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A B S T R A C T   

The non-equiatomic FeNiCoAlTaB high-entropy alloy exhibits outstanding quasi-static mechanical properties. 
Here, we investigate the microstructural evolution and mechanical response of this alloy subjected to dynamic 
loading, which has not been done before. A novel strategy combining extensive microbanding and martensitic 
transformation improves the resistance to the plastic instability by deterring the formation of adiabatic shear 
bands, that only occur beyond a critical shear strain larger than 4. The aged alloy, with grain sizes up to 400 μm, 
exhibits a dynamic yield stress over 1300 MPa with good deformability in this regime. This investigation sheds 
light on potential strategies for the enhancement of dynamic mechanical properties of structural materials 
through the use of a stress-induced martensitic transformation.   

1. Introduction 

As a new class of metallic materials, high-entropy alloys (HEAs) 
consisting of five or more elements are changing the strategy of alloy 
design [1,2]. The concept of non-equiatomic HEAs or multi-principal 
element alloys (MPEAs) further expands their compositional space [3]. 
Recent studies in this area have shown that HEAs can indeed attain 
exceptional mechanical properties in a broad range of temperatures. For 
example, outstanding fracture toughness and damage resistance under 
cryogenic conditions [4,5], a combination of high strength and ductility 
at ambient temperature [6–11], and ultrahigh strength at high tem-
peratures [12,13] have been achieved for HEAs. These superb me-
chanical properties render HEAs promising candidates for critical 
structural applications [14]. 

However, review of the published literature shows that most of re-
ported mechanical properties of HEAs are measured under quasi-static 

conditions and, as a consequence, studies in the high strain rate 
regime are quite limited. Two exceptions to this are the well-known 
Cantor alloy (CoCrFeMnNi) and Al-doped FeNiCoCr HEAs [15–20]. 
The design and fabrication of HEAs with high strength and deformability 
under high strain rate conditions can help to expand the potential range 
of critical applications, such as impact-resistant structures [21–23]. It is 
important to emphasize that when metallic materials are exposed to 
high external loading rates, distinctive deformation behaviors can arise. 
This is primarily caused by insufficient time for heat dissipation, 
elevated dislocation velocities, and the activation of alternative defor-
mation mechanisms. The inadequate heat dissipation will eventually 
lead to a predominantly adiabatic deformation, rather than an 
isothermal one, resulting in a temperature increase [24]. Such phe-
nomenon is often followed by shear localization, which is also observed 
in various metallic materials, such as tantalum [25], Al–Li alloys [26], Al 
alloys [27], copper [28] and Ti–6Al–4V alloy [29]. This shear 
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localization is associated with rotational dynamic recrystallization and 
eventually causes catastrophic failure. Therefore, deterring its onset is 
essential for structural materials. 

The martensitic transformation induced by deformation can be 
typically classified into stress-induced and strain-induced, depending on 
the required activation free energy. Formation of strain-induced 
martensite relies heavily on accumulated plastic strain, which in turn 
makes them more preferential at heavily defected areas, like shear-band 
and twin intersections [30]. Stress-induced martensite, on the other 
hand, shares the same nucleation sites with the spontaneous thermally 
induced martensitic transformation [31]. The strain-induced martensitic 
transformation is generally activated in a stabilized austenite matrix 
after the onset of dislocation slip [32]. Such mechanisms have been 
extensively studied in metastable alloys, for instance, TRIP steels 
[33–36]. In addition to conventional TRIP steels, stress-induced 
martensitic transformation, which is primarily related to stress state 
[37], has also been induced in dual-phase metastable HEAs [38,39], 
Ti-rich TiZrHfAlNb HEA [40], and refractory TiZrHfTax HEAs [41], to 
enhance their mechanical properties. For example, Tanaka et al. [42] 
reported an excellent superelastic effect (above 13 %) achieved via 
FCC-γ to BCT/BCC-α′ martensitic transformation in an 
Fe–Ni–Co–Al–Ta–B alloy. Zhang et al. [9] also reported a stress-induced 
martensitic transformation coupled with the formation of 
deformation-induced microbands. They obtained a high yield strength 
~1.2 GPa and ultimate tensile strength ~1.7 GPa. 

