Solute misfit and solute interaction effects on strengthening: a case study in AuNi
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Abstract

AuNi is a classic long-studied fcc alloy combining a very “large” atom (Au) and a very “small” atom (Ni), and the
large atomic size misfits suggest very high strengthening. Here, AuNi is used as a model alloy for the testing of
new strengthening theories in random alloys that include the effects of both size misfits and solute-solute interactions.
Experimentally, AuNi samples are fabricated, characterized, and tested, and show no segregation after annealing at
900 °C and a very high yield strength of 769 MPa. Theoretically, the main inputs to the theory (alloy lattice and elastic
constants, solute misfit volumes, energy fluctuations associated with slip in the presence of solute-solute interactions)
are extracted from experiments or computed using first-principles DFT. The parameter-free prediction of the yield
strength is 809 MPa, in very good agreement with experiments. Solute-solute interactions enhance the strength only
moderately (13%), demonstrating that the strengthening is dominated by the solute misfit contribution. Various aspects
of the full theory are discussed, the general methodology is presented in an easy-to-apply analytic framework, and a
new analysis for strengthening in alloys with zero misfits but non-zero solute-solute interactions is presented. These
results provide support for the theories and point toward applications to many fcc complex concentrated alloys.

Keywords: yield strength, solute strengthening theory, misfit volume, stacking fault energy

1. Introduction 19 alloy and alloy elastic constants. In fcc metals, the the-
20 ory shows that dislocation dissociation distance dpaial
21 plays a very limited role if dpaiar > 6.5b (b the Burg-
22 ers vector) so that an analytic theory is broadly applica-
23 ble [9]. The theory has been shown to predict the ex-
2« perimental yield strengths with good accuracy (+15%)
> in the Cantor alloy family (Co-Cr-Fe-Ni-Mn) [10-12],
26 noble metal alloys [9, 13], and the Cantor alloys with
2z additions of Vanadium [14] or Palladium [15]. The lat-
23 ter CoCrFeNiPd alloy is interesting because the random
2 alloy theory agrees with the high measured strength, rel-
s ative to CoCrFeNiMn, even though the alloy has some
st local ordering [16]. Thus, any future predictions of
2 CoCrFeNiPd using any theory that includes any order-
s ing effects would have to predict the same experiments,
s implying that ordering does not necessarily enhance
s strength above that of the random state.

The development of high-performance structural
metal alloys has been rejuvenated by the discovery of
high-entropy alloys (HEAs) [1, 2]. In contrast to con-
ventional metallic alloys that have only one major el-
ement, complex concentrated alloys (CCAs) [3, 4] in-
cluding HEAs consist of multi-principal elements at
non-dilute compositions, providing a high-dimensional
composition space with immense possibilities for alloy
optimization. Probing that vast space is facilitated by
theories that can accurately predict alloy properties in
terms of accessible/computable underlying alloy prop-
erties.

The prevailing theory for random alloy yield strength
at experimental temperatures and strain rates is based
on solute strengthening, for both CCAs [5, 6] and dilute
alloys [7, 8]. Using an elasticity approximation, the the-
ory depends primarily on solute misfit volumes in the 3 Although many successes of the random alloy so-

a7 lute strengthening theory have been reported, the the-

*Corresponding author s ory neglects the effects of direct solute-solute inter-

Email address: binglun.yin@zju.edu.cn (Binglun Yin) s actions. Solute-solute interactions are the underlying
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driving force for the formation of short-range order
(SRO), phase separation, or precipitation, with conse-
quent effects on strengthening [17]. But even in the
random alloy, solute-solute interactions create an addi-
tional source of energetic fluctuations as a dislocation
glides and this leads to extra strengthening. The in-
clusion of solute-solute interactions into the strength-
ening theory for random alloys has been recently de-
veloped [18]. The extended theory requires the intrin-
sic energy fluctuations oy, , associated with slip in the
presence of solute-solute interactions. Determining this
quantity is non-trivial, so the extended theory has thus
not yet been widely applied.

