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Abstract: Cobalt-free FesoMnyoCrpoNijg medium-entropy alloys were developed with the metastable
engineering strategy at cryogenic temperature. The phase formation rules were calculated and
the stacking fault energy was estimated at different temperatures. The uniaxial tensile tests were
carried out at a cryogenic temperature and the mechanical properties were completely investigated,
displaying excellent strain-hardening capacity. The deformation mechanisms were systematically
explained by forest dislocation, twinning strengthening, and phase-transformation strengthening
at cryogenic temperature. The precipitation of the second phase sacrifices some ductility, but still
achieves excellent strong-plastic synergy.
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1. Introduction

With the rapid development of the aerospace, marine shipbuilding, and natural
gas transportation industries, the demand for metallic alloys of ultra-high strength and
exceptional ductility in cryogenic environments has increased. The dilemma in designing
alloys is that many engineering structural materials become brittle at low temperatures, and
their applications are generally limited at cryogenic temperatures [1-3]. Recently, a new
class of materials, high-entropy alloys (HEAs), exhibiting excellent mechanical properties,
has attracted much attention all around the world. The discovery of HEAs provides
unprecedented opportunities for the material community to explore and obtain superb
properties that are difficult to achieve in conventional alloys at cryogenic temperature, such
as high strength and toughness [4,5].

The classic CoCrFeMnNi HEA, with the face-centered cubic (FCC) structure, shows
excellent mechanical properties at cryogenic temperature, reaching the yielding strength
of 1692 MPa and the uniform elongation of 10.3% at 77 K [4,6]. The properties are mainly
attributed to the twinning-induced plasticity (TWIP) during deformation at cryogenic
temperature. An FCC-structured FegCo15Nij5Crig shows strong strain-hardening ability
at 77 K due to the deformation-induced phase transformation from FCC to body-centered
cubic (BCC) phase [7]. With the decrease in temperature, the enhanced strain hardening
capacity of FeqoMnyCo19Crig HEA is attributed to the variation in deformation mech-
anisms from dislocation slip to twin formation and further to phase transformation [8].
It is obvious that phase transformation is an efficient method to improve the plasticity
of the HEA at cryogenic temperature. However, the high cost of cobalt elements limits
the prospect of engineering applications. Therefore, cobalt-free HEAs have been further
designed and widely investigated. It is reported that a slight twinning strengthening can
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obtain yielding strength, ultimate tensile strengths, and uniform elongation of 1.2 GPa,
1.34 GPa, and 22% at 77 K for Fe4oMnyCrygNiyy HEA, respectively [9]. At present, the
emergence of metastability engineering has brought a new performance improvement
direction, which has attracted much attention toward HEAs [10]. According to the metasta-
bility engineering strategy at cryogenic temperature, the aim of this study is to develop a
new HEA for low-temperature potential application by optimizing the composition based
on FE40M1‘120C1'20N120 HEA.

In order to achieve a metastable structure, decreasing the stacking fault energy (SFE) is
a key factor. It is reported that reducing the Ni will lead to a low SFE [8]. By lowering SFE
and the low-cost condition and introducing the transformation-induced plasticity (TRIP)
effect, the FesoMny(Cry9Nijg HEA was successfully designed by adjusting the composition
ratio. Besides these factors, the entropy of mixing and some other criteria were calculated to
further verify the phase formation. It is noted that the entropy of mixing of the current alloy
is 1.22R (R is gas constant), which is within the scope of “medium entropy” according to
the concept of “high-entropy alloys” [11]. Therefore, due to the contributions of both TRIP
and TWIP effects, the newly developed Fe5oMnyyCrygNijp medium-entropy alloy (MEA)
exhibits an excellent combination of strength and ductility at liquid-nitrogen temperature
and will be further discussed in this study.

