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Abstract: Metastability-engineering strategy is an important topic for high entropy alloys (HEAs),
owing to the transformation-induced plasticity effect (TRIP). In this work, TRIP effects of Co-Cr-Fe-
Ni HEAs are investigated. Results indicate the tensile deformation-induced martensitic
transformation occurs in CossCrzsFesoxNix (x = 0-15 at %) HEAs. The excellent combination of tensile
strength (760 MPa-1000 MPa) and elongation (65-35%) owe to solid solution strengthening of Co
and Cr, and the TRIP effect. In non-equal molar Co-Cr-Fe-Ni systems, with the decrease of Ni
content, the values of stacking fault energy (SFE) decrease; thus, TRIP phenomena occurs. Based on
the experimental investigation in three different regions of the Co-Cr-Fe-Ni multicomponent phase
diagram, the face-centered cubic structured Co-Cr-Fe-Ni HEAs with VEC of ~8.0 is more metastable,
and TRIP phenomena are more likely to occur.

Keywords: high entropy alloys; metastability; transformation induced plasticity effect; valence
electron concentration; stacking fault energy

1. Introduction

High entropy alloys (HEAs), or multi-principal-component alloys [1] show remarkable
properties, mainly for their twinning induced plasticity (TWIP) effect [2], or transformation induced
plasticity (TRIP) effect [3], due to overcoming the strength-ductility trade-off in the composition
design of alloys. Generally, low stacking fault energy (SFE) HEAs with face-centered cubic (FCC)
single phases are more likely to deform by twinning, with increased strain hardening rates [2,4-6].
With the decreasing temperature, the very low SFE values at cryogenic conditions suggest that the
possible presence of the TRIP effect via ab initio calculations [7]. Nano-twins and hexagonal close
packed (HCP) lamellae are observed to coexist in CoCrNi at 77 K, suggesting a possible evolution of
the deformation mechanism from nano-twinning to phase transformation in equal molar CoCrNi [8].
Usually, the SFE of HEAs were experimentally measured by weak-beam dark-field transmission
electron microscopy [5,9] or theoretically calculated by first principles calculations, such as the exact
muffin-tin orbitals (EMTO) method [7,10].

CoCrNi alloy exhibits an excellent combination of strength and ductility —greater than that of
CoCrFeMnNi alloy at both cryogenic and room temperatures [5]. This indicates that stronger alloys
are not necessarily those with the most elements [11]. The Co diffusivity is higher in CoCrFeMnNi
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than in CoCrFeNi above 1020 K, which suggests that diffusion in HEAs need not be assumed to
decrease with an increasing number of elements [12]. It is a challenge to design the proportions of the
various elements necessary to obtain better mechanical properties in non-equal molar HEAs based
on the nature of the constituent elements. Li et al. [3,13-15] reported a series of TRIP-dual phase-
HEAs, such as Co1CrioFeso-«Mnx, Co20CraoFes0-Mn20Nix. Ab initio calculations also play an important
role in HCP-FCC phase stability analyses on Ni content. Simulation results indicate that enhanced
HCP phase stability with reduced Ni concentration is beneficial for the appearance of TRIP
phenomena in HEAs systems, which helps to obtain the excellent combination of strength and
ductility [13]. However, few HEAs systems with the TRIP effects have been reported. Therefore, it is
necessary to develop a new class of TRIP assisted HEAs.

It is worth noting that phase stability in HEAs with FCC single phase solid solutions is relative,
or conditional. A polymorphic transition from FCC to HCP occurs in the CoCrFeMnNi under
hydrostatic compression at room temperature, and the transition is irreversible, which reveals that
the FCC phase is a stable polymorph at high temperatures, while the HCP structure is more
thermodynamically favorable at lower temperatures [16]. The Cr-rich sigma phase forms at grain
boundaries of CoCrFeMnNi HEAs following prolonged exposures at 700 °C [17,18]. A small amount
of added Al accelerates the composition and decomposition, and induces the instability of
AloiCoCrFeNi HEAs in long duration annealed conditions [19]. These phenomena indicate that
HEAs are metastable, and that the addition of certain elements increases their metastability. The
valence electron concentration (VEC) is a useful criterion for phase prediction. At VEC > 8.0, a sole
FCC solid-solution phase is formed. At VEC < 6.87, a sole BCC solid-solution phase exists. And when
6.87 < VEC <8, both the FCC and BCC phases will coexist [20], noting that the FCC single phase HEAs
with VEC of ~8.0 is more metastable. In the present study, the TRIP effect in non-equal molar Co-Cr-
Fe-Ni systems was investigated, and the relationships among the VEC, SFE and TRIP effects were
discussed.