Here, we aim to test the above strengthening theo-
ries in a well-characterized model alloy. To reduce the
complexity, it is useful to first carry out investigations
on a simple concentrated alloy system, and the AuNi
fce binary alloy is an excellent choice for this purpose.
Au-Ni system has a simple phase diagram [19], i.e. a
homogeneous fcc solid solution within the entire con-
centration range at high temperatures 7 = 1090-1220
K (homogeneity being a prerequisite for applying the
theory), phase separation into Au-rich and Ni-rich fcc
phases below 7' = 1090 K (which is a high 7" and indi-
cates strong solute-solute interactions), and no ordered
intermetallics down to at least 7 = 400 K. Furthermore,
Au and Ni have a very large size difference, relative to
many other fcc elements, generating large misfits at the
50-50 composition. Hence, AuNi should have a high
yield strength due to the large misfits as well as the
solute-solute interactions. To apply the extended theory
to AuNi, we compute oay, , using Density Functional
Theory (DFT) by directly sampling the stacking fault
(SF) energies in the random alloy. To ensure that we
compare theory to a well-characterized alloy, we also
fabricate, characterize, and test the AuNi alloy. The pre-
dicted alloy strength is in good agreement with the mea-
sured value, and the strength enhancement due to solute-
solute interactions is moderate. Hence, the strengthen-
ing is dominated by the solute misfit volumes, consis-
tent with much of the previous success of the misfit-only
theory.

The remainder of this paper is organized as follows.
In Section 2, we first present the details related to the
processing, characterization, and performance of the
AuNi alloy. In Section 3, we summarize the solute
strengthening theory extended to include solute-solute
interactions. In Section 4, we present the calculations
of the inputs required by the theory. We then make
strength predictions for the random AuNi alloy in Sec-
tion 5, based on the results of Sections 3 and 4. We
discuss various implications of the theory in Section 6.
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‘We summarize our work in Section 7.

2. Experiments on AuNi

2.1. Sample preparation and methods

A polycrystalline AuNi sample is prepared from pure
elements (purity: 4N, Au from AGOSI, Ni from Alfa
Aeser) by arc-melting with a setting pressure of 0.7 bar
Ar. In order to obtain homogeneous material, the sam-
ples are turned over and re-melted four times with a time
of 30 s. After the last melting step, the samples are suc-
tion cast into a copper mold with a diameter of 4 mm
and a length of 75 mm. The as-cast alloy is homog-
enized at 900 °C for 20 h. In order to obtain a well-
defined microstructure the samples are rotary swaged to
a diameter of 2.8 mm with an areal reduction of ~ 20%
per step, and subsequently recrystallized at 900 °C for 1
h, followed by water-quenching.

The phase purity of AuNi is proven by X-ray diffrac-
tometry. The lattice parameter is determined from the
measured diffraction pattern utilizing the Fullprof Ri-
etveld program [20]. Structural characterization was
done by X-ray diffraction in Debye-Scherrer geometry
on bulk samples with a thickness below 30 um utiliz-
ing a STOE STADI_P diffractometer with MoK, ra-
diation (0.70932 nm) equipped with a position sensi-
tive detector Dectris Mythen 1K and a curved Ge(111)-
monochromator. The scans are taken from 26 = 15° up
to 60° in steps of 0.01°.

The texture of AuNi is determined from X-ray anal-
ysis. For this purpose, a Panalytical X pert PW3040
diffractometer is applied. The diffractometer uses
CuK,; radiation (1.544332 nm) and is equipped with
a four-circle goniometer. (111), (200), (220), and (311)
pole figures are examined.

Atom probe tomography (APT) is utilized to evalu-
ate the elemental distribution after recrystallization. The
investigated sample is prepared from a volume without
any grain boundaries with a FIB FEI Strata, utilizing
the standard lift-out method on a microtip coupon. The
analysis is performed with a local electrode atom probe
(LEAP 4000X HR, Cameca) at a temperature of about
50 K with a pulse frequency of 125 kHz and a pulse
energy of 50 pJ. The reconstructed tip consists of ap-
proximately 13 x 10° ions. The Cameca software IVAS
3.6.14 is used to evaluate the APT results.