2. Materials and Methods

The nominal chemical composition of the MEA is FesoMnyyCrygNijg (atomic percent,
at.%). Firstly, the raw materials of Fe, Cr, and Ni were melted in a Ti-gettered, high-purity
argon atmosphere with high-purity elements (weight purity > 99.9%) in a vacuum arc
melting furnace three times. An additional 5 wt.% was added to compensate for the loss
of the Mn element by evaporation during melting together with the ingots (preparation
from arc melting furnace) in a vacuum induction melting furnace. Raw material and ingots
were alloyed in a boron nitride (BN) crucible to make a master alloy (FesoMnyoCryoNijg)
of 400 g in weight three times to ensure the chemical homogeneity. The master alloy was
molten and was poured into a rectangular copper mold (length: 30 mm, width: 30 mm, and
height: 100 mm). The ingots were homogenized at 1200 °C for 6 h and then water quenched.
After that, the thin plates were cut from the ingots with the dimension of ~100 mm length,
~30 mm width, and ~3.3 mm thickness by wire electrical discharge machining. The plates
were cold rolled along the tensile direction from ~3.3 mm to 1 mm thickness with a step
size of 0.1 mm each time. The plates with 70% pre-deformation were annealed at 1073 K,
1173 K, and 1273 K for 1 h, and subsequently water quenched.

The phase structure was characterized by X-ray diffraction (XRD) with a Rigaku
UltimalV diffractometer (Rigaku Corporation, Osaka, Japan). The microstructure was
examined by scanning electron microscope (SEM) at 15 kV with a Phenom XL (Phenom-
World BV, Eindhoven, The Netherlands). Rectangular dog bone-shaped tensile specimens
with a thickness of 1 mm were sectioned from the alloys by electrical discharge machining
(EDM, Huadong CNC Machine Tool Co., Ltd., Taizhou, China). The gage length and width
of the tensile specimens were 10 and 3 mm, respectively. Uniaxial tensile tests were carried
out at room temperature and cryogenic temperature (77 K) by an Instron 5969 materials
testing machine (Instron, a Division of Illinois Tool Works Inc. ITW, Norwood, MA, USA) at
an initial strain rate of 1 x 1073 s~ 1. After tensile tests, the microstructure was performed
by transmission electron microscopy (TEM) with a JEM-F200 microscope (JEOL, Tokyo,
Japan) operating at 200 kV.

3. Results and Discussion

In order to verify the phase formation of the current MEA, several criteria were
proposed, including the entropy of mixing (ASnix), the enthalpy of mixing (AHix), the
atomic-size mismatch (6), and valence electron concentration (VEC). The entropy of mixing
of a multi-component alloy can be expressed as [12]:
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N
ASmiX = —RZ C; In Cj (1)
i=1

where R is the gas constant, N is the number of elements, and ¢; is the atomic percentage
of the i-th component. Based on Equation (1), it is clear that the entropy of mixing will
reach the maximum value when the alloy is of equi-atomic ratio. The maximum entropy
of mixing for four elements is 1.39R. For the current alloy, the entropy of mixing is 1.22R,
which is manifested as a typical MEA.

The enthalpy of mixing (AHp,x) in the solid solution is followed as [12,13]:

N
AHpix = Y, Qjjcicj 2)
i=T,i#]

where N is the number of elements, ();;(= 4AH§1}‘1§X) is the regular solution interaction
parameter between i-th and j-th elements, AHTX is the enthalpy of mixing in binary liquid
alloys, ¢; and ¢; are the atomic percentages of the i-th and j-th elements. For the present
MEA, the enthalpy of mixing is —1.68 k] /mol. The negative mixing enthalpy means one
or more compounds will stably form in the binary alloys [13]. With the increase in the
number of elements, the enthalpy will rapidly increase and the number of single-phase solid
solutions will continue to decrease [14]. In addition, it is easier to form the intermetallic
compounds with an extremely negative enthalpy of mixing [15]. Therefore, larger negative
enthalpy of formation leads to the formation of intermetallic compounds, while positive
enthalpy of formation tends to lead to phase separation into end phases with lower mutual
solubility. Only slightly positive or slightly negative enthalpy of mixing is beneficial to the
formation of a solid solution. Here, this MEA is easy to form a solid solution in the solid
phase as the mixing enthalpy is close to zero.

The atomic-size difference is to estimate the comprehensive effect in multi-component
alloys, which is described as [12]:

-

where ¢; is the atomic fraction of the i-th component, r; is the atomic radius of the i-th
constituent element, and 7(= }_I' ; ¢;7;) is the average atomic radius of the alloy. Zhang
et al. found that the range of atomic-size mismatch should be less than 6.5% and the
mixing enthalpy should range from —15 to 5 kJ/mol, which is favorable to the formation
of single-phase solid solution [12]. The atomic-size mismatch of this alloy is 3.37, which
shows that it is easy to form a solid solution [12,16].