In the regime of high strain-rate deformation, thermal softening 
becomes more prevalent, which significantly weakens strain hardening. 
The steady formation of stress-induced martensite demands sustained 
strain hardening and reasonable deformability. Given the strain hard-
ening effect provided by microbanding, steady formation of martensite 
occurs. Thus, introducing microbands helps to maintain reasonable 
strain hardening rate, which in turn gives rise to the steady formation of 
martensite. In addition, due to the high solvus temperature of NiAl grain 
boundary precipitates, fine grains are difficult to form without sacri-
ficing ductility. Therefore, grain refinement must be avoided to obtain 
clean grain boundaries without NiAl precipitates [43]. Here, we report 
on a feasible and novel strategy to improve the dynamic mechanical 
properties of a coarse-grained Fe-27.5Ni-17.5Co-10.5Al-2.2Ta-0.05B 
HEA by introducing microbands as a means to enhance the formation of 
martensite. More specific goals of this study include: (1) the character-
ization of the microstructure evolution under varying loading condi-
tions; (2) the establishment of the deformation mechanisms at high 
rates. (3) the study of the martensitic transformation during dynamic 
testing. 

2. Experimental methods 

2.1. Materials preparation and mechanical tests 

The Fe–Ni–Co–Al–Ta–B ingots were fabricated through arc-melting 
followed by hot rolling at 1250 ◦C with a reduction in thickness of 
~30 %. Thereafter, the aging treatment proceeded at 600 ◦C for 24 h. 
Cylindrical specimens with dimensions of 3.6 mm × 3.6 mm and 3.6 
mm × 5.4 mm (diameter × height) were prepared by electrical 
discharge machining for dynamic and quasi-static compression testing, 
respectively. The height/diameter ratio was adjusted to ensure homo-
geneous deformation during compressive testing and reduce the inertia 
effect, buckling and frictional force. The height/diameter ratio of 1.0 
and 1.5 are standardized dimensions for uniaxial dynamic and quasi- 
static compression tests, respectively [44–47]. In addition, hat-shaped 
specimens were machined to impose localized strain, forcing shear 
band formation in a narrow region. The dimensions of hat-shaped 
specimens and determination of shear stress/strain are shown in Fig. S1. 

The compressive properties and shear deformation of 
Fe–Ni–Co–Al–Ta–B were acquired at various levels of strain rate ranging 
from 10− 3 to 105 s− 1. Cylindrical specimens were tested statically via 

Instron uniaxial testing machine (Model 3367) and dynamically via split 
Hopkinson pressure bar (SHPB) [48]. The strain rates of quasi-static 
compression tests were 10− 3 s− 1, 10− 2 s− 1 and of dynamic test 
compression was ~103 s− 1. In addition, the shear strain rate in the dy-
namic shearing test was as high as 105 s− 1. By placing a stopper ring 
between the incident bar and transmitted bar, the strain in dynamic 
impact tests was controlled. Three samples were tested in each condi-
tion, including dynamic and quasi-static. The calculation of engineering 
and true stress, engineering and true strain and strain rates was carried 
out through standard equations provided in Supplementary Materials. 

2.2. Microstructure characterization 

Well-ground and polished specimens were used to characterize the 
deformation mechanisms and corresponding microstructures. X-ray 
diffractometry (XRD, Rigaku, Smartlab) was initially applied to confirm 
the crystalline structure of the alloy. The time per step (step size is 0.02◦) 
was 1s, with a scanning angle from 30◦ to 100◦ by using Cu-Kα (λ =
0.154 nm). The microstructure and grain orientation characterization 
were performed on a field-emission scanning electron microscope (SEM, 
FEI Apreo) equipped with energy dispersive spectrometer (EDS, Oxford 
instruments) and electron backscattered diffraction detector (EBSD, 
Oxford instruments). Initial phase determination at various strain levels 
was established by EBSD, followed by further identification performed 
by transmission electron microscopy (TEM). Specimens of selected areas 
for TEM observation were prepared by focused Ga+ source ion beam 
milling through FIB-SEM (FEI Scios Dual Beam focus ion beam SEM). 
The microstructures generated by plastic deformation were initially 
characterized via EBSD and SEM. Related geometrically necessary 
dislocation (GND) densities were calculated by an in-house program 
[49,50]. Further studies of the martensite phases and heterogeneous 
substructures were conducted via S/TEM (Scanning transmission elec-
tron microscopy, JEOL, Grand Arm) performed at 300 KV and TEM 
(JEOL, 2800) operated at 200 KV. Additional identification and char-
acterization of microstructure within shear bands in dynamically 
sheared hat-shaped specimens was carried out via EBSD and TEM. 
Precession electron diffraction (PED) [51] was operated in a STEM mode 
with small convergent angle (nanobeam diffraction mode). At this 
condition, a much better spatial resolution compared to conventional 
selected area diffraction pattern (SADP) is obtained. Combined with a 
modern-day fast reading pixelated CMOS camera and post-scan process 
done by TopSpin software (NanoMEGAS), by scanning across the spec-
imen, one can obtain an EBSD-like orientation map at the nanoscale. 

