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A B S T R A C T

Ternary single-phase concentrated solid solution alloys (SP-CSAs), so-called "medium entropy alloys", not only
possess notable mechanical and physical properties but also form a model system linking the relatively simple
binary alloys to the complex high entropy alloys. The knowledge of their intrinsic properties is vital to
understand the material behavior and to prompt future applications. To this end, three model alloys NiCoFe,
NiCoCr, and NiFe-20Cr have been selected and grown as single crystals. Their elastic constants have been
measured using an ultrasonic method, and several key materials properties, such as shear modulus, bulk
modulus, elastic anisotropy, and Debye temperatures have been derived. Furthermore, nanoindentation tests
have been performed on these three alloys together with Ni, NiCo and NiFe on their (100) surface, to investigate
the strengthening mechanisms. NiCoCr has the highest hardness, NiFe, NiCoFe and NiFe-20Cr share a similar
hardness that is apparently lower than NiCoCr; NiCo has the lowest hardness in the alloys, which is similar to
elemental Ni. The Labusch-type solid solution model has been applied to interpret the nanoindentation data,
with two approaches used to calculate the lattice mismatch. By adopting an interatomic spacing matrix method,
the Labusch model can reasonably predict the hardening effects for the whole set of materials.

1. Introduction

The recent development of single-phase concentrated solid solution
alloys (SP-CSAs), including high entropy alloys [1–4], has drawn great
interest, because these alloys not only exhibit exceptional mechanical
properties [5–7] and unique physical properties [8–11], but also
provide intriguing new concepts for alloy development. Instead of
modifying the microstructure with dilute solute species, the focus of
developing those alloys is on the control of compositional complexity,
i.e., the number, type, and concentration of alloying elements, while
maintaining the alloys as single phase solid solutions [12]. While
previous studies have shown that some of the material behaviors, e.g.
sluggish diffusion, are correlated with the number of alloying elements
[11], substantial experimental and theoretical evidence has shown that
the type/combination of elements are more dominant in affecting their
mechanical and physical properties. For example, the electrical resis-
tivity of the ternary NiCoCr alloy is one order higher than that of
another ternary NiCoFe alloy, even higher than the quaternary NiCo-

FeCr [8]. High electrical resistivity is attributed to the alloying of the
Cr, which induces severe magnetic disorder due to the antiferromag-
netic coupling of Cr atoms [8]. Regarding the mechanical properties,
alloying Cr in Ni, Co, Fe, and Mn has shown very strong strengthening
effects [13]. It is notable that some mechanical properties of ternary
NiCoCr (e.g. strength, ductility and fracture toughness) are superior to
those of the quaternary or even quinary NiCoFeCrMn alloys [6]. Recent
studies have demonstrated that SP-CSAs can enhance irradiation
resistance, making them promising in nuclear engineering applications
[9]. Again, the combination rather than the number of elements plays
the key role; for example the ternary alloy NiCoFe was reported to be
more resistant to irradiation-induced swelling than the quaternary
NiCoFeCr alloy [14,15].

Ternary SP-CSAs with equal or near equal atomic concentrations
have been referred to as medium entropy alloys (MEAs) [6]. Besides
extraordinary mechanical properties, some of them also possess unique
physical properties, e.g., quantum critical behavior in NiCoCr alloy,
which is surprising because such behavior usually appears in materials
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with very complex structure but the NiCoCr solid solution alloy has a
simple face-centered cubic (FCC) crystal structure [10]. More impor-
tantly, the ternary SP-CSAs help bridge our existing knowledge on
conventional (e.g. binary) alloys to the relatively less-understood
complex high entropy alloys. In other words, these medium entropy
alloys are an excellent model system to study the effect of alloying
elements, since they limit the number of variables, but still have a
relatively high degree of chemical complexity. Ni, Co, Fe, and Cr are
among the most widely considered elements in the multi-component
alloys according to a recent review of 408 alloys [16]. For example, a
family of FCC SP-CSAs formed with these elements, from binary NiCo
and NiFe to the quaternary NiCoFeCr, which are all subsets of the well-
explored high entropy NiCoFeCrMn alloy, have been experimentally
identified and their mechanical properties have been systematically
studied [12,13,16]. Ni-Co-Cr, Ni-Co-Fe, as well as Ni-Fe-Cr are three
possible FCC medium entropy alloy systems with these four elements.
While single phase equiatomic NoCoFe and NiCoCr are available, the
equiatomic NiFeCr does not form a stable single phase solid solution,
instead second phases have been observed previously [12]. According
to the isothermal section of the ternary Ni-Fe-Cr phase diagram at
627 °C (900 K) [17], the maximum Cr concentration for single-phase
FCC solid solution is ~22 at%; therefore, a composition of NiFe-20Cr is
selected and its single phase nature is subjected to be experimentally
confirmed in this study.