The VEC plays a significant role in predicting the phase formation, which is defined as [17]:

ci(1—1;/7) 3)

M™M=

1

N
VEC =} ¢;(VEC); 4)
i=1

where (VEC); is the VEC of the i-th element. According to Equation (4), the VEC of the
current MEA is calculated as 7.6. Generally, the VEC is used to estimate the phase stability
of FCC and BCC in HEAs. If the VEC is between 6.87 and 8, both FCC and BCC phases will
co-exist [17]. It is noted that the amount of BCC phase is minor at the boundary of 8 [17].
In this study, the alloys were homogenized before the mechanical tests, which is discussed
in detail below.

Figure 1 exhibits the XRD pattern of the alloy, and the upper right corner is the
amplification of the local area (260 = 45°~65°) in the figure. In this way, it is obvious that
the homogenization sample is a single FCC structure, and there are new precipitated
phases, marked by the black arrow, in the annealing samples after cold rolling. After phase
retrieval and corresponding SEM image analysis, the new precipitated particles should
be intermetallic compound o phase. When the Cr content is higher than 15 wt.%, it is
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reasonable [18]. The same phenomenon was also found in FeMnCrNi alloy with an equal
atomic ratio [19].

e FCC | _—;
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Figure 1. The XRD patterns of FesyMnyyCrygNijg MEA with different annealing states (including the
homogenized sample).

Figure 2a presents an SEM image of the homogenized FesoMnyoCrpoNijg MEA, which
was composed of fully recrystallized equiaxed grains with an average grain size of ~100 pm.
Further, it can be concluded that the crystal orientations were random without any texture.
Figure 2b-d shows the microstructure after cold rolling and annealing. For the annealed
microstructure at 1073 K, it can be clearly found that there are a small number of precipitates
on the matrix, and complete recrystallization does not occur for the matrix. The distribu-
tion of precipitates is less in un-recrystallization regions. The alloy presents a complex
microstructure of dual-phase and partial recrystallization. After annealing at 1173 K, it can
be seen that the alloy has been fully recrystallized. The microstructure of the alloy annealed
at 1273 K for 1 h has no obvious change compared with 1173 K, and the grain size and the
size of the precipitated phase increase slightly. The o particles are still insoluble at 1273 K.

Figure 3a shows a TEM image of the alloy annealed at 1273 K for 1 h after cold rolling
at 70%. It can be found that spherical particles with a diameter of about 300 nm are
precipitated on the matrix, and then selected area electron diffraction (SAED) is carried
out for the (b) and (c) parts of the white virtual frame in the figure. The diffraction spots
are shown in Figure 3b,c, respectively. It can be judged that the precipitated phase is the o
intermetallic compound and the matrix has an FCC structure, providing further evidence
of XRD results.

Figure 4 shows the characteristic tensile engineering stress—strain curves of the FesoMny-
CryoNijg MEA at room temperature and cryogenic temperature. The yield strength (o)
ranges from 300 to 855 MPa under different heat treatments at room temperature. Mean-
while, the ultimate tensile strength (o) is in the scope of 510 to 1005 MPa at room tem-
perature. With the increase in heat treatment temperature from 1073 to 1273 K, the yield
strength decreases while the uniform elongation (Ey) presents an increasing trend. At
77 K, the homogenization alloy shows a superior combination of yield strength of 605 MPa,
ductility, defined as uniform elongation, of 42%, and ultimate tensile strength of 910 MPa,
which were obviously better than those at 298 K. The mechanical properties of different
annealed samples were also improved. The o, reached 800 MPa, 975 MPa, and 1100 MPa,
the oy reached 1235 MPa, 1320 MPa, and 1330 MPa, and the Ey was 38%, 19%, and 8%,
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at 1273 K, 1173 K, and 1073 K, respectively. The tensile properties of the current alloy
at cryogenic temperature are significantly better than those at room temperature. This
phenomenon is very common in single-phase FCC HEAs [20]. The main cause is that
dislocation slip is difficult at cryogenic temperature, which may stimulate a large number
of deformation twins. However, the existence of precipitates still leads to the sacrifice of
ductility. Overall, the cryogenic temperature mechanical performances of the FCC MEAs
are of research significance.
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Figure 2. The SEM images of Fe5oMngCrpoNijg at different states: (a) homogenized, (b) annealed at
1073 K for 1 h, (c) annealed at 1173 K for 1 h, (d) annealed at 1273 K for 1 h.
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Figure 3. The bright-field TEM image of annealed Fe5oMny(CrpNijg MEA at 1273 K for 1 h.
(b,c) SAED patterns of the precipitate and matrix (marked by white dotted box) in (a), respectively.
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Figure 4. The cryogenic temperature tensile engineering stress—strain curves with different heat
treatment conditions at 77 K.