3. Results and discussion 

3.1. Microstructure before mechanical tests 

The Inverse Pole Figure images of specimen and XRD pattern before 
compression testing are illustrated in Fig. 1(a) and (b). The peak signal 
of solution precipitates γ′-(Ni, Fe, Co)3(Al, Ta) is overlapped with the 
intense signal generated by γ matrix or is annihilated by the strong 
texture, thereby requiring further characterization to confirm its pres-
ence. The initial microstructure was characterized as polycrystalline 
FCC matrix with a grain size of approximately 400 μm. From the EDS 
results (Fig. 1(c)), it can be seen that all five elements, except boron, are 
evenly distributed and incorporated into the matrix phase with no 
observable intermetallic phase or martensite. Although no pronounced 
phase segregation was found, the absence of second phase formation is 
possibly caused by the restriction of step size in EBSD detectors. Fig. 1(d) 
displays a TEM bright-field micrograph of nano-scale precipitates; the 
fast Fourier transformation (FFT) diffraction patterns of selected areas 
are shown in Fig. 1(f) and (g). The corresponding FFT pattern in the red 
box resolves the formation of ordered L12-type precipitates phase by 
displaying the reflection spots of {100} in the interval space between 
matrix diffraction spots, suggesting a superlattice structure resulting 
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Fig. 1. Microstructure of Fe–Ni–Co–Al–Ta–B HEA before deformation. (a) EBSD inverse pole figure (IPF) of Fe–Ni–Co–Al–Ta–B after hot rolling with reduction in 
thickness of 30 % and aging at 600 ◦C for 24h, showing coarse grains with average size around 400 μm and random grain orientation. (b) XRD patterns for aged 
Fe–Ni–Co–Al–Ta–B HEA, showing single FCC phase. Microstructure of aged samples before deformation. (c) SEM (BSE) micrograph and related EDS mapping results 
of aged Fe–Ni–Co–Al–Ta–B alloy, showing no element segregation. (d) STEM micrograph of aged Fe–Ni–Co–Al–Ta–B, showing a high density of nano-scale particles; 
(e)(f)(g) HRTEM micrograph and related FFT images of aged Fe–Ni–Co–Al–Ta–B, confirming the existence of coherent L12 γ′ precipitates (red box) in the FCC matrix 
(yellow box). 
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from the ordered γ′ precipitate. The small lattice mismatch (~0.17 % 
[9]) between γ′ and matrix, and ultra-fined size of precipitate contribute 
to the nucleation of a highly coherent second phase [52]; this has been 
shown to be strongly related to the martensite start temperature (Ms) for 
iron-based alloys [53,54]. Nevertheless, given a prolonged aging treat-
ment, loss of coherency will eventually take place as a consequence of 
expanding precipitate size. In addition, NiAl–B2 grain-boundary pre-
cipitates, which were previously reported by Zhang et al. [55] and 
regarded as the primary reason for their reported strength and ductility 
trade-off, were not noticeable in SEM and TEM micrographs. 

3.2. Mechanical behavior 

Fig. 2 summarizes the compression true stress-true strain curves of 
FeNiCoAlTaB at three strain rates. For the strain rates of 10− 3/s and 
10− 2/s, the yield strengths (~900 and 950 MPa) show no pronounced 
difference, and the changes in flow stress corresponding to rising plastic 
strain are also comparable. However, these results reveal a significant 
increase in yield strength (~1300 MPa) when subjected to dynamic 
loading, in comparison with classic CoCrFeMnNi [15] and Al0.3CoCr-
FeNi [17] HEAs. The observed high yield strength indicates the influ-
ence of solid solution strengthening, precipitation hardening effects, and 
potential phase transformations. Quantitative analysis of each 
strengthening mechanism is presented in Section 4.3, offering detailed 
insights. 

4. Discussion 

The present alloy demonstrates both high strength and remarkable 
work hardening ability, suggesting its significant resistance to thermal 
softening. This is achieved through the activation of multiple strength-
ening mechanisms. The dynamic loading-induced deformation mecha-
nisms are thoroughly discussed in Section 4.1, while Section 4.2 
addresses shear localization. To investigate the deformation mecha-
nisms under various loading conditions, cylindrical specimens were 
subjected to uniaxial compressive strains of 0.05, 0.1, and 0.15, while 
hat-shaped specimens experienced shear strains of 4 and 6. 

