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ABSTRACT

To investigate the compositional effects on thermal-diffusion kinetics in concentrated solid-solution
alloys, interdiffusion in seven diffusion couples with alloys from binary to quinary is systemati-
cally studied. The alloys with higher compositional complexity exhibit in general lower diffusion
coefficients against homologous temperature, however, an exception is found that diffusion in
NiCoFeCrPd is faster than in NiCoFeCr and NiCoCr. While the derived diffusion parameters suggest
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that diffusion in medium and high entropy alloys is overall more retarded than in pure metals and
binary alloys, they strongly depend on specific constituents. The comparative features are captured
by computational thermodynamics approaches using a self-consistent database.
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This work experimentally demonstrates that thermal-diffusion kinetics in concentrated solid-
solution alloys depends not only on the number but also strongly on the species of the alloying

elements.

The development of single-phase concentrated solid-
solution alloys (SP-CSAs), including high entropy alloys
(HEAs), in the past decade, has greatly broadened the
scope of alloy design from focusing on the alloys con-
taining one principle element to those containing multi-
ple principle elements in near-equal concentration [1-5].
The outstanding properties found in this new family
of alloys, such as good thermal stability, high frac-
ture toughness, good creep behavior, strong resistance
to wear, oxidation and corrosion, and improved irra-
diation tolerance, have granted them promising appli-
cation potential [6-12]. Such excellent properties have
been proposed correlated to four ‘core effects’, including
high entropy, sluggish diffusion, severe lattice distortion,
and cocktail effects [6,13]. Among them, the hypoth-
esis that atomic diffusion is retarded in HEAs com-
pared with in pure metals and traditional alloys has been
considered crucial especially to the high-temperature

behavior of HEAs, and has drawn extensive research
interests [14-16].

Although the concept of sluggish diffusion was pro-
posed at the beginning of the HEA development [2,13],
direct experimental evidence was not available until
nearly a decade after [14] and has still been limited
till today [6,17]. Tsai et al. first compared the diffu-
sion parameters in Ni-Co-Fe-Cr-Mn quinary alloys
with pure metals and traditional alloys, and proposed
a positive relation between the normalized activation
energy and the number of alloying elements [14]. This
dataset has been re-analyzed by Beke and Erdélyi [18]
and Dabrowa et al. [15] using different data analysis pro-
cedures, which both qualitatively supported the sluggish
diffusion phenomenon. However, Miracle and Senkov
re-plotted Tsai’s data with x-axis being absolute temper-
ature, and argued that the diffusivity of NiCoFeCrMny 5
alloy is not lower than the other reference materials at the
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same absolute temperatures [6], which was supported by
a tracer diffusion experiment by Vaidya et al. for Ni in
equiatomic NiCoFeCr and NiCoFeCrMn [16].

Existing diffusion experiments on investigating slug-
gish diffusion in HEAs have mainly focused on one
or two diffusion systems. The target HEAs have been
majorly NiCoFeCrMn (except one on NiCoFeCrAl with
Al concentration below 10 at% [15]), while the reference
materials have been mostly pure metals and Fe-Cr-Ni
(quasi-) ternary alloys from literatures. Increasing evi-
dences have shown that specific alloying constituents can
be more influential on the physical and mechanical prop-
erties compared with the number of alloying elements
[19-21]. Carefully checking the impact of various types of
element is thus necessary before making final conclusions
on the impact of the number of elements. Moreover, the
absolute values of experimental diffusion coeflicients are
inevitably scattered from different sources, sometimes up
to one order that is comparable to the extent of reported
sluggish diffusion effects of HEAs [6,22]. To shed light
on the controlling factors of sluggish diffusion, if exist,
systematic experiments on a series of alloys containing
various numbers and types of elements are highly desired,
which have not been available.

In this study, a series of binary or pseudo-binary dif-
fusion couples based on NiCo NiFe, NiCoFe, NiCoCr,
NiCoFeCr, NiCoFeCrMn, and NiCoFeCrPd are designed
and annealed at 920°C, 1020°C, 1070°C and 1120°C for
816, 192, 94.5, and 48 h, respectively, to systematically
investigate the influence of the number and type of alloy-
ing elements on diffusion kinetics. The concentration
profiles for all seven diffusion couples annealed at 1070°C
are shown in Figure 1(a-g), as the representative cases
for the other 3 temperatures. For convenient data analy-
ses, only Ni and Co are designed to exhibit concentration
gradient (except in Ni-NiFe), and the concentration fluc-
tuation of the other non-target elements are small within
experimental error and negligible. The details of alloy
fabrication, couple design, and characterizations are in
the Supplemental Materials.