Mechanical tests are performed in compression utiliz-
ing an electro-mechanical Instron 8562 testing machine
with constant crosshead movement corresponding to an
initial strain rate of 10~3 s~!, at room temperature. The
samples possess an initial diameter = 2.8 mm and height
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Figure 1: X-ray diffraction pattern of AuNi samples in the recrystal-
lized state.

< 5.4 mm. The tests are stopped when the aspect ratio
approaches height/diameter = 1.

2.2. Experimental results

Characterization and testing of the recrystallized
AuNi samples reveal the following results. The X-ray
diffraction pattern is shown in Fig. 1 and reveals a single
fcc phase without the presence of any secondary phases
nor any phase decomposition. The lattice parameter of
AuNi is determined as a = 3.840 + 0.004 A at room
temperature.

The texture analysis of AuNi in the recrystallized
state does not exhibit any preferred orientation. The
pole figures (not shown) reveal that the individual crys-
tallizes have a random distribution of their orientations.
The grain size in the recrystallized samples is deter-
mined as ~ 60 um from SEM micrographs with the line
intersection method.

Au Ni

Figure 2: Atom probe tomography (APT) results of AuNi samples in
the recrystallized state (900 °C for 1 hour).
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Figure 3: True compressive stress-strain curve of AuNi samples in
the recrystallized state. Only one curve is shown since all four curves
fall on each other and are hard to separate.

With the help of APT, the three-dimensional elemen-
tal distributions are examined, as shown in Fig. 2, which
appear homogeneous. In order to provide a clear view
of the elemental distribution, only 3% of all ions are vi-
sualized here. This does not alter the finding that AuNi
samples show no segregation at the atomic scale, con-
sistent with the phase diagram. Despite the possible ex-
istence of SRO, it is reasonable to start with random al-
loy theories to understand and predict the initial yield
strength of the AuNi alloy.

The compression tests on four samples reveal a yield
strength of 769 + 4 MPa, as shown in Fig. 3. The sam-
ples are ductile and did not fail until the height/diameter
= 1 (criterion for ending the compression test) was
met. Recognizing the large uncertainty of determining
Young’s modulus in compression mode, a rough esti-
mate for this property is 101 + 8 GPa.

3. Solute strengthening theory in random alloys

3.1. General framework

The yield strength of fcc single-phase alloys has been
broadly understood as due to solid solution strengthen-
ing that arises from the collective interactions of all of
the essentially randomly distributed atoms with dislo-
cations [5, 21, 22]. In random alloys, the dislocation
becomes wavy to minimize the total energy, which has
contributions from the interactions (fluctuations that de-
crease the energy) and line tension I (increasing the en-
ergy). In the minimum energy state, the wavy config-
uration can be characterized by a wavelength 4. and
amplitude w./2. Segments of length £, are thus trapped
in local energetically-favorable environments and face
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Figure 4: Schematics of the characteristic lengths of a long wavy

dislocation and the energy landscape for dislocation segment £ in the
stress- and temperature-assisted glide.

barriers of magnitude AE, created by energetically-
unfavorable environments at a distance w,, as illustrated
in Fig. 4. A combination of stress and temperature is
then required for the segments to overcome the barri-
ers and cause plastic flow, leading to a temperature- and
strain-rate-dependent yield stress. In the following, we
present the key equations of the theory for completeness
and clarity.

The general theory starts with the analysis of the total
energy change AU,y ({,w) when a dislocation segment
of length ¢ glides by a distance of w through the random
solute field. Then the quantity of importance is the stan-
dard deviation of AU (¢, w), i.e., oay,({,w). When
specialized to dissociated dislocations with partial sep-
aration dparial > W, Tay,, (£, w) can be written as

: ~ 2w _
O-AU[(,‘(g’ W) = [%] \/AEIZJ,J—(](W) + 270’%1[&;“‘ .

AE,(w)

ey
Here, AE, ».s-d(W) 1is the normalized energy fluctuation
due to solute-dislocation interactions, oay, , is the nor-
malized energy fluctuation associated with Shockley
partial slip in the presence of solute-solute interactions,
and b = a/ V2 is the dislocation Burgers vector. The
derivations of Eq. 1 can be found in Ref. [18].

