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The creep properties of a NioCo;Fe; Vo 5Mog 2 medium-entropy alloy (MEA) in the temperature range 973-1073
K, and under the stresses 150-200 MPa, have been investigated in detail. The NioCo;Fe; Vo sMog 2 MEA possesses
excellent creep properties at 973 K/150 MPa and 973 K/175 MPa. The stress exponent n was calculated to be 3.1
at 973 K, suggesting the dominance of viscous dislocation glide mechanism in creep deformation. The activation
energy for creep deformation was measured to be 456.3 kJ-mol~!, which is comparable to the activation energy

for self-diffusion of Mo, indicating a strong effect of Mo diffusion on viscous dislocation glide. Detailed trans-
mission electron microscopy analysis reveals: (1) increased stress and strain can alter the dislocation configu-
rations and promote dislocation climb, and thus to increase the creep rate; (2) increased temperature and strain
can lead to active recovery and recrystallisation, and thus to cause grain refinement.

1. Introduction

Since the first emergence of high-entropy alloys (HEAs) and medium-
entropy alloys (MEAs) in 2004, a new horizon for designing materials
with exceptional properties is opened [1-6]. Extensive experimental and
theoretical work have been conducted to reveal the excellent mechani-
cal properties and interesting deformation mechanisms of many
HEAs/MEAs at ambient and cryogenic temperatures [7-9]. For example,
Moon et al. [10] reported a Coy75Cry25FessNijgMos MEA exhibiting
excellent combination of strength and ductility in the wide temperature
range of 0.5-298 K, and discovered phase-transformation anomaly and
discontinuous plastic flow at cryogenic temperatures. To date, it is
known that under the combined effects of sluggish lattice diffusion [11],
severe lattice distortion [3,12], short-range ordering [13], incipient
concentration waves [14], HEAs/MEAs are capable of sustaining very
high densities of dislocations and/or nanotwins, and thus stimulating
excellent combinations of strength and ductility [14-17]. Based on this
concept, Chang et al. [18] added small mass fractions of Si to the CrCoNi
base-alloy to further increase the lattice distortion, as a result both
strength and ductility were increased simultaneously.

Considering the broad industrial applications of metallic materials,
engineers and researchers for sure have also looked into various engi-
neering properties of HEAs/MEAs. For example, Shukla and Mishra [19]
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processed an ultrafine grained CoCr; 3sNi MEA with excellent high cyclic
fatigue properties; Yang et al. [20] reported a CrCoNi MEA with
outstanding fracture toughness comparing to many known MEAs and
HEAs [21]. Recently, scientific explorations on the high temperature
properties of HEAs/MEAs have also gained strong momentum [22-25].
As an important part of the high temperature properties of metallic
materials, creep properties cannot be overlooked. Xie et al. [26]
attributed the strong creep resistance and long creep lifetime of a CoCrNi
MEA at 973 K to the lowered stacking fault energy (SFE) in conjunction
with strong local lattice distortions, and the resultant strong interactions
between stacking faults (SFs) and solute atoms. Kang et al. [27] reported
the transition of rate-controlling mechanism from dislocation climb to
viscous glide with increasing stress, and revealed the influence of large
atomic size misfit on viscous glide of dislocations. Rozman et al. [28]
found that the CoCrFeNi MEA shows unusual double minimum creep
rate behavior (usually found in single crystal Ni-base superalloys) at
600-650 °C under the stresses of 120-189 MPa. Rozman et al. [28]
suggest that the nucleation and growth of Cr-rich M33Cg carbides and ¢
precipitates are the cause for the undulation of creep rate with respect to
the increasing strain. Cao et al. [29] revealed the abnormally high stress
exponent (n = 8.9-14) and increased creep activation energy (Q = 380
kJ-mol™!) for a CoCrFeMnNi HEA crept under high stresses, and
attributed the phenomenon to the coordinative contribution of dynamic
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recrystallization and again dynamic precipitation of Cr-rich My3Cg car-
bides and o phases. Cao et al. [30] also explored the effect of Al addition
on creep properties of Al,CrMnFeCoNi HEAs, and found that adding an
appropriate amount of Al can enhance the creep resistance, e.g.
Al 4CrMnFeCoNi HEA, due to solution strengthening and secondary
phase strengthening effects; but an excess amount of Al will deteriorate
the creep properties, e.g. AlysCrMnFeCoNi HEA, due to increased SFE
and lowered activation energy. As an extreme example, Tsao et al. [31]
added a large number of elements to make the novel high entropy su-
peralloy, Ni47.9Al]0,2C016_9CI'7_4F68,9Ti5,8M00‘9Nb1‘2W0‘4C0_4, which ex-
hibits excellent creep properties comparable to that of the conventional
superalloy CMSX-2 (Ni67v4A112V5C05CrgTi1_2M00V4Ta2W2V5).

In reviewing the aforementioned HEAs, MEAs and many conven-
tional high temperature alloys [32-42], it is apparent that solid solution
strengthening and precipitation strengthening are popular methods for
improving high temperature properties, including creep properties.
However, precipitation strengthening is usually associated with lowered
entropy and sometimes drastic drop in ductility. Therefore, it is
preferred to adopt the solid solution strengthening method, so that the
ductility and the high entropy nature of the materials are sustained.
According to literatures [13,25,43,44], Mo, V, W and Nb are commonly
used solutes in high temperature solid solutions, because of their high
melting points. Thus, our previous work adopted the solid solution
strengthening concept by adding V and Mo to the non-equiatomic
NisCoi1Fe;Vg sMog 2 MEA, and investigated its high temperature prop-
erties and deformation mechanisms [44]. The work shows that the
strong solute pinning effect on forest dislocations stimulates the strain
hardening effect even at high temperatures up to 800 °C [44]. Provided
that the creep strength relies on the balance between strain hardening
and recovery, it makes us wonder if the high strain hardening capability
of the NiyCojFe;VpsMog 2 MEA could grant desirable creep properties.

