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Abstract. This study revealed characteristics of the deformation behavior in high/medium
entropy alloys (HEAs/MEAs) with face-centered cubic (FCC) structure. A CoeNigp alloy and a
Co020Cr4Nisp MEA having low and high friction stresses (fundamental resistance to dislocation
glide in solid solutions), respectively, but similar in other properties, including their stacking
fault energy and grain sizes, were compared. The MEA exhibited a higher yield strength and
work-hardening ability than those in the CoeNis alloy at room temperature. Deformation
microstructures of the CosoNi4o alloy were composed of coarse dislocation cells (DCs) in most
grains, and a few deformation twins (DTs) formed in grains with tensile axis (TA) nearly parallel
to <111>. In the MEA, three microstructure types were found depending on the grain
orientations: (1) fine DCs developed in TA~//<100>-oriented grains; (2) planar dislocation
structures (PDSs) formed in grains with other orientations; and (3) dense DTs adding to the PDSs
developed in TA~//<111>-oriented grains. The results imply difficulty in cross-slip of screw
dislocations and dynamic recovery in the MEA, leading to an increase in the dislocation density
and work-hardening rate. Our results suggest that FCC high-alloy systems with high friction
stress inherently develop characteristic deformation microstructures advantageous for achieving
high strength and large ductility.

1. Introduction

High entropy alloys (HEAs) and medium entropy alloys (MEAs) are novel classes of solid solution
alloys having five or more and four or fewer constituent elements, respectively, with near equiatomic
fractions [1,2]. Among such systems, HEAs and MEAs with face-centered cubic (FCC) structures have
been known to exhibit an exceptional balance of strength and ductility in a wide range of temperatures
(from room temperature to cryogenic temperatures) [3,4]. Our previous studies revealed that FCC HEAs
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Figure 1. True stress-true strain curves of virtual alloys with high (red solid curve) and low (black
solid curve) friction stresses, oy. Their work-hardening rate curve as a function of true strain is also
shown by a black dashed curve. The red dashed curve indicates the typical work-hardening rate of
FCC HEAs and MEAs observed experimentally.

and MEAs showed significantly high friction stress, oo, (fundamental resistance to dislocation motion
in solid solutions), contributing to their high yield strength and high tensile strength [5-7]. It remains a
question as to whether the excellent strength-ductility balance of FCC HEAs and MEAs can be
explained simply based on the enhanced strength by their high ov. To examine this question, we now
conduct a simple thought experiment. Figure 1 shows tensile true stress-true strain curves of virtual FCC
alloys with low oo (black solid curve) and high oy (red solid curve). It is assumed that the same
deformation mechanisms (e.g., activated slip systems and/or deformation twinning systems) operate in
these two alloys, and they have identical elastic properties. Accordingly, the work-hardening rate curves
of these two alloys are identical (dashed black curve). In general, uniform elongation of strain-rate
insensitive materials can be determined by the plastic instability condition [83], expressed by the
Consideére equation [8]:
“<o. (1)

When the work-hardening rate becomes equal to the flow stress (corresponding to the crossover of the
true stress-true strain curves and the work-hardening curve), macroscopic necking is initiated according
to equation (1), leading to fracture. From figure 1, we can understand that the uniform elongation of the
alloy with high opis smaller than that of the alloy with low oy under the identical work-hardening rate.
Therefore, it can be concluded in this thought experiment that an increase in the friction stress leads to
degradation of the strength-ductility balance, unless the work-hardening rate increases. This means that
the strength-ductility balance of FCC HEAs and MEAs (with high ov) is worse than that in other
conventional dilute FCC alloys (with low ov), contradictory to the excellent mechanical properties
observed in reality [3,4]. Thus, we hypothesize that, in FCC HEAs and MEAs, there exists a mechanism
to enhance their strength and ductility simultaneously (i.e., enhanced work-hardening ability as indicated
by the red dashed curve in figure 1). To validate this idea, we have investigated the deformation behavior
of'a Co20CroNigo MEA with high op (280 MPa) and a CosoNiso binary model alloy with low oy (52 MPa)
where these alloys are similar in other materials properties, such as elastic constants, lattice constants,
melting points, and stacking fault energies (SFEs) [9,10].