A typical scanning electron microscopy backscat-
tered electron image and corresponding energy disper-
sive X-ray spectroscopy (EDX) mappings are shown in
Figure 1(h). While a small amount of scattered oxides do
form at the interface, all the diffusion interfaces are pla-
nar without noticeable Kirkendall porosity in the entire
diffusion regime, similar to what seen in literatures for
similar systems [14,23].

Computational thermodynamics (CALPHAD) simu-
lations using a database based on literatures of binary
and ternary alloys are performed to examine if the dif-
fusion in HEAs can be understood or reasonably extrap-
olated from those containing less alloying elements. The

simulation details can be found in Supplemental Materi-
als. Here, we show the simulated concentration profiles
at 1070°C in Figure 1(a-f) as solid lines as representa-
tive cases; their agreement with experiments serves as a
complementary verification of the simulation database
(no simulation on NiCoFeCrPd was performed due to the
lack of validated database for Pd alloys).

The interdiffusion coefficients were derived using the
Sauer-Freise (S-F) method [24], which does not require
a determined position of Matano interface, and has been
widely applied for binary and quasi-binary interdiffusion
couples [14,23]. Previous studies have shown that the S-F
and another commonly used Boltzmann-Matano [25,26]
methods derive consistent results for concentration-
dependent diffusion coefficients [23].

The interdiffusion coefficient D from the S—F method
can be expressed as

D(C*) = (1-7Y) /x (C—C_)dx

1
24(dC/dx) - {

o

+ Yf (o —c>dx}, (1)
X*

where C is the element concentration, for Ni in this study,

C_ and C, are the concentrations at the infinite far ends

from the interface, and C* is the concentration at a given

position x* in the concentration profile, ¢ is the diffusion
C*—C_

time,and Y = ror=ron . The cubic-spline fit was applied to
evaluate the parameters in Equation (1).

The derived concentration-dependent interdiffusion
coeflicients are representatively shown in Figure 2 for
the case of NiCoCr couples. The values at the two ends
of diffusion couples are intentionally omitted due to the
inevitable artifacts by the numerical procedure of this
method [14,23]. Mean interdiffusion coefficients for the
range of concentration are estimated by definition [23]:

; + bdc

Dgp = C (2)
It dc
Most literatures regarding the topic of sluggish diffu-
sion compared the diffusion coefficients as a function
of the homologous temperature (Tp,/T, where Ty, is the
melting temperature), aiming to compensate the differ-
ent melting temperature between alloys. Thus, we first
show the correlation between D and Ty,/T in Figure 3(a)
for convenient comparison. At the same T,/T, NiCoFe-
CrMn exhibits the lowest diffusivity among all the seven
systems, which qualitatively agrees with its comparison
with traditional alloys in literatures [6]. In addition, the
two binary alloys, with the lowest compositional com-
plexity, exhibit the highest diffusion coefficients. These
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Figure 1. (a—g) Concentration profiles of diffusion couples annealed at 1070°C; the solid lines are CALPHAD simulations; (h) backscat-

tered electron image and EDX scan for (f).

results may indicate a general trend of retarded diffu-
sion with increasing compositional complexity. However,
diffusion in quinary NiCoFeCrPd is shown faster than
that in quaternary NiCoFeCr and even ternary NiC-
oCr. This observed exception suggests that diffusion does
not necessarily become more sluggish with increasing
number of alloying elements, but depends on specific
constituents.

Ni tracer diffusivities from the CALPHAD simula-
tion are displayed as solid lines in Figure 3(b) to com-
pare with the experimental data. As discussed in Tsai
et al. [14], interdiffusion coeflicients derived from the
S-F method in NiCoFeCrMn can be approximated to the

tracer diffusion coeflicients, considering small Kirkendall
effects and ideal solid solution [27]. Detailed discus-
sion on the accuracy of such approximation is beyond
the scope of this work; here, we adapt such assump-
tion and compare the results between all couples treated
with consistent methods. The simulation results quali-
tatively agree well with the experiments: Ni diffuses the
most slowly in NiCoFeCrMn, similarly in NiCoFeCr and
NiCoCr, and fastest in other three systems at the same
homologous temperatures. Relatively large quantitative
discrepancies occur mainly in the Ni-Fe system, which
has been observed in previous studies [22] and does not
affect the conclusions in the present study.
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Figure 2. Concentration-dependent interdiffusion coefficient of
the NiCoCr diffusion couples.