Dislocation slip, twinning, and phase transformation are the three main deformation
modes in FCC alloys. The e-martensite transformation is controlled by the magnitude of the
SFE [21]. The widely studied equi-atomic FeCoCrMnNi HEA has an SFE of ~25 m]/m? at
room temperature [22,23]. Reducing the contents of Ni and Co would lower the SFE of the
current alloy and alloying costs, respectively, which promotes the potential industrial appli-
cability of the alloys. According to the thermodynamic analysis, the ideal SFE of FCC phases
in the present FesoMnyoCrygNijg MEA is then expressed by the following equation [24]:

Ysg = ZPAAGVHS +20Y77¢ 5)

where p4 is the molar surface density along planes, AGY ¢ is the molar Gibbs energy of the
austenite to e-martensite phase transformation, and oY 7 ¢ is the interfacial energy per unit
area of the phase boundary. The molar surface density pa is calculated by Equation (6) [25]:
1 4 1
- = ©)
168v3  V3a’N

where a = 0.365 nm is the lattice parameter of the alloy by XRD refinement, and N is
Avogadro’s number. Considering a regular solution model, AGY ¢ can be defined for the
Fe50Mn20Cr20Ni10 MEA as:

oA

AGY™ = Y X;AGY 7 + Y XpeX;AQY ¢ (i = Fe, Mn, Cr, Ni; j = Cr, Mn, Ni) (7)
i j

where X; and AG) € represent the molar fraction and the difference in free energy between
the FCC and hexagonal closed-packed (HCP) of pure metals. AQ},"* j is an interaction
energy parameter for components Fe and Mn, Cr, and Ni as the content of Fe in the FCC
phase of the alloy is highest.

Substituting the obtained data listed in Table 1 into Equations (5)—(7), the relationship
between the SFEs of the alloy and temperature is finally determined as:

Ysp = 2.02 4+ 0.11T (m] - m2) (8)
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Table 1. Numerical values and functions used for the calculations.

Parameter Functions Used (Units) Reference
AGYT® —2243.38 + 4.309T (J-mol~1) [26]
AGYTE 3970-1.7T (J-mol—1) [27]
AGY* 1370-0.163T (J-mol~1) [28]

NG MG 1046 + 1.255T (J-mol 1) [26]
AOYYE —9135.5 + 15,282.1 Xy, (J-mol 1) [29]
AQYLE 2095 (J-mol~1) [30]
AQYRE 2095 (J-mol 1) [31]

a 3.65 A This work
oY e 0.008 J-m~1) [26]

Furthermore, 77 K and 298 K are substituted into Equation (8), and the SFEs of the
alloys at both temperatures are acquired as:

Yor =348 mJ-m 2 298K 9)

Yor =1049 mJ-m~2 77K (10)
S

To demonstrate the formation of HCP e-martensite during plastic deformation, TEM
micrographs of the region close to the fracture surface of the FesyMnyoCryNijg alloy after
the 77 K tensile test are presented in Figure 5.

-martensite

Figure 5. TEM micrographs of the region close to the fracture surface of the FesoMnyCryoNijg alloy
after 77 K tensile test showing (a) deformation twins and dense dislocations blocked by deformation
twins, (b) diffraction pattern taken from the selected area (in yellow circle) of (a). (c) Image of
the e-martensite and (d) the corresponding HRTEM image. (e) Bright-field images of high-density
dislocations around e-martensite. (f) The diffraction pattern for the selected area (in red circle) of
(e,g) the HRTEM observation. (h) Corresponding inverse fast Fourier transition (IFFT) images of the
rectangle region in (g).