With the definition of oay,, (£, w), the parameter-free
solute strengthening model as originally proposed by
Leyson et al. [7] can be revisited as follows. For a long
straight dislocation with total length L, the total energy
change upon becoming wavy at scales (£, w) is

2

AE (£ w) = r% — oav (W)
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Minimization of AE (¢, w) determines the characteris-
tic lengths £, and w,.. Minimization with respect to ¢ is
analytic and yields

1
2w |?
Lw) = |4 V3—— (3)
AE%(W)
Minimization with respect to w then reduces to
OAE, W) _ AE,_q(w)
’ =—= , )

ow 2w

which only involves AE p.s-a(w). Hence, w, is indepen-
dent of the solute-solute interactions. This is fortunate
because it enables easy extension of the misfit-only the-
ory to include solute-solute interactions, as presented
below. With the characteristic scales ({.,w.) deter-
mined, the energy barrier AE, and the zero-temperature
shear yield stress 7,9 can be expressed as

IwW2AE2(we) :
AE, = I‘ZZ[TP] ,
L )
AE (wo) |
_ P
750 = 1.01 TowE }

The uniaxial yield strength for polycrystals at finite tem-
perature T and loading strain rate ¢ is then obtained via
standard thermal activation theory as

oy(T, &) = 3.067, [1 . (A"_T In £ )] (©6)

where 3.06 is the Taylor factor for untextured fcc poly-
crystals and &y = 10* s7! is a reference strain rate.

3.2. Analytical model

The analytical application of the extended theory
starts with only the solute-dislocation interactions, i.e.
assuming oy, , = 0. We consider an N-component al-
loys with composition {c,}, n = 1...N. AE, p,s-d(W) arises
due to the solute-dislocation interaction energies U, (x;)
for a type-n solute at site-i with position x; relative to the
dislocation at the origin lying along the z axis. To obtain
an analytic form, we first approximate the interaction
energy using elasticity theory as U,(x;) = —p(x;)AV,,
where p(x;) is the dislocation pressure field at position
x; and AV, is the misfit volume of the type-n solute
in the alloy. In this form, the role of dislocation core
structure (partial separation dpqia and partial core width
O partial) 18 isolated from the details of the solute misfit
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volumes and elastic constants. For dpaia > 6.5b and
Opartial = 1.5b (a typical value for fcc metals), the ef-
fects of the core structure are constants, denoted as Ag
and A; in the following. The resulting analytic form for
the barrier and strength is thus

1 2
r| L+
AEja = Ag [ﬁ] b’ [uvl e I
, o ™
r|:s 1+vV |3 4
Ty0,5-d = A [ﬁ} [ Vm 03.

Here, § = />, c,AV?2/ (SVanOy) is the well-known 6-
parameter describing the collective effect of misfit vol-
umes and Vyoy = a’/4 for fcc alloys. u" and vV
are the Voigt average shear modulus and Poisson’s ra-
tio of the alloy, which best represent the effects of the
fully anisotropic dislocation pressure field [23]. The
numerical factors A = 2.5785[1 - (A - 1)/80] and
A; = 0.04865[1 — (A — 1)/40] are predetermined with
a small elastic anisotropy correction in terms of the
Zener anisotropy index A = 2C44/(Ci; — Cy2). Fi-
nally, the dislocation line tension is approximated as
[ = 0.125u110/1116* where pi10/111 = (C11=C12+Cas)/3
is the shear modulus for fcc slip on the {111} plane in the
(110) direction. This form of the strengthening model
is thus fully analytic, involves only underlying material
properties, and has no fitting parameters. The relevant
derivations of Eq. 7 can be found in Refs. [5, 9, 24].

In addition to strength, the key quantities in the gen-
eral theory can also be back-calculated from the analytic
results as

we/b = 0.877 [AEA; ] ~ 452,
()

v
v1i+v
1=V

—_ 501
AE,  4(w.) = 0.845 [A TA3 ] b [,u 5.

Here, w./b turns out to be very weakly dependent on
the elastic anisotropy and so is essentially constant, as
indicated. w, also satisfies the requirement w, < dpartial
(for Eq. 1) in the domain dparial > 6.5b where the coef-
ficients in Eq. 7 apply.