2. Experimental Methods

Co35CrasFes-xNix (x = 15 at %, 10 at %, 5 at %, 0 at %), named as Ni-15, Ni-10, Ni-5, Ni-0, and
Cos0CraoFe2sNiis, and Co2CrzsFessNiw are selected to investigate the correlation of the VEC, SFE and
TRIP phenomenas, compared with the previous investigation of CoxCrzsFeso-Nizs with the TWIP
phenomena [21]. Alloy ingots were prepared by arc-melting using the constituent pure metals
(>99.9% pure) under an Ar atmosphere, and were subsequently homogenized at 1200 °C for 4 h. Then,
the samples were warm-rolled at 700 °C by 70% reduction, and annealed at 900 °C for 10 min,
followed by water quenching. The dog bone-shaped tensile samples were prepared with a gauge
length 10 mm, a width 5 mm, and a thickness 1.2 mm. A SHIMADZU AGS universal electronic tensile
testing machine was employed for tensile tests at room temperature with a nominal strain rate of 103
s1. X-ray diffraction (XRD) measurements were performed using a Bruker D8 DISCOVER equipped
with Cu Ka radiation, operating at 40 kV and 40 mA, between 30° and 100° (20), with step size 3°/min,
before and after the tensile test. Electron backscatter diffraction (EBSD) measurements were carried
out using the JEOL 7100F SEM equipped with the TSL OIM data collection software. JEOL 8530F
electron probe microanalysis (EPMA) measurements were used to obtain composition and for
elements mapping of micro area. For the microstructural measurements, samples were electrically
polished in a solution of 20% HCIO4 and 80% C:2HsOH at 25 V for 60 s at 273 K, after mechanical
polishing.

3. Results and Discussions

3.1. Strain Induced Phase Transformation

Chemical compositions of CossCrzsFes0-~Nix, measured by wavelength-dispersive spectroscopy,
are shown in Table 1. The measured compositions of four alloys are close to the nominal

compositions. VEC for a multi-component alloy is defined as VEC = Zin:l ¢, (VEC), , where ci and
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(VEC)i are the atomic percentage, and VEC for the individual element. The VEC of element Co, Cr,
Fe and Ni are 9, 6, 8 and 10, respectively. The values of VEC of Ni-15, Ni-10, Ni-5, Ni-0 are 8.15, 8.05,
7.95 and 7.85, respectively. Figure 1 presents the XRD patterns of Co3sCrzsFesxNix (x = 15 at %, 10 at
%, 5 at %, 0 at %) HEAs before and after tensile test. A single FCC phase was obtained when the Ni
content is at 15% (Ni-15, VEC = 8.15). With further decrease of Ni content in the CossCrzsFes0-xNix, the
structure of the HEAs shifts from single FCC phase to FCC, and HCP dual phase. Note that the minor
HCP phase was thermally induced during the water quenching, after the 900 °C annealing process,
in Ni-5 and Ni-0, with VEC of 7.95 and 7.85. The XRD results of tensile tested samples show that FCC
and HCP phase are both observed in all the four alloys, which indicates that the deformation-induced
martensitic transformation (FCC — HCP) is a primary deformation mechanism. The intensities of
FCC peaks decrease, while those of the HCP peaks increase significantly, indicating that the volume
fraction of HCP phase increases after the tensile deformation with the decreasing Ni content. Figure
2 shows the EBSD phase maps of annealed samples and fractured samples of CossCrzsFeswo-~Nix (x =15
at %, 10 at %, 5 at %, 0 at %) HEAs. The results indicate that a ~3 vol % thermally induced HCP phase
exists in the annealed Ni-10 sample, with VEC of 8.05, which is not captured in the XRD results.
Meanwhile, ~10 vol % and ~30 vol % HCP phase exists in the annealed Ni-5 and Ni-0 samples, with
VEC of 7.95 and 7.85, which is consistent with the XRD results in Figure 1a, noting that the volume
fraction of thermally induced HCP phase increased with the disappearance of annealing twins. Based
on EBSD phase maps of fractured samples of CossCrzsFes-xNix HEAs in Figure 2, deformation induced
HCP phases were observed in all four alloys. The volume fractions of HCP phase of Ni-15, Ni-10, Ni-
5, Ni-0 are ~45%, ~66%, ~76% and 85%, respectively, which follow the same trend as the XRD results
in Figure 1b. The HCP phase is formed in the FCC matrix, and mainly exhibits laminate morphology;
some thin HCP laminates are also exhibited, as shown in Figure 3. The results show that all elements
are uniformly distributed in CossCrz2sFe« with FCC and HCP dual-phase. Combining the XRD and
EBSD analyses, we confirm that the stability of the FCC phase is lower, that the thermally induced
HCP phase occurs with the decrease of Ni content when the VEC < 8.05, and that the deformation-
induced HCP phase occurs in all the four alloys.
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Figure 1. XRD patterns of CossCrasFeso-xNix (x =15 at %, 10 at %, 5 at %, 0 at %) HEAs before (a) and
after (b) tensile test.
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Figure 2. EBSD phase maps of annealed samples and fractured samples of Co3sCrzsFesw0-xNix (x =15 at
%, 10 at %, 5 at %, 0%) HEAs. The black lines and yellow lines indicate grain boundaries and twin
boundaries. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.).