In present work, we continue the study on the high temperature
properties of the non-equiatomic NipCo;Fe;VosMog2 MEA with the
face-centered cubic (fcc) structure, but the research focus is shifted to
the high temperature creep properties. In examining available defor-
mation maps of many alloys [45-48], it is found that a high homologous
temperature above 0.5 and a normalized shear stress (by shear modulus)
at ~1073 together can stimulate power-law creep for metallic materials.
Therefore, creep behaviors of the NiyCo;Fe;VysMog o MEA are investi-
gated at the temperature range 973-1073 K and in the stress range
150-200 MPa corresponding to the homologous temperatures 0.58 —
0.64 and normalized stresses 1.56 x1073 -1.17 x 1073, respectively.
The stress exponent and activation energy for creep are calculated based
on tensile creep tests. Detailed transmission electron microscopy (TEM)
analysis is conducted to characterize the microstructural evolutions for
probing the immanent deformation mechanisms.

2. Experiments

The NiyCo;Fe1Vy sMog 2 alloy ingot was prepared by melting 99.5%
purity raw materials in a medium frequency vacuum induction furnace,
and was re-melted twice to ensure the homogeneous elemental distri-
bution. The ingot was hot-forged at 1273 K to eliminate casting flaws,
and subsequently annealed at 1323 K for 8 h. Dog-bone shaped tensile
creep specimens with a gage length of 25 mm and a diameter of 5 mm
were machined from the as-annealed ingot. CTM504-B1 electronic high
temperature creep and rupture testing machine was employed for tensile
creep tests in the temperature range of 973-1073 K under initial applied
stresses of 150-200 MPa. A variable displacement transducer exten-
someter was attached to the two bulges on the dog-bone shaped spec-
imen for tensile strain measurement. The tensile creep tests were
conducted in an electrical resistance heating furnace. The temperature
surrounding the specimen was increased at a step of ~5 °C/min until the
specified test temperature. The specimen was then held at the test
temperature for ~30 min prior to tensile loading. Once the temperature
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of the specimen stabilized, the tensile load was applied at the rate of 25
N/s until the specified load, and the load was held still for creep
deformation. The test temperature was monitored with an accuracy of
+1 K, by three independent contacting thermocouples which are
respectively placed at the middle and two ends of the specimen gage.

Electron back-scattered diffraction (EBSD), scanning electron mi-
croscopy (SEM), energy-dispersive spectrometer (EDS) and TEM tech-
niques were utilized to analyze the microstructures and composition of
the NiyCo;Fe;VpsMogs MEA. Both EBSD and EDS specimens were
electropolished to mirror-like surface finish in an electrolyte containing
90% acetic acid and 10% perchloric acid, with an applied voltage of 35V
and polishing time of 45 s, in a Buehler ElectroMet-4 polisher. TEM
observations were conducted in an FEI-Tecnai G2 20 S-TWIN microscope
operating at 200 kV. The TEM specimens were prepared by grinding the
deformed gage part down to 50 pm thickness and then punched into
discs with a diameter of 3 mm. The discs were electro-polished in an
aqueous electrolyte containing 10% perchloric acid, 20% glycerol and
70% methanol, at -20 °C, by a twin jet electro-polishing system with an
applied voltage of 15 V.

3. Results
3.1. Initial microstructures

The EBSD map in Fig. 1a shows the microstructure of the as-annealed
NiyCo1Fe;VgsMog s MEA which composes of coarse grains mostly in
millimeter sizes. The SEM-EDS maps, as shown in Fig. 1b, indicate that
the elemental distributions of Ni, Co, Fe, V and Mo in the MEA are
uniform without apparent elemental segregation or secondary phase
particles.

3.2. Creep properties

Fig. 2a presents the creep strain vs. time curves for the NiyC-
01Fe1 Vo 5Mog 2 MEA tested at the temperatures of 973, 1023 and 1073
K, and under constant applied stresses of 150, 175 and 200 MPa. The
schematic drawing of tensile creep specimen is illustrated in the inset in
Fig. 2a. Provided that many MEAs and HEAs have ruptured in 150 h as
shown in Fig. 2b, each creep test in this work was lasted to sample
fracture or 168 h whichever came first, for clear illustration and close
comparison of data. According to Fig. 2a, the samples tested at 1073 K/
150 MPa, 1023 K/150 MPa and 973 K/200 MPa fractured at 5.55, 54
and 128 h, respectively. Fracture did not occur for the 973 K/175 MPa
and 973 K/150 MPa samples in the test period of 168 h. The reader is
referred to Table S1 in the Supplementary material for a list of creep
properties of the NinCoiFe;VgsMog s MEA. Apparently, an increase in
either creep temperature or applied stress leads to earlier plastic insta-
bility and rupture. In high temperature creep, grain boundary separa-
tion, microcracks, cavities, and voids are the common microscopic
plastic instabilities in concern; Necking and cracks are the commonly
observed macroscopic plastic instabilities prior to rupture [49-52].
Provided that the strain rates are low and the deformation temperatures
are very high above 973 K in the current creep tests, strain rate sensitive
plastic instabilities such as the adiabatic shear band are omitted
[53-55].