The knowledge of intrinsic physical and mechanical properties is
fundamental for comprehensive studies on material behavior and
potential applications. Specifically, elastic constants are important to
understand a broad range of material properties, including thermo-
dynamic properties (e.g. Debye temperature), phonon properties, and
defect (e.g. dislocation) behaviors. In this study, single crystalline NiFe-
20Cr, NiCoFe and NiCoCr were grown, their elastic constants as well as
lattice parameters, densities, and melting temperatures were measured,
and several key material properties, e.g. shear moduli, bulk moduli,
elastic anisotropy, and Debye temperatures were derived. The results
obtained from the single-crystalline elastic constants are compared with
the values directly measured from polycrystalline samples.
Furthermore, nanoindentation tests were performed on these three
alloys along with Ni, NiCo, and NiFe, to reveal their slip systems and to
investigate the strengthening mechanisms. The strengthening in these
alloys was interpreted by using the Labusch-type solid solution model
with two different methods of calculating atomic mismatch. The success
and limitation of these two methods are discussed.

2. Materials and experimental methods

2.1. Material preparation and single crystal growth

Pure Ni, Co, Fe, and Cr elemental metals (> 99.9% pure) of
appropriate amounts were mixed by arc-melting. Each composition
(arc-melted button) was flipped and re-melted five times before drop-
casting the melt into a copper mold to ensure a homogeneous well-
mixed alloy. The single crystals were grown from the polycrystalline as-
cast ingots using a floating-zone directional solidification method. The
details of single crystal growth can be found in Ref. [18] The single
crystal rods were cut with two surface normal directions, < 100>
and<110> , in order to measure the elastic constants.

Previous studies [12] have demonstrated that equiatomic NiCoFe
and NiCoCr can form stable FCC SP-CSAs. However, equiatomic NiFeCr
alloy cannot form stable single phase solid solution alloys. We show
here by slightly decreasing the concentration of Cr to 20 at%, the Ni-
40Fe-20Cr does form a stable single-phase FCC solid solution. Fig. 1a
shows a backscattered electron image of the microstructure of the as-
cast NiFe-20Cr alloys, which consists of large elongated grains extend-
ing from the edges to the center, due to the heat flux during
solidification. No secondary phase is observed in the microstructure
images while its XRD pattern (not shown here) exhibits only FCC peaks.

Furthermore, we have carefully characterized the composition distribu-
tion and microstructure after single crystal growth, and the single
crystalline NiFe-20Cr is indeed a single-phase FCC solid solution.
Figs. 1b and c show the patterns of X-ray backscatter Laue diffraction
of NiFe-20Cr in surfaces oriented (100) and (110), respectively, which
demonstrate good single crystal quality.

2.2. Material characterizations

The lattice parameters were measured by powder X-ray diffraction
with Cu-target radiation at 40 kV and 40 mA on 2.54-mm thick slices.
The samples were scanned through 2θ ranging from 20 to 90° with a
scan rate of 1.2°/minute. The melting temperatures were determined
using a NETZSCH 404 C differential scanning calorimeter (DSC). Here,
the melting (solidus) temperature was defined as the start point at
which the endothermic peaks were observed on the DSC traces upon
heating from room temperature. The density, ρ, was measured using an
AccuPyc 1330 pycnometer.