4.1. Deformation mechanisms in FeNiCoAlTaB 

4.1.1. Microband strengthening 
Fig. 3 illustrates the presence of deformation-induced microbands 

after a dynamic compressive strain of 0.05, with corresponding line 
measurement of misorientation. Such low-angle misorientation (~10◦) 
(Fig. 3(b) and d) detected within the banded substructure is considered a 
typical sign of microband, ruling out the possibility of twinning 
(misorientation angle ~60◦). As the specimens are further strained, TEM 
reveals the microbands composed of a double-walled structure and 
intense planar glide on slip plane with a linear array dislocation 
configuration (Fig. 3(f)). Strong dislocation glide is also verified in 
Fig. S2, which shows a Taylor lattice formed from strong planar glide on 
the primary slip system and intersecting dislocations caused by sec-
ondary slip [56,57]. At a higher true strain of 0.15, microbands became 
broader and denser due to the rise of total dislocation density. These 
double-walled structures consist of localized geometrically-necessary 
dislocations with a density of 1014 m− 3, as shown in Fig. 3(e); their 
widths are ~50 μm. Therefore, microbands not only carry plasticity and 
accommodate dense dislocation formation but also serve an important 
role in strain hardening via generating impenetrable walls that hinder 
the dislocation movement [58]. Interestingly, no pronounced disloca-
tion cells resulting from cross-slip, which are common dislocation con-
figurations in high SFE materials, were observed. Considering the 
inherent high SFE of this alloy [9], whose plastic deformation is 
controlled by microband and dislocation glide, this seemingly contra-
dictory phenomenon is ascribed to so-called “glide plane softening” ef-
fect [59], demonstrating that slip mode in FCC solid solution alloys is 
governed by planar glide due to presence of short-range ordering in 
concentrated solid solution alloys (including HEAs), regardless of SFE. 
However, short-range ordering in HEAs has yet to be unequivocally 
demonstrated via experimental and theoretical studies. Some recent 
work claims to discover such an effect mainly through microscopy and 
characterize its influence on the mechanical properties [60–62]. How-
ever, the validity of their appearance in high-entropy alloys has received 
considerable criticism and requires further proof. Meanwhile, there is 
little evidence that short-range ordering can tailor the mechanical 
properties at the macroscale due to its small degree [63,64]. In addition, 
other than SFE and local chemical ordering, strain rate, grain size, and 
deformation mode also play important roles in dislocation glide mode 
[65]. Their combined effects on glide mode require further 
investigation. 

We suggest that the extensive microbanding occurs as a result of two 
factors: the inherently high SFE of current alloy, and the coarse grains, 
which are beneficial to the development of a heterogeneous dislocation 
substructure [66]. TEM and EBSD displayed strong planar glide and 
linear arrays of dislocations, which are widely believed to be precursors 
to microbanding. 

4.1.2. Stress-induced martensitic transformation 
Characterization of stress-induced martensitic transformation was 

performed at various levels of strain to further investigate its source and 
effect on dynamic properties. EBSD coupled with TEM (Fig. 4) show the 
microstructures of specimen after a dynamic compressive strain of 0.05. 
The intersecting needle-like features (see Fig. 4(a) and (b)) were iden-
tified as BCC structures under TEM, and the corresponding FFT pattern 
(blue box) indicates a martensitic transformation with the Greninger- 
Troiano (G-T) relationship ((110)α′ ‖ (111)γ) [67]. 

It is also revealed in two sets of FFT patterns (Fig. 4(d)(f)) that the 
martensite possesses two different variants, indicating a region 
comprised of intersecting thin plates. Accordingly, the onset of phase 
transformation occurred when strain was below 0.05. This finding 
agrees well with the results reported by Tanaka et al. [42], who claimed 
a superb superelasticity in Fe–Ni–Co–Al–Ta–B alloy achieved via re-
covery of stress-induced BCC/BCT martensite, hence the formation of 
martensite at a small strain. The initiation of stress-induced martensitic Fig. 2. True stress-true strain curves at three strain rates.  
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transformation is associated with a critical stress σcrit, representing how 
much external loading must be applied to overcome the free energy 
barrier between austenite and martensite phases. The value of σcrit is 
closely related to the stability of parent phase; the stabilized austenite 
matrix requires a higher critical stress to achieve phase transition. In the 
coarse-grained (~200 μm) alloy aged at 700 ◦C for 24h, σcrit was 
established to be 510 MPa [68] in quasi-static loading. Although a suf-
ficiently high yield stress (1300 MPa) was obtained in dynamic defor-
mation, we must not overlook the effect caused by the elevated strain 
rate. On the basis of Olson and Cohen’s theory [69], both coherency and 
misfit dislocations are required for the nucleation of martensite. 
Therefore, the change in trigger stress of martensite formation caused by 
elevated strain rate, although not precisely measured in the current 
work, is mainly governed by irreversible work consumed in overcoming 
internal frictional resistance during phase interface movement [70,71]. 
Due to both thermal activation and phonon drag effects, rising strain 
rate is usually coupled with enhanced resistance to dislocation move-
ment along phase boundaries between matrix phase and induced 
martensite, hence the increased trigger stress. 