Fig. 2b compares creep strain vs. time data of the present MEA with
other HEAs and MEAs. As shown in Fig. 2b, at the creep temperature
923 K the CrMnFeCoNi HEA ruptured in 3.9 h [27], and at the creep
temperature 1073 K the CoCrNi MEA ruptured in 12.4 h [26]. An
appropriate addition of Al effectively enhanced the creep properties of
the Alyp4CrMnFeCoNi HEA, but an excess amount of Al content, e.g.
Al ¢CrMnFeCoNi, prejudiced the creep resistance [30]. Encouragingly,
the present single phase NipCo;jFe;VgsMogs MEA exhibits superior
creep resistance in comparison to other alloys despite the harsh test
conditions of high temperature and stress.

The creep curves shown in Fig. 2a are different from the traditional



W. Jiang et al.

Acta Materialia 245 (2023) 118590

Fig. 1. Microstructures and compositional distributions of the as-annealed Ni,Co;Fe; Vo sMog 2 MEA sample prior to creep tests. (a) An EBSD crystal orientation map
showing millimeter-scale grains (the inset is the Inverse Pole Figure color code). (b) SEM-EDS maps showing homogeneous distributions of Ni, Co, Fe, V and Mo

elements in the MEA.
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Fig. 2. (a) Creep strain (¢) vs. time (t) plots for the Ni;Co;Fe; Vo sMog 2 MEA tested under the applied stresses 150-200 MPa, and at the temperatures 973-1073 K.
The inset is a schematic drawing of the creep test specimen. (b) Comparison for tensile creep properties of some MEAs and HEAs [26,27,30].

three-stage creep curve in which the primary creep stage, steady-state
creep stage and tertiary stage are readily distinctive. All of the creep
strain — time curves for the NixCo;Fe;VosMog 2 MEA are slightly con-
caved down, indicating the continuous increase in creep rate. The pri-
mary creep of the NiyCoiFe;VpsMogz MEA demonstrates inverse
transient curves in Fig. 2a. Instead of having a steady-state creep stage,
each creep strain — time curve shows only one inflection point beyond
which the creep rate tends to increase faster, as shown in Fig. 3.
Therefore, creep deformation for the NipCo;Fe; Vg sMog 2 MEA has only
the primary creep stage from the initiation of creep to the inflection
point and the combined steady-state creep and tertiary creep stage from
the inflection point to rupture [56]. The primary creep stage matches
well with the classical description of power-law creep [45,57], but the
usually long-lasting steady-state creep stage is undistinguishable from
the tertiary creep stage as shown in Figs. 2a and 3. In order to determine
a mechanical steady-state, the idea of the inflection point has been
adopted from the work by Kassnera and Perez-Prado [45]; Hence, the
inflection point is now considered the transient secondary creep stage
for the continuous transition from primary creep to the tertiary creep.
Overall, the creep behavior of the NiyCoiFe;V(ysMog o MEA resembles
that of the Class I solid solution alloys, such as Al-Mg and Al-Zn alloys
[57]. Thus, viscous-glide of dislocations and solute drag effect play
critical roles in affecting the creep properties [45,58-60].

The steady-state creep rate of the NiyCo;Fe;VpsMog 2 MEA can be

evaluated by the Arrhenius-type equation [61]:

. Y

where A is a materials dependent constant, ¢ is the applied stress, n is the
stress exponent, Q is the activation energy for creep deformation, R is the
gas constant, and T is the absolute temperature. Since the NiyC-
01Fe;VosMop 2 MEA has only a transient secondary creep stage, the
creep strain rate at the inflection point is now considered the steady-
state creep rate. Table 1 gives the time, strain and steady-state creep
rates ¢, at the inflection points, under different creep conditions for the
NisCo;Fe; Vo sMog o MEA. When the creep temperature is kept constant
at 973 K, increase of the applied stress from 150 to 200 MPa leads to
earlier inflection points and the increase of ¢ from 1.90 x 1078 to 4.69 x
1078, When the applied stress is kept to a constant of 150 MPa, tem-
perature increase from 973 K to 1073 K leads to significantly shortened
primary creep period and the drastic increase of ¢ from 1.90 x 1078 to
3.88 x 1075,

Based on Eq. (1), the relationship between the steady-state creep rate
and the applied stress can be demonstrated by a log-log plot as shown in
Fig. 4a. The stress exponent of n = ~3.1 at 973 K is calculated by finding
the slope of linear fitting to the data points in the plot. The reader is
referred to Table S2 in the Supplementary material for the calculation of