Figure 5a indicates the interaction between dislocations and deformation twins in
the cryogenically deformed FesoMnygCryoNijg alloy. The triggered deformation twins
at cryogenic temperature contain high-density dislocations that act as strong barriers to
dislocation glides, which further contributes to strain hardening. In addition, the abundant
mechanical twinning in the FesoMnyoCryNijg MEA also leads to a dynamic Hall-Petch
effect (Figure 5a) [32,33]. The TWIP effect is also advantageous for the FesoMnyoCryoNijg



Metals 2022, 12, 643

8 of 10

alloy to have a higher ductility at 77 K [32]. The diffraction pattern of twins for the selected
area (in Figure 5a, red circle) is shown in Figure 5b.

According to the HCP martensite nucleation model proposed by Mahajan et al. and
the deformation twin formation model, the activation process of twins and martensites
during deformation is discussed [34]. Firstly, the formation process of the HCP phase is the
slip of Shockley partial dislocation on the spacer (111) crystal plane. The critical stress of
HCP nucleus growth is displayed in Equation (11):

20Y7¢  3Gby = hAGYE
Tr = +
3btr Lt-r 3btr

(11)

where G is the shear modulus of the alloy, by, is the Burgers vector of the partial dislocation
(0.147 nm), Lty is the width of the HCP martensite nucleation, and / is the height of the
martensite nucleation.

In FCC alloys, Mahajan and Chin [35] believed that the formation of deformed twins
was the slip of a/6<112> Shockley partial dislocation on the continuous (111) crystal plane,
and the critical size was used to describe the nucleation process of twins. The critical twin
stress can be calculated by Equation (12):

YSF 3thw

= — 12
Ttw 3btw+ Lew (12)

where L, is the width of the twin nucleus (260 nm), and by, is the Burgers vector of
a/6<112> Shockley partial dislocation. This study refers to the crystal plasticity model of
high manganese steels [36], that is, the value of Ly /L is close to 1.5. Finally, the calculation
results are multiplied by Taylor factor « (3.06), and the critical normal growth stresses
of HCP martensites and twins are 742 MPa and 432 MPa, respectively. Combined with
the stress—strain curve of the current alloy, it can be deduced that the TWIP process will
continue once the plastic deformation begins. The TRIP mechanism will be activated after
about 10% strain. This is close to the experimental results. The combined effect of these
two mechanisms makes the work-hardening effect of the alloy very obvious, thus showing
extremely excellent mechanical properties.

Figure 5¢-h display dense dislocations that are accumulated around lath e-martensites
and the corresponding inverse fast Fourier transition (IFFT) images of the high-resolution
TEM (HRTEM) FCC/HCP phase image. The transformation induced strain hardening,
in addition to mechanical twinning and dislocation slip, and then contributes to the im-
provement in the strength and ductility. It is clear that the enhanced strength at cryogenic
temperature originates not only from the increase in the dislocation density but more
significantly from the continuously increasing number density and volume fraction of
e-martensites and twin boundaries. Therefore, the current alloy deformed at 77 K shows an
exceptional strain-hardening capacity and strength—ductility combination. On the other
hand, the precipitates form and rapid phase transformation occurs during the plastic
deformation, which gives rise to the decrease in ductility of the present alloy.

4. Conclusions

In this study, a cobalt-free FesoMnyoCryoNijg MEA was developed by the metastable
engineering strategy under low-temperature conditions. The microstructure was character-
ized by different methods and the mechanical deformation behavior was systematically
studied at cryogenic temperature. The single-phase FCC MEA was obtained after ho-
mogenization treatment. After cold rolling and annealing treatment, Cr-rich intermetallic
compound o phase was precipitated from the FCC matrix, and the FCC + ¢ dual-phase
structure was formed. At 77 K, the homogenization alloy showed a superior combination
of yield strength of 605 MPa, uniform elongation of 42%, and ultimate tensile strength of
910 MPa. For different annealed samples, the yield strength reached 800 MPa, 975 MPa, and
1100 MPa, the ultimate tensile strength reached 1235 MPa, 1320 MPa, and 1330 MPa, and
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the uniform elongation was 38%, 19%, and 8%, at 1273 K, 1173 K, and 1073 K, respectively.
The strength of the alloy was significantly improved at cryogenic temperatures.

The combination of multiple deformation strengthening mechanisms of the homoge-
nized alloy under cryogenic temperature, including forest-dislocation strengthening, twin-
ning strengthening, and phase-transformation strengthening, leads to superb strain hard-
ening capacity. Although the ductility decreases a little due to the existence of precipitates,
the excellent cryogenic-temperature mechanical properties together with strength—ductility
synergy are finally obtained.
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