We now include the solute-solute interactions as
represented through the quantity oay, , appearing in
Eq. 1. Since w, remains unchanged as mentioned above,
AE,,(WC) can be calculated immediately based on the
misfit-only fluctuation AE, »,s-a and the material param-
eter oay, ,. The formalism of Eq. 5 then allows the cal-
culation of AE}, and 7,9 as
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importance of solute-solute and solute-dislocation en-

ergy fluctuations.

The inclusion of solute-solute interactions increases
both the energy barrier and the zero-temperature shear
yield stress. However, the effects of the solute-solute
interactions enter only through the square of the ratio
Ry/sq4, making them of reduced importance if the solute-
dislocation energy fluctuations are high. The final uni-
axial yield strength including solute-solute interactions
is then easily computed via Eq. 6.

Overall, the application of the extended theory re-
quires the alloy lattice and elastic constants, the solute
misfit volumes, and oy, ,. The first three quantities
enter in the misfit-only theory, and methods to compute
them have been discussed and demonstrated in several
alloy systems [13, 24]. Hence, we discuss in detail only
the determination of oay_, in the next section.

where the ratio Ry = reflects the relative

4. Theory inputs

The inputs for the extended theory are derived from
experiments where available. Otherwise, we compute
them from DFT. The details of the DFT methodology
employed here can be found in the Appendix.

4.1. Misfit volumes AV,

Misfit volumes in any solid-solution alloy are deter-
mined based on the derivatives of the alloy atomic vol-
ume with respect to the compositions as

av, XV,
_ alloy _ Z m alloy (1 O)

AV, = ,
Jocy, - oc,

where Vyioy = Vanoy(ci, 2, ...,cy-1) is a function of
N — 1 independent solute concentrations and then
OVanoy/Ocy = 0 [24]. The lattice constants of Au;_,Ni,
with x = 0.4-0.64 have been measured in experi-
ments [25] and the alloy atomic volumes can then be
fit by linear regression as Vaoy = —6.043¢y; + 17.161.
These results yield a lattice constant of AuNi as 3.839
A that agrees very well with our measured value (3.840
A). More importantly, the misfit volumes of Au and
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Ni in AuNi are determined as AV,, = 3.022 A3 and
AVNi = —AVAu.

The experimental misfit volumes lead to a misfit pa-
rameter 0 = 7.116%. This is very large compared to
many other fcc alloys [14] but is fully expected due to
the large difference between the elemental lattice con-
stants. In spite of the large misfit parameter, AuNi main-
tains a solid solution structure when fabricated as de-
scribed here. The misfit parameter alone is thus not suf-
ficient to assess whether an alloy can be fabricated as a
solid solution.

4.2. Elastic constants C;;

The experimental single-crystal elastic constants are
not available for AuNi. We thus compute the C;; from
DFT, using special quasi-random structures [26] and
the stress-strain method [27]. For a given exchange-
correlation functional, the accuracy of the predicted lat-
tice and elastic constants are usually correlated, i.e. an
overestimation of the lattice constant is usually accom-
panied by an underestimation of the elastic constants,
and vice versa (see Appendix). Since the experimen-
tal lattice constant of AuNi is approximately the aver-
age of the PBEsol and PBE values, we assume that the
true elastic constants C;; are close to the average of the
PBEsol and PBE values, yielding C;; = 199.6 GPa,
Cip» = 157.9 GPa, and Cy4 = 56.4 GPa, with a Zener
anisotropy index A = 2.7.

To validate the accuracy of these DFT-estimated C;,
we use them to compute the polycrystalline Young’s
modulus using the Voigt-Reuss-Hill average. The pre-
dicted value is 106 GPa, in good agreement with the ex-
perimentally measured value (101 GPa). Hence, we use
the PBEsol and PBE averaged C;; in making strength
predictions.