@



W. Jiang et al.

~~~
Q
—

973 K/150 MPa

% 0.02}

7]

g 001f

g

© 9 . . : .

3x10° 4x10° 5x10° 6x10°

(b) Time (s)

c 973 K/175 MPa

'S 0.010F

@

& 0.005}

g

© 0

30x10° 6.0x10° 9.0x10° 12x10°

(C) Time (s)

< 0.02} 973 K/200 MPa

©

k7]

a 0.01

6.0x10* 9.0x10* 1.2x10°

3.0x10°

Q.  Cree
o

(d) Time (s)
c 0.06 F 1023 K/150 MPa
©
g 0.03}
[¢}]
o
© 0
2. 0x1o4 4. 0x1o“ 0x104 0x1o4
Time (s)
(e) 1073 K/150 MPa
£ 0.02 /
g
»
a 0.01
@
g
O o
1x10° 2x103 3x10° 4x103
Time (s)

Fig. 3. Enlarged creep strain vs. time curves for the NixCo;Fe;VosMog o MEA
under the test conditions of (a) 973 K/150 MPa, (b) 973 K/175 MPa, (c) 973 K/
200 MPa, (d) 1023 K/150 MPa, and (e) 1073 K/150 MPa.

Table 1
A list of time, strain and steady-state creep rates at the inflection points for the
Ni>Co;1Fe Vg sMog > MEA at different creep conditions.

Temperature (K) 973 973 973 1023 1073

Applied stress 150 175 200 150 150
(MPa)

Time (h) 87.8 15.9 6.35 6.48 0.18

Strain (%) 0.72 0.26 0.22 0.92 0.2

Steady-state rate 1.90 x 2.72 x 4.69 x 3.47 x 3.88 x
é 1078 1078 1078 1077 10°°

the stress exponent. The temperature dependence of the steady-state
creep rate for the MEA is presented in Fig. 4b. Again, based on Eq. (1)
and the linear correlation between the natural logarithm of the steady-
state creep rates and the reciprocal of the absolute temperatures, the
activation energy for steady-state creep is estimated to be 456.3
kJ-mol !,
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3.3. Creep mechanisms

Postmortem TEM analysis was performed to reveal the immanent
deformation mechanisms governing creep deformation of the NiyC-
01Fe;Vy sMog o MEA under different temperatures and applied stresses.
Fig. 5 displays bright-field (BF) TEM micrographs and the corresponding
selected area electron diffraction (SAED) patterns for the sample crept at
973 K and under the applied stress of 150 MPa. As shown in Fig. 5a,
many long and straight dislocations lay parallel to (111) and (111) slip
planes, suggesting that planar dislocation slip is strongly confined on
{111} planes. Careful TEM analysis revealed dislocation dipoles and SFs,
as shown in Fig. 5b and c. A dipole is a pair of planar dislocations with
opposite Burgers vectors laying on parallel slip planes. In fcc crystals,
dipoles always lay on the most densely packed {111} planes, but tend to
line up along (211) directions [62]. For example, as shown in Fig. 5b,
there is one group of dipoles, which are traced by horizontal red lines,
laying on (111) planes. There are other groups of dipoles laying on (111)
or (111) planes and along (211) directions, as shown in Fig. 5b and d; In
this case, the direction of the dipoles alignment, traced by red lines,
shows an inclination of ~80° to the white (111) trace line. Despite
pronounced planar slip activities, dislocation interactions associated
with cross slip and climb also occurred, evidenced by the curved dislo-
cation lines that are unparallel to the {111} slip planes, as shown in
Fig. 5a and d. The coexistence of confined planar slip and cross slip is
attributed to the high densities of dislocations and vacancies [14], and
Suzuki segregation [63].

The samples crept under the constant stress of 175 MPa have random
distributions of curved dislocations, as shown in Fig. 6a and b. Curved
and looped dislocations marked by yellow arrows suggest cross slip and/
or climb activities. There are also many dislocations with the cusped
configuration which resembles a "knot" in shape with bowed dislocation
segments on both sides (marked by green arrows). The formation of the
cusped configuration is usually associated with jogs on screw disloca-
tions [64]; in this case, the jog lays on a {111} plane inclined to the slip
plane of the screw dislocation, resulting in the unique dislocation line
knot which is easily recognizable under diffraction contrast TEM im-
aging. The dislocation structures observed in the 973 K/200 MPa sam-
ples are similar to those in the 973 K/175 MPa samples. As shown in
Fig. 6¢, dislocation loops and jogs are abundant, and a sequence of
dislocation loops of different sizes are traced by a pair of parallel yellow
dotted lines. Some screw dislocations, which underwent cross slip, are
marked by black arrows in Fig. 6d. Apparently, cross slip and climb
activities are vigorous when the applied stress is above 175 MPa at the
temperature of 973 K.

As shown in Fig. 7a, dislocations tangled and reorganized to form
dislocation cells and sub-grains at 1023 K, indicating the occurrence of
recovery and recrystallisation. Fig. 7b is a magnified TEM image
showing typical dislocation cells with thick cell walls. While many dis-
locations have been pinned to the cell walls and other types of bound-
aries, the dislocation densities at grain interiors are significantly lower
than that at boundaries. The sample crept at 1073 K shows similar mi-
crostructures to the one crept at 1023 K. As shown in Fig. 7c, sub-grains
with sizes of a few micrometers are delineated by sharp boundaries.
Provided that the sample prior to creep had grain sizes in the millimeter-
scale, creep deformation induced grain refinement is evident. Fig. 7d is a
magnified TEM image showing the intermediate stage for a dislocation
cell transforming to a sub-grain. Letters A, B and C mark three disloca-
tions pinned to the cell wall. At the bottom of the cell wall, there is a
planar array of dislocations blocked by the wall. The cell wall is thick,
but effective in trapping dislocations. In accordance to the conventional
grain refinement process, as plastic deformation proceeds, a large
number of dislocations will be absorbed by the thick cell wall, and
eventually the cell wall will transform to a sharp sub-grain boundary
[65]. The 973 K/150 MPa, 973 K/175 MPa and 973 K/200 MPa samples
experienced the tensile strains ~2.4, ~12.5 and ~21.6, respectively;
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Fig. 5. TEM micrographs obtained near the [110] zone axis, showing the microstructures in the Ni;Co;Fe; Vo sMog » MEA crept at 973 K/150 MPa. (a) Planar slip
character verified by the trace of dislocations laying on the (111) and (111) slip planes; (b) Tangled dislocations and dipoles; (c) Stacking faults; (d) Dislocation