Good linear fittings in Figure 3(a) indicate that the
diffusion coefficients in the studied alloys follow the
Arrhenius equation:

D = Dy exp(—Q/RT), 3)
where R is the gas constant. The activation energy Q and
the frequency factor Dy are extracted and listed in Table 1.
The activation energy does not necessarily increase with
increasing number of alloying elements, especially that
the value of NiCoFeCrPd is lower than all the other sys-
tems except for in NiFe. The value for NiCoFeCrMn
is close to that for NiCoFeCr but lower than that for
NiCoCr.

It must be noted that the melting temperature of the
two HEAs, NiCoFeCrMn, and NiCoFeCrPd are signif-
icantly lower than the others. The comparison against
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Table 1. Diffusion parameters for the alloys. The melting temper-
atures for NiCoFeCrPd are determined using differential scanning
calorimeter measurements, and that for the others are from Wu
etal. [20].

Tm Q Do

(K) (kJ) (10=* m?/s)
NiCo 1735 268 0.53
NiFe 1703 238 0.13
NiCoFe 1724 286 16
NiCoCr 1690 330 35
NiCoFeCr 1695 309 49
NiCoFeCrMn 1553 308 9.5
NiCoFeCrPd 1560 258 0.5

absolute temperatures, as shown in Figure 4, is thus nec-
essary to have a more comprehensive picture. Appar-
ently, sluggish diffusion of the two quinary alloys is no
longer seen from this perspective: the diffusion rate of
NiCoFeCrMn is greater than both NiCoFeCr and NiC-
oCr, while that of NiCoFeCrPd is even greater than all
the other Ni-Co diffusion couples including the binary
Ni-NiCo. The observation that the diffusion coefficient
of NiCoFeCr is smaller than NiCoFeCrMn at the same
absolute temperatures agrees with the results from a
tracer diffusion experiments [16].

The rationalization of plotting D over Tp,/T may
be traced back to an empirical variation form of
Equation (3):

D = Dg exp[—(Ko + v)(T;n/T)], (4)

where Ky is a constant that depends on crystal struc-
tures, roughly 17 for FCC, and v is related to the bonding
properties. Such form was first noticed in the 1930s [28],
and experimentally re-examined frequently over decades
[29,30].

A constant diffusion coeflicient at melting tempera-
ture, Dt)y, and a constant normalized activation energy
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Figure 3. Diffusion coefficients as a function of homologous temperature. The lines in (a) are linear fits of experimental data; those in

(b) are the Ni tracer diffusivities from CALPHAD simulations.
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Figure 4. Interdiffusion coefficients as a function of absolute
temperature.

Q/RTy, have then been suggested for the alloys with the
same structure and bonding type. To examine if our
alloy system follows the same behavior, experimental
and CALPHAD results of these two values are shown in
Figure 5(a,b). The dash lines indicate the mean values
of FCC metals and binary alloys summarized by Brown
and Ashby [30]. Our results for binary alloys are close
to the mean values for both Q/RT,, and Dry, and the
alloys containing three or more elements seem to have
slightly higher Q/RT, and lower Dty in general, which
may support the proposed ‘sluggish diffusion’ concept
[14]. However, it needs to be noted that ternary NiCoCr
has a similar Q/RTy, value with NiCoFeCrMn, higher
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than NiCoFeCr and NiCoFeCrPd, suggesting that spe-
cific alloy constituents can play a significant role that
overcome the effects of the number of elements. Further-
more, the differences among all the alloys are within one
order for diffusivities and 30% for activation energies,
which do not overpass the scatter range from the liter-
ature summary of the alloys with the same structure, and
might not be considered very significant.