4.3. Energy fluctuation oay,_,

Recalling that oay, , is the energy fluctuation asso-
ciated with slip by a Shockley partial Burgers vector,
this energy quantity is thus related to fluctuations in the
SF energy. The computation of the SF energy is ac-
complished using the “tilted-cell” method [28]. For an
fce crystal, we first create a random atomistic realiza-
tion of the alloy in a periodic cuboidal simulation cell
defined by vectors Ni(110) X Np(111) x N3(111), de-
noted as dimension N; X N, X Nj in the following. For
a cross-sectional area Agj;p of the {111} plane, there are

2Aslip
Nslip = V32
allel to the slip plane. Then the out-of-plane lattice is
tilted by the Shockley partial Burgers vector to initi-

ate the SF. After relaxations, the total energy change

= 2NN, atoms in each atomic layer par-
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AU,_; due to the imposed slip is calculated. This pro-
cess is repeated many times for different random re-
alizations to obtain a distribution of AU,_; with mean
(AU,_,) and standard deviation oy, ,. Two intrinsic
(size-independent) quantities emerge as

<7> =(A US—S>/ASIip7

OAvu,., = Oav,_, \Nsiip-

Here, (y) is the average SF energy of the alloy, and
O Au,_, is the intrinsic fluctuations of the SF energy that
gives rise to extra strengthening.

For DFT calculations, PBEsol and PBE functionals
lead to similar SF energies for pure Au and Ni (see Ap-
pendix). Hence, we use PBEsol to compute AU,_; for
the AuNi alloy. We use a supercell dimension 4 X 2 X 2,
ie., 16 atoms per layer x 6 layers with a = 3.810
A (PBEsol value). 90 random realizations of the bulk
structure are created at the exact composition, where
half of the sites are randomly selected and populated
with Au atoms. For each bulk realization, the initial en-
ergy and the energy of the system after tilting are com-
puted. Atoms are fully relaxed with the force conver-
gence criterion of 10 meV/A while holding the supercell
lattices fixed to mimic the coherent lattice in the homo-
geneous random alloys. The standard calculation of the
stable SF energy involves the relaxations of the stress
components on the slip plane [28]. But for fcc met-
als, the inelastic normal displacements associated with
this relaxation are usually small and decrease the en-
ergy only slightly [29]. Since this relaxation is compu-
tationally very expensive but with very small changes
in energy, we do not relax the out-of-plane lattice in our
calculations here. Our results thus slightly overestimate
(y) (by a few mJ/m?) as compared to the fully-relaxed
DFT calculations. This should also have a negligible
effect on the standard deviation and thus on oay,_,.

The convergence of (y) and oy, , with respect to
the number of random realizations are shown in Fig. 5.
The average SF energy (y) converges to 112 mJ/m? af-
ter ~ 50 realizations, as shown in Fig. 5a. Although
slightly overestimated due to the lack of lattice relax-
ation, the converged SF energy is only modestly higher
than the DFT average of the constituent elements (see
Appendix). The standard deviation oy, , also con-
verges but more slowly, ranging between 0.05 and 0.06
eV, as shown in Fig. 5b, and reaching 0.054 eV after 90
random realizations.

To further validate the DFT results of the SF struc-
ture (partial slip), we perform similar calculations for
the full slip process, as also shown in Fig. 5. Full slip

an
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Figure 5: The convergences of the average stacking fault energy (y)
and the intrinsic energy fluctuation 7py,_; are examined as a function
of the number of random realizations.

restores the bulk structure, so (y) = 0 is expected, and
calculations reach —2 mJ/m? (see Fig. 5a). This consis-
tency indicates that (i) the supercell size of 6 {111} lay-
ers, (ii) the force convergence criterion of 10 meV/A,
and (iii) the k-mesh density of 27/50 A1, are sufficient
to achieve good accuracy. In addition, the energy fluc-
tuation oay, , for full slip converges to a value of 0.044
eV (see Fig. 5b). The similar values of oy, , for par-
tial slip and full slip are not surprising, being consistent
with analytic expressions for oay,_, derived in terms of
solute-solute effective pair interactions [18].

Moreover, a new neural-network interatomic poten-
tial (NNP) is fitted to DFT data in AuNi [30]. With more
random realizations (~ 10%) and larger cell size (~ 10
atoms), the NNP predicts a fully converged oay, , as
0.052 eV for partial slip, which is very close to our
DFT result here. Hence, we will use the DFT result of
oav,_, = 0.054 eV in the following strength prediction.
Small changes to oay, , have very small effects on the
alloy strength.