Nanoindentation tests were performed using a Nanoindenter XP
with a Berkovich triangular pyramid indenter. Tests were conducted in
the continuous stiffness mode (CSM) at room temperature at a constant
P Ṗ/ = 0.05 s−1, to a maximum load of 20 mN for hardness measure-
ments. The nanoindentations to a maximum load of 100 mN were also
performed to obtain clear slip trace patterns which were imaged using a
Nikon Epiphot 300 optical microscope.

For single crystals, the elastic constants c11, c12 and c44, were
determined by measuring the longitudinal and transverse sound wave
velocities (Vl and Vt) inside the materials along<100> and<110>
directions, based on the following equations [19].
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The effective polycrystalline elastic properties such as shear mod-
ulus and Poisson's ratio were calculated using both the Voigt-Reuss (GV-
GR) and Hashin-Shtrikman (GH-GS) models, as described in detail in
Refs. [20] and [21].

The elastic properties were also measured directly on polycrystal-
line samples. To do this, the as-cast alloy was first compressed by
~60%, and then annealed at 900 °C for 3 h to produce a fully
recrystallized microstructure. In the polycrystalline case [22], the shear
modulus and the Poisson's ratio were determined using

G V ρ= t
2 (4)
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3. Results

3.1. Intrinsic physical properties and elastic constants

The lattice parameter, density and melting temperature of NiFe-
20Cr are listed in Table 1; the values of NiCoCr and NiCoFe [13,23] are
also shown for comparison. The lattice parameter of NiFe-20Cr is
greater than that of both NiCoFe and NiCoCr, probably because the Fe
and Cr have larger atomic size than Co [24]. This is similar to the case
of binary alloys, in which the lattice parameter of FCC Ni-xFe and Ni-
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xCr alloys are greater than that of Ni-xCo alloys [25,26]. The density of
NiFe-20Cr is lower than the other two alloys, while their melting
temperatures are similar.

The elastic constants c11, c12 and c44, calculated using Eqs. (1)–(3)
are listed in Table 1. The bulk modulus is calculated as (c11+2c12)/3;
the upper and lower bounds and the average of effective shear modulus,
calculated using Voigt-Reuss model (GVR) and Hashin-Shtrikman model
(GHS), are also presented. As expected, the average values using these
two calculation methods are similar, while the H-S model gives a
narrower range. Accordingly, the Poisson's ratio and Young's modulus
are then derived based on the H-S model. The shear modulus and
Poisson's ratio directly from the measurements on polycrystalline
samples are listed in Table 2. The Poisson's ratios derived from the
single crystalline elastic constants are very similar to those measured
from polycrystalline samples, while the shear moduli obtained from
these two methods deviate slightly - up to ~6%. These differences,
other than the contribution from experimental uncertainties, might be

attributed to the textures in the polycrystalline samples, especially for
those alloys having large elastic anisotropy, defined as A=(2c44)/(c11-
c12), as shown in Table 1.

Teklu et al. [27] reported the elastic constants of Fe-15Ni-15Cr and
compared them with a series of Fe-Ni-Cr alloys with Ni concentration
within 8–24 at% and Cr concentration within 12–19 at%, and they
found that the elastic constants have very little dependence on the Ni
concentration, which is consistent with the present study, since all the
elastic constants of NiFe-20Cr, including the anisotropy are similar to
those for Fe-18, 19Cr-xNi, for x within 12–25 at%. In fact, the elastic
constants of Ni-40Fe-20Cr are also similar with those of Fe-12Cr-12Ni,
in which the c11, c12, and c44 are 211, 140, and 123 GPa, respectively,
which further suggests that the elastic properties of Ni-Fe-Cr system are
not very sensitive to the composition within the FCC phase when the
concentration of Cr is greater than 12 at%.