The identification of stress-induced phase transformation in 

dynamically deformed Fe–Ni–Co–Al–Ta–B is also supported by the 
observation of martensite in quasi-statically deformed specimens at a 
strain smaller than 0.005 and stress level of below 1000 MPa (see 
Fig. S3). There is no temperature rise when the specimen is subjected to 
quasi-static loading. It has been demonstrated that this alloy’s onset of 
martensitic transformation is stress-related rather than strain-related 
[42,72–74]. 

As strain increases, BCC martensite’s volume fraction (measured 
using the manual point count method based on the ASTM E562 [75] 
combined with EBSD phase mapping) increases significantly. The 
transformation rate (dVα′/dε) and volume of martensite unit are used 
here to describe the kinetics of stress-induced martensitic trans-
formation. Additional quantification was conducted to understand the 
kinetics of martensitic transformation at different strain rates. The vol-
ume fraction of martensite, Vα′, as a function of true plastic strain, εt, can 
be expressed by the equation proposed by Guimarães [76]: 

Vα′= 1− exp (− kεt
z) (1)  

where k and z are material constants. Eq. (1) has the same form as the 

Fig. 3. EBSD IPF mapping of aged Fe–Ni–Co–Al–Ta–B alloy with dynamic compressive strain of (a) 0.05 and (c) 0.15, showing the existence of deformation-induced 
microbands, and their corresponding misorientation profile (b,d) along direction marked with white arrow. (e) Calculated geometrically-necessary dislocation 
density (GND) (m− 2) distribution map corresponding to (c), indicating that higher GND density (1014 m− 2) is located along the boundaries of microbands. (f) TEM 
bright-field micrograph displaying strong planar glide and intersecting microbands at compressive strain of 0.15. 

A. Huang et al.                                                                                                                                                                                                                                  

astm:E562


Materials Today Advances 20 (2023) 100439

6

Johnson-Mehl-Avrami-Kolmogorov equation; in the latter, the fraction 
of material that is transformed is expressed as a function of time. The 
Guimarães equation in Fig. 5 replaces time by strain. The values of k and 
z are obtained by fitting the experimental data points shown in Fig. 5(a). 
Based on the fitted results, the parameters of Eq. (1) are k~1.479 and 
z~0.824. One exceptionally high-volume martensite fraction was 
observed at a true strain of 0.10. The corresponding EBSD phase map 
(Fig. S4) suggests that such abnormal phenomenon can be attributed to 
ultra-coarse grain (~1 mm), hence the exclusion in the fitted data. The 
martensite volume fraction at high strain (ε= 70%) was obtained by 
conducting quasi-static compression on an encapsulated cylinder spec-
imen (as shown in Fig. S5). The confinement by the capsule enabled 
recovery after the fracture strain. A high martensite formation rate dVα′/

dε is expected at the early stage of deformation (Fig. 5(b)) due to the 
initially large austenite grains. As plastic strain continues to rise, the 

transformation rate gradually decreases [77]. The continuously 
decreasing transformation rate is explained schematically in Fig. 5(c). 
The initial nucleation of first martensite plates is mainly governed by the 
pre-existing nucleation sites which are primarily along the grain 
boundaries and strongly dependent on the grain size. However, the 
subsequent growth of martensite is heavily constrained to the retaining 
austenite matrix which is refined by the growth of the first plates. The 
divided and strained pockets austenite matrix generate strain fields in 
surrounding areas, resisting the propagation of subsequent martensite 
plates [78]. 

4.2. Dynamic deformation and shear localization 

Although multiple strengthening effects operate in dynamically 
compressed cylindrical specimens, a steadily decreasing strain 

Fig. 4. Formation of BCC/BCT α′ martensite in dynamically deformed specimen at true strain of 0.05. (a) IPF and (b) phase mapping reveals the stress-induced 
martensite at the vicinity area of grain boundaries with thin-plate morphology. (c) TEM micrograph and corresponding FFT diffraction pattern resolving (d) FCC 
to BCC/BCT martensitic transformation following G-T relationship and (e) FCC matrix. (f) FFT pattern indicating secondary variant of martensite. 

A. Huang et al.                                                                                                                                                                                                                                  



Materials Today Advances 20 (2023) 100439

7

hardening rate and temperature rise predispose the structure to shear 
localization. The dynamically compressed hat-shaped specimens 
generate significantly higher strains than the cylindrical specimens. 