dipoles and double cross slip.

Figs. 5 and 6 show that grain refinement was not achieved when the
stress was increased from 150 MPa to 200 MPa and the strain was
increased from ~2.4 to ~21.6. As shown in Fig. 7, grain refinement is
evident in both 1023 K/150 MPa and 1073 K/150 MPa samples which
have experienced tensile strains ~36.8 and ~39.9, respectively. The
1023 K/150 MPa and 1073 K/150 MPa samples experienced higher
temperatures and strains than the 973 K/150 MPa, 973 K/175 MPa and
973 K/200 MPa samples; Thus, it is concluded that increased tempera-
ture and strain are the driving factors for recovery, recrystallisation and
the resultant grain refinement [66].

Based on the TEM analysis results, the effects of stress and strain on
dislocation configurations can be summarized as follows: (1) As the
stress increased from 150 to 200 MPa, the dominant microstructures
changed from easy slip configurations such as planar screw, dipoles and
SFs to less mobile configurations such as jogs and loops; (2) As the strain
increased from ~21.6 to ~36.8, the majority of dislocations are trapped
in places to form low energy dislocation configurations such as forests,
walls, and diffused low angle boundaries [65,67-69]. Detailed expla-
nations on the formation of some specific dislocation configurations are

provided in the discussion section.

3.4. Fracture morphologies

Detailed SEM analysis was carried out to study the fracture modes for
973 K/200 MPa, 1023 K/150 MPa and 1073 K/150 MPa samples. As
shown in Fig. 8a-1 and a-2, numerous globules are observed on the
fracture surface, indicating the occurrence of ductile fracture for the
973 K/200 MPa sample. These globules formed due to partial melting
and oxidation of the debris at the exposure of the fracture tip [44]. When
the creep temperature is increased to 1023 K, the globules become more
spherical than these found on the 973 K/200 MPa sample, as shown in
Fig. 8b-1 and b-2. The average size of the globules observed on the
fracture tip of the 1023 K/150 MPa sample is ~4.3 pm. When the creep
temperature was increased to 1073 K, the average size of the globules
formed on the fracture surface increased significantly to ~15.5 pm, as
shown in Fig. 8c-1 and c-2. The average size of the globules was esti-
mated by taking the mode of the statistical distribution of globule di-
ameters. At least 200 globules have been measured from more than ten
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(Ti1)
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Fig. 6. TEM micrographs obtained near the [110] zone axis showing dislocation structures in the creep deformed NiyCo;Fe;V( sMog » MEA samples: (a) and (b) 973
K/175 MPa sample; (c) and (d) 973 K/200 MPa sample. Green and yellow arrows mark dislocation jogs and loops, respectively. Black arrows mark dislocations

underwent cross slip.

Fig. 7. TEM micrographs showing microstructures in the creep deformed Ni,Co;Fe;VysMog 2 MEA samples: (a) and (b) substructures and dislocation cells in the
1023 K/150 MPa sample; (c) and (d) sub-grains, dislocation cells and planar arrays in the 1073 K/150 MPa sample. Letters A, B and C mark three dislocations pinned

to the cell wall.

SEM images for each set of statistical analysis. The reader is referred to
Fig. S1 and the corresponding description for the globule sizes mea-
surement in the Supplementary material. It is worth noting that cleavage
planes can be seen on the fracture surface of the 973 K/200 MPa as
shown in Fig. 8a-1 and a-2. In contrast, the facture surfaces of the 1023
K/150 MPa and 1073 K/150 MPa samples are covered completely by
well-developed globules. Considering that the fracture stress for the 973
K/200 MPa sample is much higher than that for the 1023 K/150 MPa
and 1073 K/150 MPa samples, stress plays a very minor role on the

development of globules, and meanwhile the crystalline structure of the
NiyCo;Fe; Vo sMog 2 MEA is very stable at 973 K.

4. Discussion
4.1. Creep behavior and deformation mechanisms

Inverse primary creep for which creep strain rate increases with time
is the characteristic creep behavior of Class I alloys, such as Al-Mg and
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Fig. 8. SEM images showing fracture morphologies from the ruptured samples: (a-1) and (a-2) cleavage planes on the 973 K/200 MPa sample; (b-1) and (b-2)
dimples and globules on the 1023 K/150 MPa sample; (c-1) and (c-2) globules on the 1073 K/150 MPa sample.

Al-Zn alloys with high solute contents and large atomic size misfits [70,
71]. Viscous glide of dislocations and sluggish development of
sub-grains (Figs. 5 and 6) lead to the inverse primary creep of the
NisCoiFe;Vo sMog s MEA, and thus making it a member of the Class I
alloys family. Without effective development of sub-grains, the creep
resistance is mainly attributed to solute pinning/drag on dislocations,
entanglement of statistical dislocations at grain interiors, and impedi-
ment to dislocation slip by pre-existing grain boundaries [72,73]. At the
ends of the primary creep stages which are the inflection points shown in
Fig. 3, creep rates begin to increase faster due to increased tendency for
dislocation climb and recovery, sustained viscous glide of dislocations
and still sluggish development of sub-grains [45,74]. According to lit-
eratures [45,73,75,76], in order to have a steady-state creep stage at
which strain hardening is balanced by dynamic recovery, dislocation
generation has to be balanced by dislocation annihilation. To create the
balance, a sufficient amount of sub-grain boundaries is necessary for
following reasons [45]: (1) dislocation climb and annihilation mainly
occur at the vicinities of sub-grain boundaries; (2) dislocations can pile
up at a sub-grain boundary to create a long-range back-stress to “shuts
off” the Frank-Read source; (3) the Frank-Read source is re-activated for
dislocation emission, only if some of the dislocations within a given
pile-up are annihilated at the sub-grain boundary to lower the
back-stress. For creep of the NiyCojFeiVysMogo MEA governed by