Debye temperature is one of the most important solid-state dynamic
parameters that can be derived from elastic constants. Here the Debye
temperatureΘD of the three ternary alloys have been derived [27] from
a standard equation
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where h is the Planck's constant, kB is Boltzmann's constants, Va is
atomic volume. Vm is the mean sound velocity, which is:
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where< Vt>and< Vl>are the average sound velocities, determined
from the single crystalline elastic constants based on the Voigt-Reuss-
Hill-Gilvary approximations. Details of the calculation and justifications
were proposed by Anderson [28]. For NiFe-20Cr, the derived Vm,
3378 m/s (see Table 1), is close to that obtained from a polycrystalline
sample, 3494 m/s, despite the possible errors from the structural
anisotropy as discussed above. The derived Debye temperature values
of NiFe-20Cr, NiCoFe and NiCoCr are 448, 415 and 490 K, respectively,
which are similar to the literature value of 451 K for Fe-15Ni-15Cr [27].

3.2. Slip trace analysis

Fig. 2 shows the slip trace pattern of NiFe-20Cr on its (100) surface
after nanoindentation to the maximum load of 100 mN, and that of the
other alloys (NiCo, NiFe, NiCoFe, and NiCoCr) are shown in the
Supplementary material. A typical square-like slip trace pattern can
be clearly identified when a three-sided pyramidal indenter is used. In
FCC metals, because of the crystallographic symmetry, both (111) and
(11-1) slip planes intersect the (001) surface along the [1-10] direc-
tions, and both the (-111) and (1-11) slip planes intersect the (001)
surface along the [110] direction, resulting in the square-like pattern on
the (100) surface [19]. Two sets of parallel lines occur in the slip steps,
and each {111} plane has the same intersection angle with respect to

Fig. 1. (a) Backscattered electron image of as-cast NiFe-20Cr. (b) and (c) Backscattered X-ray Laue diffraction patterns of single-crystalline NiFe-20Cr with surface normal close
to< 100> and<110> , respectively.

Table 1
Fundamental physical properties and elastic properties of NiCoFe, NiCoCr and NiFe-20Cr.

NiFe-20Cr NiCoFe NiCoCr

a (Å) 3.582 3.569 [23] 3.559 [23]
Density (g cm−3) 8.126 8.390 [23] 8.273 [23]
Tm (K) 1686 1724 [12] 1690 [12]
Vl [100]/[110] (m/s) 5112/6057 5052/5982 5486/6455
Vt [100] (m/s) 3862 3686 4144
C11 (GPa) 212 214 249
C12 (GPa) 142 159 156
C44 (GPa) 121 114 142
GV-R [GV/GR] (GPa) 74 [87/62] 65 [80/51] 91 [104/78]
GH-S [GH/GS] (GPa) 75 [78/71] 66 [70/61] 91 [94/88]
K (GPa) 165 177 187
υ 0.31 0.34 0.29
E (GPa) 194 174 234
A 3.4 4.1 3.1
Vm (m/s) 3378 3128 3694
ΘD (K) 448 415 490

Table 2
Single crystal nanoindentation hardness [at (100) surface], polycrystalline shear modulus
and Poisson's ratio of NiFe-20Cr, NiCoFe, NiCoCr, NiFe, NiCo and Ni. The values of Fe-
30Ni and Fe-15Ni-15Cr from Ref. [19] are also listed. The G and ν values of the alloys
other than NiFe-20Cr are from the Refs. [19] and [23].

H (GPa) G (GPa) υ

NiFe-20Cr 1.91± 0.09 80 0.29
NiCoFe 1.82± 0.03 60 0.35
NiCoCr 2.74± 0.1 87 0.30
NiCo 1.31± 0.02 84 0.29
NiFe 1.96± 0.04 61 0.34
Ni 1.18± 0.04 76 0.31
Fe-30Ni [19] 1.43± 0.02 65 –
Fe-15Ni-15Cr [19] 1.46± 0.02 79 –
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the [100] direction. All the tested alloys display typical FCC slip traces
after indentation.

3.3. Nanoindentation hardness

The load-displacement curves of all these alloys are plotted together
in Fig. 3, and the corresponding hardness is listed in Table 2. These
alloys are divided into three groups: (1) NiCo, which has a similar
hardness to pure Ni, (2) NiFe, NiCoFe and NiFe-20Cr, which have
similar moderately increased hardnesses, and (3) NiCoCr, which has
much higher hardness than the others.