Similar to the case of diffusion coefficients, our CAL-
PHAD calculations provide qualitatively the same com-
parison to the experiments in Figure 5(a,b). Note that
the mobility database was obtained based on indepen-
dent results of the alloys containing three or less elements.
Thus, such a good agreement might suggest that the dif-
fusion kinetics of HEAs are not qualitatively different
from general CSAs containing lower number of elements.

Normalized activation energy is also scientifically
meaningful for its correlation with the pre-factor.
According to a thermodynamic treatment by Dienes [31],
Dy can be correlated to Q and T, by

Dy = vA%K exp(Q/RTy), (5)

where v is the Debye frequency, X is the lattice parame-
ter, and K is a constant. The correlation between Ln(Dy)
and Q/RTy, is plot in Figure 5(c), which contains data
from both this study and literatures for the subsystems
of NiCoFeCrMn. In these alloys, the difference in lattice
parameters of are within a few percent [32]. In addition,
although their Debye frequencies are not fully known,
the available values for NiCoFe and NiCoCr are similar

(a) 30
25 T T T I T T T I T T T I T T I T
g 20 i /7 ’
L L |
E 15 | / "
9 10 | 7 | .
5 L w /( /'A ° 4
100 — M /iA 4 =
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-6 T SN T [N SN S T NN S N M AN S MUY SN Y
10
NiCo  NiCoFe NiCoFeCr NiCoFecrPd ~ © 1 20 22 24
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Figure 5. (a) Normalized activation energy and (b) melting temperature diffusivity of the tested alloys. The left bars are experimental
data, and the right bars are CALPHAD results. The dash lines are the averaged values from Ref. [30]. (c) Correlation between the pre-
factor and the normalized activation energy; up triangle, round, and down triangle symbols are from the data in References [14,16,22],

respectively.
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to that for the FCC Ni-Fe-Cr alloys and pure Ni [33].
The discrepancies for both constants are thus consid-
ered small and treated as constants. A dashed line with
a slope of 1 is drawn in Figure 5(c), and all data points
fall approximately to this line as predicted by Equation
(5), suggesting that the scheme of diffusion process may
not be qualitatively changed with increasing number of
elements.

The mechanisms of compositional effects on diffu-
sion kinetics in concentrated alloys are complicated.
The vacancy-mediated diffusion activation energy can
be considered the sum of vacancy formation energy and
migration barrier [34]. Unlike pure metals, those defect
energies are distributions rather than single values in
concentrated alloys due to the unique atomic environ-
ments. First-principles calculations [35] have revealed
that, compared with pure Ni, NiCoCr and NiCoFeCr
have lower migration barriers but higher vacancy for-
mation energies. The physical origin has been proposed
as the electronic charge deformation flexibility regarding
eg to tyg state transition, while the accurately combined
effects on diffusion activation energy remain unclear. It
was also proposed that diffusion kinetics is correlated to
the lattice potential energy fluctuation [14], which might
be affected by atomic size mismatch and electronic dis-
orders [9]. Addition of specific alloying elements, e.g. the
4-d element Pd, may modify the electronic structure [19]
and defect energy landscape of alloys, affect both forma-
tion and migration energies of vacancies, and eventually
change the diffusion activation barriers and diffusivities.
To further reveal the determinative compositional factors
on diffusion kinetics, both interdiffusion and tracer diffu-
sion experiments designed with specific variable controls
on the number, type, and concentration of alloying ele-
ments are encouraged. Furthermore, theoretical studies
from both first-principles calculations [35] and CAL-
PHAD modeling [36] on this target are highly desired to
understand the underlying physics.

In summary, interdiffusion in CSAs has been system-
atically studied with varying number and type of alloy-
ing elements. The results have shown that: (1) against
homologous temperature, sluggish diffusion appears in
general in the alloys with high compositional complex-
ity, but an exception has been observed for NiCoFe-
CrPd, which exhibits higher diffusivity than NiCoCr
and NiCoFeCr; (2) HEAs do not exhibit sluggish dif-
fusion features against absolute temperature; and (3)
the extrapolated diffusivities at melting temperatures of
medium and HEAs are overall lower than the average
values of pure metals and binary alloys, but the val-
ues also strongly depend on each specific constituent
even with the same number of elements. CALPHAD
calculations can qualitatively capture the above features

using a database based on binary and ternary alloys,
suggesting that the diffusion kinetics of HEAs may be rea-
sonably extrapolated based on general CSAs containing
less alloying elements.
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