viscous glide of dislocations, sub-grains form only at the strain level
close to the fracture strain, by then strain hardening has already been

overwhelmed by recovery and very possibly by cavitation [45,60].
Therefore, the steady-state creep stage is omitted for the creep of
NiyCo;Fe; Vo sMog 2 MEA. In absence of the steady-state creep stage, the
stress exponent of ~3.1 is estimated for the NiyCo;Fe;VysMog o MEA
based on the creep rates at the inflection points, as shown in Fig. 4a,
indicating the three power-law creep of the NipCo;Fe;VosMog o MEA.

Since climb and viscous glide always occur in a solid solution alloy
regardless which process is rate-controlling, in order to predict the rate-
controlling mechanism, Mohamed and Langdon formulated a criterion
for creep by viscous dislocation glide [74]:

Bo® 7N} T?
=) (65) > ver 2
where B ~ 8 x 10'2, ¢ is the applied stress, k is Boltzmann’s constant, v
is Poisson’s ratio, y is the SFE, G is the shear modulus, b is the Burgers
vector, T is the absolute temperature, e is the solute-solvent size differ-
ence, and c is the concentration of solute atoms. Eq. (2) incorporates
three important factors in determining the creep behavior: stress, tem-
perature and solid solution. In the following subsections, the effects of
the three factors on deformation mechanisms and resulting creep be-
haviors will be discussed.

4.2. Stress dependence

According to Eq. (1) and literatures [45,60,74], the creep rate is less
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sensitive to stress under three power-law creep than that under five
power-law creep, which suggests that Class I alloys are better creep
resistant than pure metals and Class M alloys [60]. This statement is
applicable to the NiyCo Fe;VosMog 2 MEA studied here as well. Ac-
cording to Table 1, as the applied stress increased from 150 to 200 MPa,
while the temperature was kept at 973 K, the steady-state creep rate
increased moderately from 1.90 x 1078 to 4.69 x 1078, Correspond-
ingly, as shown in Fig. 3, the 973 K/150 MPa sample has the inflection
point located at 87.8 h and 0.72% strain, but in contrast the 973 K/200
MPa sample has the inflection point located at 6.35 h and 0.22% strain,
confirming that increased stress stimulates earlier ending of primary
creep stage.

According to TEM analysis as shown in Figs. 5 and 6, the rate-
controlling mechanism is still viscous dislocation glide despite of the
increase of applied stress from 150 to 200 MPa. However, the dislocation
configurations have changed conspicuously from planar dislocation
dominance with random dislocation entanglements (Fig. 5) to homo-
geneous scattering of curved dislocations (Fig. 6), suggesting increased
cross slip and climb activities with increasing stress [25,77-79]. This
finding seems contradictory to Eq. (2) which indicates that increasing
stress promotes viscous dislocation glide over dislocation climb [74].

The explanation for the contradiction is rather complex, because of
the many factors and mechanisms involved in creep deformation. First
of all, dislocation emission and glide are driven by stress; therefore,
stress promotes viscous dislocation glide. However, if there are high
densities of vacancies in the bulk material, a large number of disloca-
tions will unavoidably interact with vacancies during slip, leading to
active dislocation climb, and in this case the high stress may even pro-
mote the dislocation-vacancy interaction by promoting slip activities.
Therefore, a high density of vacancies is in fact the key factor for
enhanced dislocation climb, and the stress effect on climb is rather in-
direct and case dependent.

Introduction of a vacancy will increase the free energy of the bulk
crystalline solid by Agr which is called the free energy of vacancy for-
mation. It can be expressed as [80]:

Agr = Ahy — TAsy = Aey + PAvy — TAsy 3)

where Ahs and Asy are the enthalpy and entropy of formation, respec-
tively; Aes. is the formation energy of a vacancy, Avy is the formation
volume of a vacancy, and P is the external pressure. Avy is theoretically
one atomic volume if no relaxation occurs, but in reality it is somewhat
smaller by 10 to 40%. Under normal conditions the PAvy term is several
orders of magnitude smaller than Aes. Therefore, Ah; and Aes are
practically equal to each other. The vacancy formation enthalpy in fec
metals is known to be correlated with the melting temperature T;,,, and
thus expressed as:

Ahy = 10KT,, @

The formation entropy As; is commonly 1-2 times k. By using Eq. (4),
the formation energy Aes of a vacancy at 973 K is estimated to be 1.45
eV. Correspondingly, the free energy Ags of vacancy formation is
calculated to be 1.29~1.37 eV, by substituting the estimated values of
Aes and As; into Eq. (3).

In practice, the number of vacancies, n, is orders of magnitude
smaller than the number of atoms, N, in bulk crystalline materials, and
thus interactions between vacancies are ignored in analysis. Then, the
total change in the free energy is given by:

AG = nAgs — TS, 5)

where S, is the configurational entropy. Under the equilibrium condition

0AG __
on

[80]:

0, the equilibrium concentration of vacancies can be expressed as

c:n:N:exp(7%> (6)

Acta Materialia 245 (2023) 118590

By using Eq. (6), the equilibrium concentration of vacancies at 973 K
is calculated to be 8.25 x 107 ~ 2.17 x 10~7. However, vacancies
generation and annihilation during high temperature creep deformation
(under continuous input of strain energy) are a dynamic process, so the
instantaneous concentration of vacancies shall be even higher than the
equilibrium concentration. However, the next question comes that
where the excess vacancies come from, when the creep temperature is
kept to a constant? In examining the characteristic microstructures
shown in Fig. 6, we propose that the excess vacancies are created by the
jog dragging process describe as below:

(1) Gliding dislocations on intersected planes can intersect each
other as the plastic deformation proceeds. Intersecting of dislo-
cations left jogs (steps) on a screw dislocation as illustrated in
Fig. 9a.

(2) Under the local shear stress acting on the slip plane in the di-