Table 1. Chemical compositions of HEAs (at %) measured by wavelength-dispersive spectroscopy.

Alloys Co Cr Fe Ni VEC
Cos5CrasFexsNiis 34.7+0.3 254+0.2 25.1+0.1 14.8+0.2 8.15
Co35Cra2sFes0Ni1o 34.8+0.2 25.3+0.2 30.2+0.1 9.7+0.1 8.05
Co3sCr2sFessNis 34.8+0.2 25.4+0.3 35.1+0.2 47+0.1 7.95
Co35CrzsFeswNio 34.7+0.2 25.2+0.3 40.1+0.1 0 7.85

Co

Figure 3. EPMA maps of the CossCrzsFes alloy annealed at 900 °C. Lath-like microstructure is HCP
phase. Show that all elements (Co, Cr and Fe) are uniformly distributed in CossCrzsFeso.

3.2. Mechanical Properties

Figure 4 shows the representative tensile stress-strain curves of the Ni-15, Ni-10, Ni-5, and Ni-0.
With the decrease of Ni content from 15% to 5%, the ultimate tensile strength increases from 760 MPa
to 1000 MPa, and the total elongation decreases from 65% to 35%. As mentioned above, the initial
HCP phase volume fraction of Ni-15 and Ni-0 are 0% and 30%, respectively. Meanwhile, the stability
of the FCC phase of Ni-0 is lowest among the four alloys, which means that the rate of phase
transformation of Ni-0 is relatively high, and that transformation capacity will be consumed already
at a modest strain level [13,15], resulting in the lowest elongation of the four alloys. The phenomenon
is similar to the reported results of Co20Cr20Fes0-~Mn20Nix (x = 0-20 at %) HEAs [13], but the strength
is higher in the CossCrzsFes~Nix HEAs, owing to the solid solution strengthening through the higher
content of elements Co and Cr. Interestingly, the strength of CossCrzsFeswo~xNix HEAs is enhanced with
a decrease of Ni content or VEC of alloys, while ductility is improved with an increase of Ni content
or VEC of alloys, which is similar to the proposed strategy to balance the strength and ductility of
FCC-BCC dual phase HEAs based upon the VEC [22]. In summary, the deformation induced
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martensitic transformation is a primary deformation mechanism, and the TRIP effect is the main
reason for the good strength and ductility combination in the four alloys.
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Figure 4. Mechanical behavior of the CossCrasFesw0-xNix (x = 15 at %, 10 at %, 5 at %, 0%) HEAs.

3.3. The Correlation among SFE, VEC and TRIP Effect in Co-Cr-Fe-Ni System

Previous studies indicate that TRIP effects are mainly determined by SFE [15], which can be
expressed as Equation (1).

SFE — ZpAG FCC—HCP + ZEFCC—>HCP ) 1)

where p is the planar packing density of a close packed plane. AGF“~>"°P

difference between the FCC and HCP phase, and EFCCHCP is the coherent FCC-HCP interfacial
energy. For a certain alloy system of transition metal FCC HEAs, if the planar packing density and
coherent FCC-HCP interfacial energy are similar, then the SFE is mainly determined by the free
energy difference between the FCC and HCP phases.