Fig. 6(a) shows two shear stress vs. shear strain curves. The irregu-
larities are mainly attributed to the nature of wave propagation in the 
Hopkinson bar. EBSD micrographs of hat-shaped specimens with a shear 
strain of 4 are shown in Fig. 6(c and d); no visible shear banding is 
observed. Strain and misorientation localize in the shear zone area, as 
shown in Fig. 6(c) and (d), and the region in the vicinity of the shear 
zone experiences less deformation. In addition, the localized strain is 
aligned with the shear direction, suggesting a preliminary stage of shear 
banding. For a shear strain of 6, Fig. 6(e, f, g), pronounced shear 
localization coupled with poor band contrast was observed. The poor 
mapping quality in the internal domain of shear band is due to the 
limitation of minimum step size of EBSD detector. This is suggestive of 
nanometer-sized grains. Thus, the critical shear strain to initiate shear 
localization is estimated to be between 4 and 6. This phenomenon is 
consistent with the corresponding shear stress vs. shear strain curves for 
a maximum of 6; it exhibits a rapid drop of strain hardening rate at a 
shear strain of approximately 5. The imposed work done during the 
dynamic shearing test can be converted to the temperature rise ΔT, 
within the shear zone through the following expression: 

ΔT =
β

ρCP

∫

τdγ (2)  

where τ and γ are shear stress and strain, respectively, ρ ∼ 7900kg/ m3 

(estimated through the classic mixing rule) is the density, Cp ~442.29J/
(kg • K) is the specific heat capacity acquired from the weight average 
method, and β is the Taylor-Quinney coefficient, which expresses the 
efficiency of plastic work to heat conversion. Determination of the 
Taylor-Quinney coefficient β is difficult both theoretically and experi-
mentally, since it is dependent on various factors, including deformation 
mechanisms, dislocation substructures, temperature, composition and 
grain size. β is universally set to be 0.9 when deformation is the result of 
dislocation movement, suggesting that majority (90 %) of the mechan-
ical work is converted to heat and only a minor part (10 %) of the work is 
stored as strain energy (primarily, dislocations). However, the temper-
ature rise obtained is as high as 1600 K (as shown in Fig. 6(a)), leading to 
a total temperature above the melting point of Fe–Ni–Co–Al–Ta–B (Tm 

~ 1708 K), which is theoretically not possible. Values of β far below 0.9 
have been found in Al alloy [79] and CoCrFeMnNi alloy [80]. This has 
been attributed to more plastic work being stored in the microstructures. 
The evolution of martensitic transformation can significantly affect the 
energy storage mechanisms [79,81]. There are complications, such as 
formation of martensite being coupled with the release of latent heat, in 
some cases [66]. Thus, the lower Taylor-Quinney coefficient in the 
current alloy can be plausibly attributed to non-uniform deformation 
and extraneous effects [82]. 

Fig. 7(a) is the TEM micrograph of the region inside the shear band; 
the corresponding selected area diffraction pattern (SADP) is shown in 
Fig. 7(b). The grain sizes within the shear band mostly range from 50 to 
100 nm, which can also be confirmed by the corresponding TEM-based 
PED result (Fig. 7(d)). These equiaxed nano grains result from rotational 
dynamic recrystallization and are substantially smaller than the initial 
coarse grain size (~400 μm). The mechanism of rotational dynamic 
recrystallization, first postulated by Meyers et al. [83], is described in 
depth by Yan et al. [84]. The SADP pattern exhibits a continuous sharp 
ring, negating the presence of an amorphous phase; the respective 
planes corresponding to the rings were determined from the d-spacing. 
Unsurprisingly, both deformation-induced microband and 
stress-induced martensite are present. However, the TEM-based PED 
phase map (Fig. 8(a)) shows that some of this martensite locates within 
the fine-grain area. The joint effects of the drastic temperature rise and 
grain refinement lead to the change in critical stress to initiate phase 
transition. 

4.3. Multiple strengthening mechanisms 

The stress-strain curve for the dynamically deformed specimen 
shown in Fig. 2 reveals that there is an excellent synergy of strength and 
ductility. The outstanding mechanical properties are associated with 
multiple strengthening mechanisms: precipitation, solid solution, 
microbands, and martensitic transformation strengthening. 