rection of the Burgers vector b, the dislocation bows out between
the jogs; Bowing of the dislocation draws out a dislocation dipole
consisting of two edge components of opposite sign, as shown in
Fig. 9b.

(3) The screw dislocation can move forward and pull the jogs with it,
only by a non-conservative process. The non-conservative process
requires net loss or gain of vacancies or self-interstitial atoms.
Under the effects of strain and thermal activation, vacancies may
actively diffuse and coalesce to the moving jogs, provided that a
jog can be a source and sink for vacancies. The dipole on the jog
may break up because of the mutual attraction of the positive and
negative edge components at the two elongated sides, to form a
vacancy loop behind, as shown in Fig. 9c.

(4) Continuous movement of the screw dislocation with jogs will
leave behind trails of vacancy loops, as shown in Fig. 9d. Theo-
retically speaking, the jog dragging process can create either a
trail of vacancies or interstitial atoms, depending on the sign and
direction of the moving dislocation. However, the formation en-
ergy of a self-interstitial is typically two to four times the for-
mation energy Ae; of a vacancy, so the production of self-
interstitial atoms is rare [81]. Since thermal diffusion of va-
cancies is energetically favored during high temperature creep,
sequences of vacancy loops are easily formed by the randomly
occurring jog dragging process, as revealed in Fig. 6c.

Both jog and vacancy loop are sources of vacancies [45]. Vacancies,
jogs and loops may interact with dislocations to cause climb [29,82]. For
example, a pure screw dislocation has no extra half-plane and thus in
principle cannot climb; However, a jog on a screw dislocation can pro-
vide a site for the climb activity. For another example, a straight dislo-
cation with a screw component can climb by interacting with a loop, and
transform into a curved dislocation; the curved dislocation can continue
climb under shear stress to form a helical dislocation [82]. To sum up,
the homogeneous scattering of curved dislocations as shown in Fig. 6 is
formed by active cross slip and climb. The major driving factor for the
climb activity is the excess vacancies created by the jog dragging pro-
cess. The jog dragging process is initiated by stress-driven dislocation
interactions. The increased stress is still the major driving factor for
viscous dislocation glide, but may indirectly promote dislocation climb.
Nevertheless, the creep rate-controlling mechanism is still viscous
dislocation glide when the applied stress was increased to 175 and 200
MPa, despite of enhanced climb activities and moderately increased
creep rates.

4.3. Temperature dependence

According to Eq. (2), the rate-controlling mechanism may shift to-
wards dislocation climb at high temperatures, evidenced by the forma-
tion of dislocation cells and sub-grains (Fig. 7) [83,84], and significantly
increased steady state creep rates (Table 1) at 1023 K and 1073 K.



W. Jiang et al.

dislocation

’b{\
QQu
o =P
jog
(a)
S5
&S
TN
j
‘ X
I 4 \(er’
i = .
4 <
- {}Qg\
loop

Acta Materialia 245 (2023) 118590

dislocation

Fig. 9. Schematic illustration of the jog dragging process. (a) Jogs form on a screw dislocation; (b) The pinned dislocation bows out to create dipoles at the pinning
jogs; (c) The screw dislocation moves forward and drags the jogs with it, while creating loops on the path; (d) Gliding of the jogged screw dislocation produces trails

of loops.

Correspondingly, as shown in Fig. 3, the 973 K/150 MPa sample has the
inflection point located at 87.8 h and 0.72% strain, but in contrast the
1073 K/150 MPa sample has the inflection point located at 0.18 h and
0.2% strain, indicating that increased temperature also stimulates
earlier ending of primary creep stage.

The elongated sub-grains shown in Fig. 7c are an indication of
diffusional creep, by which the atomic movements and vacancies
migration cause the grains to extend along the tensile axis and shrink
vertically during deformation. The activation energy for defects migra-
tion decreases with increasing temperature, therefore the rate of va-
cancies diffusion increases to promote dislocation climb, and the
probability of cross slip increases to promote dislocation annihilation.
Moreover, the SFE which directly affects dislocation configuration and
cross slip, increases with increasing temperature [85,86]. At room
temperature, the NiyCoiFe;VsMog s MEA has an SFE of ~50 mJ/m?
[25], which is comparable to that of a copper. Further increase in SFE
due to elevated temperature confines the separation of partial disloca-
tions to facilitate cross slip. Apparently, recovery and annihilation of
dislocations are vigorous due to active cross slip and climb of disloca-
tions, when the NipCo;Fe; Vg sMog 2 MEA is crept at 1023 and 1073 K.
However, the corresponding creep strain curves in Fig. 2 show no
extended steady-state creep stage. The sub-grain structures shown in
Fig. 7, have been observed at high strain levels close to the fracture
strain. Thus, the grain refinement shown in Fig. 7 is a combined result of
high creep temperature and high strain. Therefore, elevation of the
creep temperature to 1023 and 1073 K has not changed the
rate-controlling mechanisms (viscous dislocation glide is still in domi-
nance), despite of significantly enhanced climb and cross slip activities.

4.4. Solid solution effect

According to the criterion for creep by viscous dislocation glide
proposed by Mohamed and Langdon [74], the solid solution effect on
deformation mechanisms and the resulting creep properties are attrib-
uted to the intrinsic material properties: solute concentration,

atomic-size mismatch, shear modulus and SFE (the SFE has been dis-
cussed in the previous subsection, so no further discussion is given
hereafter). All MEAs and HEAs are concentrated solid solutions with
sluggish lattice diffusion [87]. In the NiyCojFe1VysMogo MEA, the
constituent elements possess very different atomic-size and shear
modulus (Ni: r =1.21 f&, G =80 GPa; Fe:r=1.27 f\, G =41.3 GPa; Co:r
=1.26 A, G=83GPa; V:r=1.354, G=47 GPa; Mo: = 1.4 A, G =20