For the HEAs which are mainly constituted of transition metals, the integration of the density of
states actually results in VEC, which includes not only s- and p-electrons, but d-electrons, forming
the valance band, based on the First principles band calculations [23]. Our results indicate that VEC
is useful to study the electron concentration effect on the phase stability in Co-Cr-Fe-Ni HEAs. The
FCC phase HEAs with a VEC of ~8.0 is more metastable, which means that the HCP phase energies
are generally lower than those of FCC phase, and that TRIP phenomena are more likely to occur.

To verify the correlation among TRIP effects, SFE and VEC of HEAs, another two alloys in
different regions of multicomponent phase diagram, are designed as CosCrsoFexsNiis,
Co20CrasFessNi, with VEC of 8.0 and 7.9, respectively. As shown in Figure 5, deformation-induced
martensitic transformation occurs in both two alloys. The higher Co and Cr content improves
strength. But there is no thermally induced HCP phase in these two alloys, which is different from
the Ni-10 with VEC of 8.05, indicating that the phase stability of non-equal Co-Cr-Fe-Ni HEA is
different, even with the same VEC value of designed compositions. The VEC of equal molar
CoCrFeNi HEA is 8.25. The calculated SFEs of Fe-Cr-Ni austenitic stainless steels, with respect to the
Ni content [10,24], are shown in Figure 6. The stacking fault energies always decrease with a
decreasing Ni content in Fe-Cr-Ni austenitic stainless steels [10,24], which is similar to FCC-
structured Co-Cr-Fe-Ni alloy systems. Therefore, with the decrease of Ni content, the VEC of Co-Cr-
Fe-Ni system decreases, and the SFEs are more likely to decrease sharply, based on the first principles
study [10,24]. As a whole, phase transformation is more likely to occur with a VEC between 7.8 and
8.1 in non-equal Co-Cr-Fe-Ni HEAs, which means relatively low values of SFE.

is the molar free energy
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Figure 5. EBSD phase maps of HEAs, annealed sample (a) and fractured sample (b) of Cos0CrsoFe2sNi1s
with the VEC of 8.0; annealed sample (c) and fractured sample (d) of Co2CrzsFessNio with the VEC
of 7.9. The black lines and yellow lines indicate grain boundaries and twin boundaries. (e) stress-
strain curves of the two alloys. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).
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Figure 6. The calculated SFE of Fe-Cr-Ni austenitic stainless steels with respect to the Ni content in

references [10,24].

3.4. Plastic Deformation Mechanism Transition

The TWIP and TRIP phenomena are mainly determined by the SFE [25]. The ability to predict the
phase metastability from fundamental properties of constituent elements would benefit the alloy design
greatly [20]. VEC was used to study the electron concentration effect on the phase stability in HEAs,
which is found to be helpful for alloy design [20]. As mentioned above, TRIP phenomena are more
likely to occur with a VEC of between 7.8 and 8.1, in non-equal Co-Cr-Fe-Ni HEAs. Further, in order to
investigate the effect of VEC on TWIP and TRIP phenomena in universal HEAs, the composition and
VEC of reported HEAs with TWIP and TRIP phenomena are summarized in Table 2.
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Table 2. Composition and VEC of reported HEAs with TWIP and TRIP phenomena.

Alloys VEC Dominated Mechanism Ref.
Co35CrzsFe1sNizs 8.35 TWIP [21]
Co30Cr2sFe20Ni2s 8.3 TWIP [21]
Co25Cr2sFe2sNizs 8.25 TWIP [21]
Co20Cr2sFes30Ni2s 8.2 TWIP [21]
Cos5Cr2sFe2sNiis 8.15 TRIP this work
Cos5Cr2sFes0Niio 8.05 TRIP this work
Co35Cr2sFessNis 7.95 TRIP this work
Co35Cr2sFesNio 7.85 TRIP this work
Co30CrsoFe2sNiis 8 TRIP this work
Co20Cr2sFessNiio 7.9 TRIP this work
Co0333Cr333Niss3 8.33 TWIP+HCP lamellae * [8]
Co033.3Cr33.3Niz33 8.33 TWIP [5]

Co020Cr20Fe20Mn20Ni20 8.0 TWIP [5]
Co020Cr20Fe20Mn20Nizo 8 TWIP [13]
Co20Cr20FessMn2oNie 7.72 TRIP [13]
Co20Cr20Fes0Mn20Nio 7.6 TRIP [13]
Co10CrioFessMnus 7.45 Dislocation slip [3]
Co10CrioFesnMnao 7.5 TWIP [3,26]
Co10CrioFessMnss 7.55 TRIP [3]
Co10CrioFesoMnso 7.6 TRIP [3]
Co23.6Cr23.6Fe23sNi2s.6Mo0s.6 8.12 TWIP [27]
Co0243Cr243Fe243Ni2a3Al28 8.12 TWIP [28]
C0233Cr233Fe2ssNizssAles 7.89 TWIP [29,30]

* At the cryogenic temperature.