Recognizing that this estimation is likely to result in a significant 
overestimation, we can approximate an upper bound for the total 
contribution derived from various strengthening mechanisms as follows: 

σtotal ≈ σ0 + σp + σGB + σss + σM + σMB (3) 

Fig. 5. (a) Volume fraction of martensite as a function of true plastic strain. Fit to Guimarães equation (Eqn. (1)) in red curve. Blue, green, and black data points are 
experimentally obtained. (b) Martensite transformation rate (dVα′ /dε) as a function of true strain. The transformation rate starts at true strain close to zero. (c) 
Schematic representation of increasing martensite transformation with increasing strain. 
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where σ0 is lattice friction force (we here use 141 MPa), σp is precipi-
tation strengthening, σGB is grain-boundary strengthening derived from 
the Hall-Petch equation, σss represents the contribution to strength from 
solid solution strengthening, σM is the stress contribution caused by 
martensitic transformation, and σMB is microband strengthening. The 
first four strengthening effect mechanisms (σ0, σp, σGB, σss) are classic 
and common to many HEAs. The last two (σM, σMB) are exclusive of the 
alloy studied here. It has to be mentioned that this is a simplification: the 
strengthening effects are not simply additive. The solid solution 
strengthening effect, precipitation hardening, lattice frictional stress, 
and grain-boundary strengthening are considered to be independent of 
plastic deformation. Dislocation hardening, martensite strengthening 
and microband strengthening, however, strongly rely on plastic strain 
and influence the work hardening and strain rate dependence of flow 
stress significantly. 

The conventional precipitation strengthening effect by coherent L12- 
γ’ acts by forming interfaces between matrix and precipitates, thereby 
impeding dislocation movement [85]. In the present alloy, due to 
retained coherency between matrix and L12-γ’ with a fine particle size 
(~4 nm [86]), the operative strengthening mechanism is classified as 
dislocation-shearing [87]. Accordingly, the contribution to yield stress 
originated from nano-scale γ′ precipitates can be quantified by Ref. [88]: 

σp= 0.81M
(γAPB

2b

)(3πfγ′

8

)1
2

(4)  

where M is Taylor factor (3.06 for polycrystalline FCC materials), fγ′ is 
volume fraction of γ′ particles (~0.38 for 600 ◦C 24h aged NCATB HEA 
[89]), b is the magnitude of the Burgers vector (0.254 nm), and γAPB is 
anti-phase boundary energy (0.11 J/m2) [90,91]. This contribution is 
σp ∼ 359 MPa. Due to the small amount of B2 precipitates found, their 
contribution to total stress will not be included in our calculations. 

The stress contribution by grain size strengthening is expressed by 
Ref. [92]: 

σGB = kyd− 0.5 (5)  

Where ky is strengthening coefficient (440 MPa μm0.5 [8]), d is grain 
diameter ~ 400 μm. By substituting these values into Eq. (5), we obtain 
σGB = 22 MPa. Therefore, due to the coarse grains, grain size strength-
ening is minimal. 

In addition, solid solution strengthening can be described by the 
solid solution model developed by Varvenne et al. [93,94]. This model is 
specifically developed to predict yield strengths in FCC HEAs and can be 
expressed as: 

Fig. 6. Mechanical properties and microstructural characterization of hat-shape specimens. (a) Shear stress τ as a function of shear strain γ and the corresponding 
temperature rise acquired from different β values (=0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9). Forward scatter detector (FSD) images and EBSD IPF maps of hat-specimens that 
experienced shear strains of (b, c, d) 4 and (e, f, g) 6. 
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σss= 0.01785
(
1 − fγ′

)
α− 1

3G
(

1 + v
1 − v

)[∑
ncnΔV2

n

b6

]2
3

(6)  

G and v represent average elastic constants, α (~0.123) is a temperature- 
independent edge dislocation line tension coefficient, ΔVn are misfit 
volumes and cn is the atomic fraction of element n. Since the original 
equation is only applicable for random solution alloy, the effect of the 
volume fraction (fγ′ ~ 38 %) of ordered γ′ phase was taken into account 
by multiplying the final results by a correction factor (1 − fγ′). Hereafter, 
we obtained an increment in the yield stress σss as high as 465 MPa. 

The sum of σGB, σp,σ0, and σss predicts a yield strength of 987 MPa, 
slightly higher than the yield strength (900 MPa) measured in quasi-
static compression. There are several reasons for the difference, one 

primary explanation is the overlapped strengthening effect in this alloy, 
whereas we here consider each strengthening is independent and 
contributing fully to the total stress. 

The strain hardening contributed by microbands can be divided into 
two components, namely forest strengthening, and the hardening effect 
derived from enhanced stress to transfer plasticity across dislocation 
boundaries. The strengthening effect can be specifically acquired from 
substructures containing high dislocation density, which can be repre-
sented as [95,96]: 

σTaylor≈ MαGbρ0.5 (7)  

σTransfer≈ Gb
(

θ
δb

)0.5

(8) 

Fig. 7. (a) Bright-field TEM micrograph of microstructure within shear band. (b) SADP pattern of area within red circle, illustrating formation of nanograins for-
mation with various orientation. (c) TEM-based PED map showing boundary between coarse grain and nanograin and its corresponding (d) IPF map. 