GPa), inducing large atomic-size mismatch and elastic modulus
mismatch [43]. The distorted local lattice due to atomic-size mismatch
and elastic modulus mismatch produces short-range stress fields to
hinder dislocation movement, resulting in the strong solute-pinning ef-
fect [43]. The strong solute-pinning effect improves the strength and
creep resistance of alloys, but not necessarily guarantee the
rate-controlling by viscous dislocation glide. According to Eq. (2), it is
the large atomic size difference and reduced bulk shear modulus pro-
mote viscous dislocation glide.

For the NiyCo;Fe;V sMog 2 MEA, the constituent elements Mo and V
possess much larger atomic radii than the other three elements. The
average atomic size difference & is expressed as [88]:

)

where r; and x; are the atomic radius and percentage of the i element,
respectively, 7 is the average atomic radius. According to Eq. (7), the
average atomic size difference & in the NiyCojFe;VpsMoga MEA is
calculated to be 0.0421, much larger than that of the CrMnFeCoNi HEA
(0.0207).

The shear modulus of the NisCo;Fe1 Vg sMog 2 MEA is measured to be
43.5 GPa at 973 K, lower than that of the CrMnFeCoNi HEA (57.6 GPa)
[89], CrFeCoNi MEA (61.6 GPa), CrCoNi MEA (67.2 GPa) [90], Ni-based
superalloy René 88DT (60.6 GPa) [91,92] and Ni-based superalloy sin-
gle crystal CMSX-4 (60-86.5 GPa, orientation dependent) [93]. To sum
up, high solute concentration, large atomic size mismatch and low shear
modulus work together to sustain viscous dislocation glide in
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NisCoi1Fe; Vo sMog 2 MEA, even at very high temperatures up to 1073 K.

Mo and V are common alloying elements in alloys for high temper-
ature applications, because of their high melting points and high acti-
vation energy for atomic diffusion [33,35-37,94]. As shown in Fig. 4b,
the NioCo,Fe; Vo 5Mog o MEA has an activation energy of 456.3 kJ-mol !
for creep deformation, which is comparable to that of the CrFeCo-
NiMog » HEA (463 kJ-mol ') [85], stainless steel (460 kJ-mol!) [95]
and nickel-based superalloys (443 kJ -mol~1) [96]. It is noticed that the
activation energy for lattice diffusion of Mo element is about 480
kJ-mol~! [97-99], which is only slightly higher than the creep activa-
tion energy of the NizCo;FeV 5sMog 2 MEA. This is because the jog sites
are blocked by Mo, so that the power law creep rate of the MEA is
depressed and the creep activation energy is risen [100]. In contrast, the
creep activation energies for CoCrFeMnNi HEAs and AlxCrMnFeCoNi
HEAs are only 284-333 kJ-mol~! [101] and 258-349 kJ-mol~! [30],
respectively. Apparently, the creep activation energy of NiyC-
01Fe1 Vo sMog 2 MEA is very high among HEAs and MEAs. By comparing
the activation energies among the aforementioned alloys, it is apparent
that solid solution with V and Mo is beneficial for improving creep
properties by limiting the rate of diffusion with a high activation energy.
Especially, sluggish lattice diffusion of Mo in the current case may be the
major cause of the high creep activation energy.

5. Conclusion

The creep properties and deformation mechanisms of the NiyC-
01Fe1VosMog s MEA at high temperatures (973-1073 K) and under
varied tensile stresses (150-200 MPa) have been investigated in detail.
Based on systematic analysis and in-depth discussion, the following
conclusions can be drawn:

1 The multi-principal element design with the addition of V and Mo
grants the NiyCo;Fe;VgsMog o MEA with outstanding creep resis-
tance at 973 K/150 MPa. Increasing the applied stress increases
moderately the steady-state creep rate due to early activation of jog
dragging process. In contrast, increasing the temperature increases
significantly the steady-state creep rate by strong promotion of cross
slip and climb.

2 The stress exponent and the creep activation energy of the NiyC-
01Fe;Vo.5sMog.2 MEA are calculated to be ~3.1 and 456.3 kJ-mol !,
respectively. The stress exponent of ~3 indicates the rate controlling
mechanism of viscous dislocation glide. The activation energy for
creep deformation is close to that of the lattice diffusion of Mo,
indicating that sluggish diffusion of Mo has a strong effect on limiting
the creep rate.

3 Under the low stress, low temperature and low strain condition,
planar dislocations with random entanglements are the character-
istic microstructure; Under the high stress, low temperature and low
to medium strain condition, homogeneous scattering of curved dis-
locations are the characteristic microstructure; Under the low stress,
high temperature and high strain condition, the sub-grain structures
eventually form due to the strong recovery effect. Although dislo-
cation configurations and microstructures change noticeably due to
the promotion of cross slip and climb activities by increasing stress,
temperature and strain, viscous dislocation glide sustains as the rate-
controlling mechanism.

In summary, this work systematically evaluated the relationship
between microstructural evolution and creep properties in a NiyC-
01Fe;VpsMop s MEA, and classified the MEA into the Class I alloys
family. While the conventional Mohamed-Langdon criterion for creep by
viscous dislocation glide is proven applicable to concentrated solid so-
lutions such as the NiyCoiFe;VpsMog2 MEA studied here, the stress
effect on rate-controlling mechanisms requires a new understanding that
high stress is the major driving factor for viscous dislocation glide, but
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may indirectly promote dislocation climb. This is because the stress
driven jog dragging process can be vigorously activated to create excess
amounts of vacancies which in turn promote dislocation-vacancy in-
teractions and thus dislocation climb. Nevertheless, our work also pro-
vides solid evidence that the materials design concept of adding V and
Mo is feasible for improving creep properties by limiting the rate of
diffusion with a high activation energy. Our result is readily to be used to
guide future design of high temperature MEAs and HEAs.
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