2. Experimental methods

Ingots of the CogNiso alloy and Co20CrsNisg MEA were cast by a vacuum arc-melting of high purity
elements (99.9 wt.%). The ingots were then homogenized at 1100 °C for 24 h and rapidly cooled by
water quenching. The homogenized CogNis alloy and Co2CrsNisg MEA were cold-rolled by a
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reduction of 92% in thickness and subsequently heat-treated at 750 °C for 120 s and 850 °C for 3.6 ks,
respectively. This produced fully-recrystallized microstructures with mean grain sizes of approximately
3 um, including annealing twin boundaries. To evaluate their mechanical properties, tensile specimens
with a gauge dimension of 2 mm (length) x 1 mm (width) x 0.5 mm (thickness) were cut from the
recrystallized materials, and tensile tests were carried out at a quasi-static strain rate of 8.3 x 107*s™! at
room temperature. The surface of the specimens was painted with white and black ink to produce
random dot patterns. The displacement of the gauge section was precisely measured by tracking the
patterns using a CCD video camera extensometer, and the strain was calculated using the digital image
correlation (DIC) technique [11]. We have previously confirmed that tensile tests using such small
specimens with DIC measurements give stress-strain data equivalent to those obtained using standard-
sized specimens [5,6]. The tensile deformation was interrupted at different strain levels, and the
deformation microstructures of the materials were characterized by transmission electron microscopy
(TEM) equipped with bright-field (BF) and annular dark-field (ADF) detectors for scanning
transmission electron microscopy (STEM). The TEM/STEM observations were conducted at an
acceleration voltage of 200 kV under two-beam conditions as described in Ref. [12]. The
crystallographic orientations (crystal direction) parallel to the tensile axis in each grain were determined
based on Kikuchi patterns obtained by convergent beam electron diffraction. In each material, more than
20 grains from two thin foils were observed, confirming the reproducibility of the results.

3. Results and discussion
Figure 2 shows true stress-true strain curves obtained for the CogoNisg alloy and Co20CraoNisg MEA. The
MEA exhibited higher yield strength (375 MPa) than the CogoNis alloy (140 MPa) owing to the higher
friction stress of the MEA. Based on the slopes of the true stress-true strain curves, the work-hardening
rate of the MEA was found to be higher than the CosNiso alloy, leading to their fracture at almost the
same strain levels. Therefore, it was concluded that the MEA exhibited a better strength-ductility balance.
To reveal the reasons for the difference in deformation behaviors in those two alloys, we investigated
the evolution of their deformation microstructures. As demonstrated in previous studies [13,14], the
evolution of deformation microstructures in FCC metals is grain-orientation dependent. Therefore, we
classified the types of deformation microstructures depending on the grain orientation against the tensile
axis (TA). Figure 3 (a) shows an example of the deformation microstructures showing dislocation cells
(DCs) in the CosoNigg alloy. Coarse DCs with a size of several hundred nanometers developed in most
grains of the CogNiso alloy regardless of grain orientation. In a small number of grains oriented to TA
~// <1 1 1>, a few deformation twins were found, as shown in figure 3 (b), in addition to DCs slightly
finer than those in figure 3 (a). In the Co20CrsNis MEA, three distinct types of deformation
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Figure 2. True stress-true strain curves for the CogNiso alloy and Co2CrsNig MEA obtained by
tensile tests at room temperature.
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microstructures were found to be developed. Figure 4 (a) shows an example of fine DCs with a size of
several tens of nanometers in grains oriented to TA ~// <1 0 0>. In the case of grains with other
orientations, characteristic planar dislocation structures (PDSs) parallel to specific {1 1 1} planes were
formed, as shown in figure 4 (b). This suggests that cross-slip of screw dislocations is severely
suppressed in the MEA. In addition, among the grains with PDSs, many deformation twins were
additionally observed in <1 1 1>-oriented grains, as presented in figure 4 (c).

The results described above indicate that, although the two alloys have different friction stress levels
and equivalent materials properties, including SFEs, dynamic recovery (i.e., annihilation of dislocations
with opposite signs through cross-slip of screw dislocations) is greatly inhibited in the MEA. One
possible reason for the inhibited dynamic recovery is the effect of variation in stacking fault widths due
to the local chemical environment in the MEA. Because different elements are in different lattice
positions in HEAs and MEAs, SFE can be locally different, resulting in variations of stacking fault width
depending on the local chemistry [15,16]. Generally, stacking faults need to shrink in the original slip
plane and extend again in the cross-slip plane to allow cross-slip of screw dislocations. Therefore, it is
possible that the parts of stacking faults with wider widths may be difficult to shrink, and the shrinkage
of such wider parts controls the process of cross-slip of screw dislocations in HEAs and MEAs.

Another possibility is variations in stacking fault widths due to stress levels. As the SFE of the alloys
used in the present study were as low as 30 mJm 2, dislocations could dissociate into two Shockley
partial dislocations. Furthermore, under uniaxial loading, the resolved shear stresses acting on the

Figure 3. Examples of dislocation microstructures in the CogNis alloy showing (a) DCs (at a
nominal strain of e ~ 30%, TA ~// <12 2>) and (b) DTs (e ~ 50%, TA ~// <1 1 1>). TA and g-vector
(gin k n) are indicated in each image.