Fig. 8. (a) TEM-based PED phase map showing distribution of α′-BCC (green) and γ-FCC (red). (b) TEM micrograph within ultra-fine grain area and its corresponding 
(c) FFT pattern, resolving formation of martensite within shear band. 
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where G is the shear modulus (~77 GPa), α is forest interaction 
parameter 0.3, b is the Burgers vector (~0.254 nm), M (~3.06) is the 
Taylor factor, θ is the misorientation angle (~10◦ from misorientation 
profile), δ is mean spacing of microbands (~50 μm) and ρ is dislocation 
density in cell wall (~1014/m2) (as shown in Fig. 3(e)). Eq. (7) repre-
sents Taylor’s strengthening effect in the wall structure of microbands 
and the increasing stress required to transfer plasticity through them. 
Eq. (8) is the strengthening effect caused by grain misorientation. As 
local shear strain continues to accumulate, the misorientation angle, θ,
increases, leading to thickened cell structures which help to impede 
dislocation migration [97]. By substituting this parameter into Eqns. (7) 
and (8), the following values emerge: τTaylor ≈ 180MPa and τTransfer ≈

73MPa. It has also been reported that microbands are a desired defor-
mation mechanism to overcome the traditional strength-ductility trade 
off ([97,98]). The optimized ductility is mainly associated with 
dislocation-deficient areas between microbands which are shown in the 
GND analysis (Fig. 3(e)). This strengthening effect is also depicted as 
hetero-deformation induced hardening by Zhang and Zhu [99] for 
Fe–Ni–Co–Al–Ta–B HEA. Therefore, we assume that the excellent work 
hardening ability and ductility are contributed by microbands in dy-
namic compression. 

The formation of martensite within the austenite matrix can enhance 
the flow stress in two manners: (1) the formation of second phase can 
provide interface boundaries for dislocation accumulation [100]; (2) the 
intrinsically harder BCC phase exhibits better strength against external 
loading than the FCC phase [101]. We here determine the enhanced 
stress based on the latter theory. Therefore, the increment in stress 
caused by martensite phase formation can be expressed by classic mix-
ing rule [102,103]: 

σM ≈ Vα′σα′ − Vα′σγ (9)  

where σα′ and σγ are strength of α′ martensite and γ matrix phase. We 
here use the Vickers hardness of martensite (~600 HV [104]) and 
austenite matrix composed of nanoprecipitates (~430 HV [73]) to 
approximate their corresponding strength (σy ∼ 3HV). By substituting 
these parameters, we obtain σM ~163 MPa, which is smaller than the 
value derived from microband strengthening. 

In summary, multiple strengthening effects, including solid solution 
strengthening, transformation strengthening, microband strengthening 
and precipitation strengthening, likely contribute to the excellent me-
chanical behavior of NCATB when deformed under dynamic conditions. 

5. Conclusions 

We report on a high performance, aged Fe–Ni–Co–Al–Ta–B alloy 
with excellent dynamic yield strength and adequate deformability. We 
evaluated the phase transformation mechanisms in the aged 
Fe–Ni–Co–Al–Ta–B alloy. The volume fraction of martensite increases 
significantly during deformation. The inherently high SFE of the current 
alloy inhibits twinning while microband formation governs plastic 
deformation. The combined effects of stress-induced martensitic trans-
formation and deformation-induced microbanding provide an excellent 
resistance to shear localization with a γcrit higher than 4. 

The microstructure evolution in the dynamically deformed 
Fe–Ni–Co–Al–Ta–B alloy is schematically illustrated in Fig. 9. Compar-
ison of the various strengthening mechanisms suggests that the excellent 
yield strength of aged alloy is primarily attributable to two factors: so-
lution and precipitation strengthening. The high yield stress provides 
the required driving force to the onset of stress-induced martensitic 
transformation during elastic deformation. A thin-plate martensite 
phase was observed even under conditions of a small degree of elastic 
deformation; however, due to its limited volume fraction, any property 
enhancement derived from the phase transition was deemed negligible. 
As the strain level continues to increase, due to strong planar glide in the 
alloy, the deformation-induced microbands form to carry plasticity and 
provide the dominant strengthening effect. The continuous development 
of microbands promotes some ductility and sustains the growth of 
martensite. The interaction between phase transition and microbanding 
leads to the development of intersecting thin-plate martensite and 
microbands. Despite extensive microbanding and martensitic trans-
formation, the strain hardening capacity is eventually overwhelmed by 
the thermal softening effect due to intense shear deformation. This 
phenomenon gives rise to shear instability which leads to localization 
and ultra-fine grains formed by a rotational recrystallization 
mechanism. 
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