It is expected that the addition of Cr has significant strengthening
effects in Ni-based SP-CSAs [13], due to the large modulus mismatch
(the shear moduli of Ni, Co, Fe and Cr are 76, 75, 82, and 115 GPa,
respectively [29]). However, interestingly, although NiCoCr has a much
higher hardness than NiCo, which could be explained by the modulus
mismatch, the hardness of NiFe-20Cr is not higher than NiFe. In fact,
Xia et al. [19] have found that, comparing FCC Fe-30Ni and Fe-15Ni-
15Cr, although their elastic constants have large differences, their
indentation hardnesses are almost the same (see Table 2). Both results
show that addition of Cr in the FCC NiFe- system is far less efficient in
strengthening, compared with that in the NiCo-system.

4. Discussion

The strengthening mechanism of SP-CSAs has attracted much
interest, and several models have been proposed or applied, among
which the model proposed by Labusch [30] originally for binary alloys
has been adopted and modified to explain the strengthening in multi-
component alloys, or even high entropy alloys [31,32]. According to
the Labusch model, the additional strength from the solid solution
hardening is given by
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where f is a dimensionless parameter, G is the shear modulus, δ
describes the lattice mismatch, η describes the modulus mismatch, xi
is the concentration of element i, and α is a dimensionless parameter
that describes the type of dislocations, which is ~3–16 for screw
dislocations, and> 16 for edge dislocations.

The lattice and modulus mismatch between different alloying
elements are two key parameters in this model, while the way of
calculating these parameters varies in different studies. For example,
Toda-Caraballo et al. [32] adopted an “interatomic spacing matrix
(ISM)”, initially proposed by Moreen [33], to calculate the average
distance between each pair of elements i and j, based on the values of
lattice parameter and bulk modulus of the pure i and j metals in their
respective crystal structure, the atomic fraction of each element, and an
empirical translating factor between different crystal structures. Wu
et al. [31] in contrast, applied an alternative practical treatment, so-
called pseudo-inverse analysis (PIA), for those non-FCC elements, e.g.
Fe, Co, Cr and Mn, assumed Vegard's law valid for the lattice parameter
of the target alloy systems (e.g. NiCo, NiCoFe etc.), and then derived the
effective atomic size of each element in FCC structures based on the
experimental lattice parameters of the selected alloys by solving a set of
linear equations. Moreover, Wu et al. considered the α values from 0 to
20, while Toda-Caraballo et al. assumed a single value of 16, and then
neglected the modulus mismatch due to the large α value.

The two methods mentioned above both predicted more pro-
nounced solid-solution hardening in NiFe and NiCoFe than NiCo.
However, due to the different methods used to calculate the atomic-
level mismatch, they also provided conflicting predictions. To under-
stand the nanoindentation results and to examine the two methods used
for the Labusch model, we used both methods to evaluate the solid
solution hardening in NiCo, NiFe, NiCoFe, NiCoCr, and NiFe-20Cr. The
results are normalized to the strengthening value from Ni to NiCo for
two reasons: 1) to eliminate the effects of different constants (e.g. f in
Eq. (7)) used in different references, and 2) nanoindentation hardness
values are rarely directly converted to yield strength values for various
reasons (e.g. size effect), although they usually have an approximately
linear relationship [34].

Fig. 4 indicates that the predictions based on the interatomic
spacing matrix method qualitatively agree well with the experimental
nanoindentation hardnesses. However, the predictions based on the
“effective” atomic size derived from the experimental alloy lattice
parameters and Vegard's law cannot correctly account for the higher

Fig. 2. (a) Predicted slip traces in (100) oriented surface of a FCC single crystal. (b) The
observed slip traces on the (100) surface of NiFe-20Cr after nanoindentation to a load of
100 mN.

Fig. 3. Load-displacement curves of NiCoCr, NiCoFe, NiFe-20Cr, NiFe, NiCo, and Ni, to a
maximum load of 20 mN.