Figure 4. Examples of dislocation microstructures in the Co20Cr4Niso MEA showing (a) DCs (at a
nominal strain of e ~ 30%, TA ~// <1 0 0>), (b) PDSs (e ~ 10%, TA ~// <1 1 2>), and (¢) DTs (e ~
10%, TA ~// <1 1 1>). TA and g-vector (g« ;) are indicated in each image. The yellow lines are
traces of {1 1 1} planes.
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leading and trailing partial dislocations are different because they have different Burgers vectors. As a
result, stacking faults can expand or shrink upon loading, and apparent SFEs (effective SFEs) can change
depending on the grain orientation. Such orientation-dependent variation of effective SFEs () has
been formulated by Copley et al. [17] as follows:

_ __ my—mr
Yeft = Yo — 5 90p: (2)

where 5 is the stacking fault energy without external stress, o is the applied tensile stress, and b, is the
magnitude of the Burgers vector of the partial dislocations, and where m and m are the Schmid factors
of the leading and trailing partial dislocations, respectively. According to equation (2), in the MEA with
higher oy (i.e., higher flow stress, o), changes in effective SFEs under uniaxial stress can be more
significant than in the CoeNiso alloy. For example, in the case of TA // <1 1 1> grains, the Schmid factor
of the leading partial dislocations (mL = 0.314) belonging to the primary slip system (the
a/2<1 1 0>{1 1 1} slip system with the highest Schmid factor) is larger than that of the corresponding
trailing partials (et = 0.157). Thus, stacking faults expand upon tensile loading, and the effective SFEs
of the CogNigg alloy and CoxCrsNis MEA are calculated at their yield points as 23.1 mJm? and
11.6 mJm 2, respectively. Therefore, cross-slip of screw dislocations in the MEA is more inhibited than
in the CogoNi4o alloy, resulting in the formation of the PDSs in these grain orientations. In TA // <1 0 0>-
oriented grains, the situation is the opposite: the Schmid factor of the leading partial dislocations
belonging to the primary slip system (mr = 0.236) is smaller than that of the trailing partials (mt=0.471),
and stacking faults shrink under tensile stress. The effective SFEs of the CoeoNiso alloy and Co20CrsoNiag
MEA are calculated at their yield point as 36.8 mJm 2 and 48.3 mJm 2, respectively. These SFEs might
be high enough to allow cross-slip of screw dislocations forming DCs. Consequently, the orientation
dependence of effective SFEs can explain the difference in the observed deformation microstructure
evolution in the alloys.

As dynamic recovery was more inhibited in the Co20CrsNis MEA than in the CosNis alloy, the
dislocation density in the MEA can quickly increase during tensile deformation, resulting in an increase
in the work-hardening rate. In addition, in grains with TA ~// <1 1 1>, dense DT boundaries introduced
during deformation could have acted as further obstacles for dislocation motion and dynamically
reduced the mean free path of dislocations. Although the number fraction of such grains was less than
10%, this may also have been a contributing factor to the increase in the work-hardening rate, the so-
called dynamic Hall-Petch effect. Thus, we conclude that, for these reasons, the Co20CrsoNisgo MEA with
high friction stress exhibited higher work-hardening ability and superior strength-ductility balance
compared with the CogNiso alloy. We believe that FCC high-alloy systems with high friction stress
inherently develop characteristic deformation microstructures that are advantageous for realizing better
mechanical properties than those in conventional FCC metals and alloys.

4. Conclusion

In the present study, we compared the deformation behavior of a CogoNi4o alloy and Co20CrsoNigo MEA
with low and high friction stresses, respectively, but having otherwise similar materials properties, such
as SFEs and elastic constants, and investigated the deformation microstructure evolution during tensile
deformation at room temperature. The Co20CrsoNiso MEA exhibited a higher yield strength and a higher
work-hardening rate than the CosNi4o alloy. In the CosoNi4o alloy, we observed coarse DCs regardless
of the grain orientation, and a small number of DTs were found in a few grains oriented to TA ~// <1 1
1>, In the Co20Cr4oNiso MEA, we found fine DCs in TA ~// <1 0 0>-oriented grains, while PDSs were
observed in others. Dense DTs were formed in grains oriented to TA ~// <1 1 1> in addition to the PDSs.
The results indicate that cross-slip of screw dislocations (i.e., dynamic recovery during deformation) is
inhibited in the MEA. This can lead to a rapid increase in dislocation density and an increase in the
work-hardening rate of the MEA compared with the CosNis alloy. Therefore, characteristic
deformation microstructures developed in the Co20CrsoNis MEA with high friction stress are beneficial
for simultaneously achieving high strength and large tensile ductility.
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