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

5. Strength predictions

To apply the misfit-only theory, we first examine the
predicted partial separation dparia1. The Stroh formalism
for anisotropic elasticity [31] predicts dpariar = K12/¢¥),
where K, is an elastic prefactor. Using the lattice
and elastic constants for AuNi, we obtain Kj; = 0.096
eV/A. With (y) = 112 mJ/m?, the partial separation is
then estimated as 5.1b. This value is slightly lower than
6.5b, above which the prefactors in Eq. 7 are indepen-
dent of dparial. However, the elemental benchmarks (see
Appendix) show that the DFT SF energy of Ni is ~ 25%
higher than the experiments. Hence, the as-computed
(y) here for AuNi is expected to be higher than the true
experimental value. The true partial separation in AuNi
should then be larger than predicted here, approaching
or exceeding the requirement needed to apply the ana-
Iytic theory. Otherwise, the value of () does not enter
the theory. We will thus make predictions using the re-
sults in Section 3.

With all the material parameters summarized in Ta-
ble 1, the misfit-only yield stress of random AuNi at
room temperature 7 = 300 K and strain rate & = 1073
s7lis predicted to be 714 MPa, as shown in Table 1.
This value is only slightly lower (—7%) than the ex-
perimental value of 769 MPa, and so is in agreement
at a level comparable to other applications of the the-
ory to fcc HEAs. The misfit contribution to strengthen-
ing is thus a large fraction of the experimental strength.
The predicted misfit strengthening is significantly larger
than those predicted for many other HEAs studied to
date. For instance, the “high” strengths of NiCoV [32],
Nigz2 V368 [33], and CoCrFeNiPd [16] are around 400
MPa [14, 15].

We now add the solute-solute contribution. The rele-
vant computed values are shown in Table 1, in particu-
lar we have Gay, . = 0.054 eV, AE, ,_4(w.) = 0.557 eV,
and hence R,/5¢ = 0.412. The scaled energy barrier and
zero-temperature shear yield stress are then obtained,
leading to a strength prediction under experimental con-
ditions of 809 MPa (see Table 1). The increase due to
solute-solute interactions is moderate (+13%) but not
negligible. The prediction is now slightly higher than,
but closer to experiments (769 MPa). We consider this
level of agreement made with a parameter-free model to
be very good.

Examining some of the minor details that lead to
the final predictions, some aspects suggest slight over-
prediction of the theory. For instance, the elastic mod-
uli lead to a Young’s modulus slightly higher than es-
timated experimentally, which may be due in part to
finite-temperature reductions in the elastic moduli rel-
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Table 1: Material parameters of AuNi and the strength predictions at temperature 7' = 300 K and loading strain rate & = 10> s~!. The experimental

yield strength is listed for comparison.

Material parameters Theory predictions Exp
aAd) €11 (GPa) Cia(GPa) Cy(GPa) (%) Tau,, (V) AEpsawe) (€V)  oya (MPa) o, (MPa) oy (MPa)
3.840 199.6 157.9 56.4 7.116  0.054 0.557 714 809 769 £ 4

ative to the 0 K DFT-calculated values. Another uncer-
tainty arises due to the possible overestimation of the
DFT-computed cay, .. As mentioned, the DFT SF en-
ergy of pure Ni is notably higher than in experiments.
These various effects should tend to reduce the pre-
dictions modestly, making them closer to experiments.
At the same time, any grain-size Hall-Petch strength-
ening would imply that the intrinsic alloy strength is
lower than the measured value, but the Hall-Petch ef-
fects here are likely to be small. The Hall-Petch scaling
is not yet available for AuNi. Taking the scaling of Au-
NiPdPtCu (675 MPa-um!/? [34]) for rough estimation,
the grain size of 60 ym would lead to a grain-boundary
strengthening of only 87 MPa. However, the scalings
of the constituent elements are much smaller, 80 and
230 MPa-um'/? for Au and Ni [35], respectively, so any
grain size effect could be much smaller.