Fig. 4. Solid-solution strengthening (normalized to NiCo) from nanoindentation hardness
(Exp), the Labusch model prediction, assuming α=16, based on pseudo-inverse analysis
(Pseudo-inverse, Ref. [31]), and an interatomic spacing matrix (Matrix, Ref. [32]). In all
the three cases, the value of NiCo is defined as 1.
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strengthening found in NiCoCr versus NiFe, NiCoFe and NiFe-20Cr.
One of the major sources of such discrepancies is the different

interatomic distance (or atomic size) used in the two methods. In the
ISM method, the interatomic distance (converted to FCC) of elemental
Cr is greater than that of Fe (both greater than Ni and Co), due to the
greater experimental lattice parameter of elemental Cr. This assumption
leads to a greater lattice mismatch in NiCoCr than in NiCoFe after the
matrix calculation, which brings stronger solid-solution strengthening
according to the Labusch model. However, experiments (both X-ray and
neutron diffractions [35]) have shown that the lattice parameter of
NiCoFe is actually greater than that of NiCoCr, opposite to the
predictions from the ISM method. Since the PIA method assumes
Vegard's law and uses the experimental values of the alloys to derive
the effective elemental atomic size, the derived atomic size of Fe is then
greater than Cr [31], giving a greater lattice mismatch in NiCoFe than
in NiCoCr, which ultimately leads to more strengthening in NiCoFe. On
the other hand, due to the magnetostriction effects (e.g. Invar for Ni-
65Fe [36]), Ni-Fe alloys show significantly low moduli (e.g. 61 GPa for
NiFe and 60 GPa for NiCoFe [13]), resulting in a large modulus
mismatch between Ni and Fe elements, which is not considered in the
methods from Toda-Caraballo et al. Consequently, both lattice and
modulus mismatches in Ni-Fe-X alloys are greater than in the Ni-Cr-X
alloys derived from the PIA method, which leads to a prediction of
strengthening (NiCoFe>NiCoCr) contrary to experimental results.
Another recently developed theory [37] that successfully predicted
the strengthening of most of these FCC SP-CSAs seems to face a similar
issue: the Burgers vectors predicted for NiCoCr and NiCoFeCr are higher
than the experimental values, while predictions for the alloys without
Cr (e.g. NiCo, NiFe, NiCoFe, etc.) match the experimental values well;
the predicted Burgers vector of NiCoCr is greater than that of NiCoFe,
while the experiments show a reversed result.

Since it is the “mismatch”, rather than the absolute value, of lattice
parameters that determines the strengthening effects, tiny differences in
the use of interatomic distance can yield significant error in the
strengthening effects. Thus, caution should be used in application of
the Labusch model. More fundamental studies, e.g. ab initio methods,
are required for optimum application of this model. It seems that the
mechanical properties of Ni-containing concentrated solid solution
alloys are not solely determined by adding certain elements; rather
the combinations are very important.

5. Summary and conclusions

Single crystal NiCoFe, NiCoCr, and NiFe-20Cr alloys have been
successfully grown. Their monocrystalline elastic constants have been
measured using an ultrasonic method. A few key mechanical and
thermal dynamic properties (e.g. shear modulus, bulk modulus,
Poisson's ratio, elastic anisotropy, and Debye temperatures) have been
derived from the elastic constants, and compared well with the values
from the polycrystalline samples. Nanoindentation tests on their (100)
surfaces have revealed that all the alloys exhibit typical FCC slip traces.
To investigate the solid-solution strengthening mechanisms, their
nanoindentation hardnesses have been compared with Ni, NiCo, NiFe
and each other. NiCoCr has much higher hardness than all the other
alloys, while NiFe, NiCoFe and NiFe-20Cr have similar hardnesses, and
NiCo has little hardening effect. The Labusch model has been used to
understand the hardening effects, with two methods of calculating the
lattice mismatch. By using an interatomic spacing matrix method, the
hardening predicted by the Labusch model corresponds well with the
experimental results. However, by deriving effective elemental atomic
spacing from experimental alloy lattice parameters based on Vegard's
law, the Labusch model cannot correctly predict the relative hardening
effects between certain alloys. Our results show that using the Labusch
model to predict solid-solution strengthening requires careful evalua-
tion of the necessary parameters, especially when Vegard's law is used
to obtain the effective atomic spacing.
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