Appl. Phys. 49, 5174 (1978).

27. J. Friedel, Dislocations, London, Pergamon (1964).

28. U.F. Kocks, A.S. Argon, and M.F. Ashby, Progr. Mater. Sci.
19, 1 (1975).

29. V.N. Kovaleva, V.A. Moskalenko, and V.D. Natsik, Philos.
Mag. A 70, 423 (1994).

30. E.D. Tabachnikova, A.V. Podolskiy, S.N. Smirnov, L.A.
Psaruk, and P.K. Liao, Fiz. Nizk. Temp. 40, 1419 (2014)
[Low Temp. Phys. 40, 1104 (2014)].

Low Temperature Physics/Fizika Nizkikh Temperatur, 2018, v. 44, No. 9


https://www.diva-portal.org/smash/get/
https://doi.org/10.1126/science.1254581
https://doi.org/10.1016/j.pmatsci.2013.10.001
https://doi.org/10.1016/j.intermet.2013.03.018
https://www.sciencedirect.com/journal/acta-materialia/.../61/
https://www.tib.eu/.../tema%3ATEMA20170124936/Mechan.
https://www.tib.eu/.../tema%3ATEMA20170124936/Mechan.
https://doi.org/10.1016/j.actamat.2016.08.047
https://doi.org/10.1016/j.msea.2016.11.078
https://doi.org/10.1016/j.msea.2016.11.078
https://doi.org/10.1016/j.actamat.2017.10.014
https://doi.org/10.1002/pssb.19690340102
https://doi.org/10.1063/1.2973710
https://doi.org/10.1063/1.2973710
https://doi.org/10.1063/1.3693584
https://doi.org/10.1016/j.actamat.2016.07.038
https://doi.org/10.1016/j.intermet.2014.12.004

Thermally activated deformation of nanocrystalline and coarse grained CoCrFeNiMn high entropy alloy

31. B. Gludovatz, E.P. George, and R.O. Ritchie, JOM 67, 2262
(2015).

32. A. Seeger, Mater. Sci. Eng. A 370, 50 (2004).

33. H. Lim, C.C. Battaile, J.D. Carroll, B.L. Boyce, and C.R.
Weinberger, J. Mech. Phys. Sol. 74, 80 (2015).

34. A. Seeger, J. Phys. Collog. 42(C5), 201 (1981).

35. E.J. Pickering, H.J. Stone, and N.G. Jones, Mater. Sci. Eng.
A 645, 65 (2015).

36. G. Leyson, L. Hector, and W. Curtin, Acta Mater. 60, 3873
(2012).

TepMoakTBoBaHa gecopmaLisa HaHOKpPUCTaNIYHOro
Ta KPYNHO3EPHUCTOro BUCOKOEHTPOMINHOrO cnnaBy
CoCrFeNiMn y piana3oHi Temnepartyp 4,2—-350 K

A.B. MNMoponbckkui, E. Wadnep, O.0. TabauyHikoBa,
M.A. TuxoHoBcbkuin, M.J. Zehetbauer

MexaHiuHi BJIaCTHBOCTI HAHOKPHCTAJIIYHOTO (CepeaHiil po3mip
3epeH ~ 60 HM) Ta KPYIHO3EPHHUCTOTO (CepemHii po3Mip 3epeH
~ 4 mxMm) BucokoeHtpomiiiHoro criaBy CoCrFeNiMn BuBuaiich
LUIIXOM ~ OJHOOCHOTO ~CTHUCKAaHHS B IHTepBajli TEMIEpaTyp
4,2-350 K. TemmeparypHa 3ajJeKHICTh MEXI IUIMHHOCTI, Hampy-
JKCHHS Tedil Ta MIBUIKICHOI YYyTJIMBOCTI JIeOPMYIOYOro Harpy-
JKEHHS BUMIPSIHO Ta MPOAHAJIi30BaHO B PaMKax JBOX TEPMOAKTHBA-
IMHUX MOJENeH: Mojeni B3aeMOAIl JUCIOKAIIN 3 JIOKAIBHUMHI
6ap’epamu Ta Mozeni [laliepsica 11010 YTBOpPEHHS MOABIMHUX mepe-
ruHiB. Bi3HaueHO MIKpOCKOIIIYHI TapaMeTpy B3a€MOIT JUCIIOKaiit
3 Oap’epaMu NpH TEPMOAKTUBOBAHOMY PYCi Ta OOTOBOPIOIOTHCS
HHU3BKOTEMIIEPATYPHI MEXaHi3MH, SKi KOHTPOJIIOIOTH IUIACTHYHY

nedopmariiro.

Kiro4uoBi coBa: BHCOKOEHTpOMIHHI CIUIaBH, HAHOKPHCTATidHI
MeTajiH, HU3bKi TeMIepaTypH, AUCIOKalil, TepMOAKTHBAL[IHHIN
aHaIi3.
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TepMoakTBMpoBaHHas gegopmaums
HaHOKPUCTAaNMMYecKoro 1 KpynHO3epHUCTOro
BblCOKOaHTponunHoro cnnasa CoCrFeNiMn B

AnanasoHe Temnepartyp 4,2-350 K

A.B. MNogonbcknin, E. Wadnep, E.[l. TabayHukoBa,
M.A. TuxoHoBckuin, M.J. Zehetbauer

MexaHu4eckrue CBOMCTBa HAHOKPHCTANIMYECKOTO (CpeaHui
pa3mep 3epeH ~ 60 HM) U KPYIHO3EPHUCTOTO (CpeqHHI pa3Mep
3epeH ~ 4 MKM) BbICOKO3HTponuiiHOTo ciutaBa CoCrFeNiMn
H3y4YaJINCh IIyTeM OTHOOCHOTO CXKaTHs B MHTEpBalle TeMIlepa-
typ 4,2-350 K. TemneparypHas 3aBHCHMOCTH INpeneia TEKy-
YeCTH, HANPSDKEHMSI TE€YSHUSI U CKOPOCTHOM UyBCTBHTECIBHOCTH
JIe(GOPMUPYIOIET0 HANPSXKEHH U3MEPEHBI U NPOaHaIH3HPOBa-
HBl B paMKax ABYX TEPMOAKTHBAIIMOHHBIX MOJeENeH: MOomeiH
B3aMMOJACHCTBUS TUCIOKAIMA C JIOKAIBHBIMU OapbepaMu U
moxenu [laitepica o6pasoBanus qBOWHBIX mepern0oB. Ompere-
JIEHbl MHKPOCKOIMYECKHE TTapaMeTpbl B3aUMOAECHCTBUS AHUCIIO-
Kanuii ¢ GapbepaMu NpH TEPMOAKTHBUPOBAHHOM JIBIDKEHHH H
00CYXJal0TCs HU3KOTEMIIEpATypHbIE MEXAaHU3MBI, KOTOpbIE
KOHTPOJIMPYIOT IUIACTHYECKYIO AedopMmanuio.

KiroueBsie ciioBa: BbICOKOBHTpOHPIﬁHLIC CIlJIaBbl, HAHOKpHUCTAJI-
JIMYCCKUEC METAJUIbl, HU3KUC TEMIICPATYPhbl, JUCIIOKAllUHU, TCPMO-
AKTHUBAITMOHHBIN aHAJIN3.
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