TWIP phenomena occur in CoxCrzsFesoxNizs (x = 20-35 at %) with VEC between 8.35 and 8.2 [21].
Then, when the VEC < 8.2, TRIP phenomena occur in CossCrasFes0Nix (x = 0-15 at %), CoszoCrsoFe2sNiis
and CozCrzsFesNii, owing to the increase of metastability. TWIP phenomena were observed in the
equal molar Cos33Cr333Niss3 alloy with SFE of ~22 mJ/m? and VEC of 8.33 [5,8]. But at the cryogenic
temperature, a new phase with HCP lamellae also appeared, suggesting a possible evolution from
TWIP to TRIP, because the HCP phase is indeed energetically favorable relative to FCC phase at 0 K,
based on the first principles calculations [8,31]. It is worth noting that the VEC criterion for phase
boundary prediction seems to work unsatisfactorily for Mn-containing HEA systems [20], which
means the different value of VEC criterion for the phase boundary prediction. Co20Cr20Fe20Mn20Nizo
(HEAs with VEC of 8.0 have been adequately investigated in recent years [2,4,5,32,33], revealing the
TWIP phenomena. With the decrease of Ni content, Co20Cr20Fes-Mn20Nix (x = 6 at %, 0 at %) HEAs
with VEC of 7.72 and 7.6 exhibit the TRIP phenomena [13], which is similar to the CossCrzsFeso-«Nix (x
= 0-15 at %) in this work. A single FCC phase was obtained with the Mn content of 45 at % and 40 at
%, and these two alloys exhibit a transition of deformation mechanisms from dislocation slip
dominated plasticity to TWIP [3,26]. With the decrease of Mn content, TRIP phenomena were
observed in Co10CrioFessMnss and Co10CrioFesoMnso. The FCC phase metastability of Co10CrioFeso-xMnx
is enhanced with the decrease of Mn content [3], noting that the VEC of Fe, Mn are 8 and 7,
respectively, and VEC value of CoiCrioFesoxMnx increased with the decrease of Mn content.
Therefore, the transition from TWIP to TRIP based on the VEC criterion in Co1CrioFes~xMnx is
opposite to the CossCrasFeswxNix HEAs. Besides, a few additions of Mo and Al reduce the stability of
alloys, as well as the VEC value. However, TRIP phenomena do not occur in CoCrFeNiMox and
AlxCoCrFeNi systems, based on the published literature [27-30,34,35]. The results indicate that a few
additions of Mo and Al do not reduce the value of SFE enough to induce the phase transition during
tensile deformation in Co-Cr-Fe-Ni system. More additions of Mo and Al in CoCrFeNi will induce
the precipitates from the matrix, which form a multi-phase alloys [36,37]. It is worth noting that the
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effects of temperature on the SFE is remarkable. The variation of the deformation mechanism from
martensitic transformation to deformation twinning, and to dislocation slip, are observed with the
increase of deformation temperature (298 K to 873 K) in the reported TRIP/TWIP steel [38]. It would
be useful to investigate the plastic deformation transition temperature in Co-Cr-Fe-Ni systems for
potential applications, and more work in this direction is underway.

4. Conclusions

In summary, tensile deformation-induced martensitic transformations occur in CossCrasFeo-xINix
(x=15 at %, 10 at %, 5 at %, 0 at %) HEAs. The excellent combination of tensile strength (760 MPa-
1000 MPa) and elongation (65-35%) are attibuted to the Co and Cr solid solution strengthening, and
the TRIP effect. In non-equal molar Co-Cr-Fe-Ni systems, with a decrease of Ni content, the values of
stacking fault energy (SFE) decrease; thus, a TRIP phenomena occurs. Based on the experimental
investigation in three different regions of the Co-Cr-Fe-Ni multicomponent phase diagram, the face-
centered cubic structured Co-Cr-Fe-Ni HEAs with VEC of ~8.0 is more metastable, and TRIP
phenomena are more likely to occur. Related results and discussions are useful to the design of a new
class of TRIP assisted HEAs.
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