Although chemical ordering to some degree is in-
evitable in reality, predictions for the random alloy re-
main extremely valuable. Random alloy predictions can
be easily used to guide efficient alloy design and as a ref-
erence prediction that can be compared with the experi-
ment to assess whether other mechanisms, such as SRO,
would make a quantitative difference in the strength (as
done in Refs. [15, 24]). Within the present framework
of a random alloy, the strength predictions of AuNi here
are already very close to experiments. This suggests
that the overall net effects of SRO on strengthening are
also small. This is consistent with recent experiments
on NiCoCr, which reported small [36] or no [37, 38] ef-
fects on strengthening in spite of other evidence of SRO.
The quantitative prediction of SRO effects requires the
application of new emerging theories [39, 40]. These
theories indicate that SRO can even decrease strength,
counter to the widespread assumption that SRO always
increases strength [16]. This may rationalize the success
of the random alloy theories and is clearly an important
topic for future work.

6. Discussion

6.1. Solute-solute vs. misfit in strengthening

The modest contribution of solute-solute interactions
here also rationalizes much of the previous success of
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the misfit-only theory. The solute-solute interactions
in AuNi lead to phase separation at ~ 1035 K. In the
various Cantor family of alloys (Co-Cr-Fe-Ni-Mn-V),
there is only possible evidence of some SRO at these
temperatures, suggesting that the solute-solute interac-
tions in those alloys are smaller than those in AuNi. The
misfit parameters are also smaller but the elastic moduli
are considerably higher, leading to net smaller values of
AE, s_4(w,) in those alloys as compared to AuNi. Thus,
there are factors suggesting a competition between de-
creasing and increasing effects of solute-solute interac-
tions in the Cantor family of alloys. To our knowledge,
there is no direct connection between solute misfit vol-
umes and solute-solute interactions, and so each alloy
family must be studied to determine the ratio Ry g.
Since solute-solute interactions become less important
for strength as the misfit strengthening increases, the re-
sults here clearly support the application of the analytic
misfit-only theory for preliminary but efficient guidance
for alloy design to achieve high strengths.

It is useful to generally assess the role of oay, , in
affecting strength predictions. oy, , enters the theory
only as the ratio Rss/sq¢, With barrier and strength then

scaling as [1 +Rfs/sd] to the 1/3 and 2/3 powers, re-
spectively (see Eq. 9). Thus, even when R0 = 1,
7,0 increases by only a factor of 1.59. This is certainly
not a small change, but such a level of solute-solute in-
teractions is probably too large for alloys that can be
fabricated in a solid-solution state (without phase sep-
aration or precipitation under processing temperatures
and times). For the AuNi alloy, we find Rys/5q = 0.412
such that 7 increases by a factor of only 1.11. Hence,
solute-solute interactions might be important mainly for
alloys with small size mismatch and typical moduli,
where the misfit energy AE, ;_s(w.) is low. But these
alloys have low misfit strength, and so may be of much
less interest and importance than higher-strength alloys.
Hence, we again conclude that the search for strong al-
loys can focus on the misfit contributions.

6.2. Solute-solute interactions only

While we recommend focusing on the misfit contri-
bution to strengthening for alloy designs, it remains in-
teresting to consider the situation where there is essen-
tially no misfit or solute-dislocation contribution at all,
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ie. AEP,S_d = 0. Such a situation can arise in alloys
such as fcc NiCo and AuAg where the constituent ele-
ments have nearly the same atomic volumes, and hence
misfit volumes are negligible. We analyze this case here
and present a new theory for strengthening in this limit.

Even when AE, ps-d = 0, the general theory still ap-
plies but the scaling of various quantities is changed sig-
nificantly. For w < dpaia1, We have

AEI,(W) o w2,
gL(W) S8 W»
T AU (Le(W), W) o< w,

AE (), w) o .

12)

The last of these equations shows that the total energy
reduction is independent of w. Hence, there is no char-
acteristic waviness - all scales with w < dpariat have the
same energy decrease AE, as compared to the origi-
nal long straight dislocation. Dislocations can thus be-
come wavy at all scales w < dparia1. However, due to the
use of the line tension approximation, the theory should
be limited to w > b. For w > dparial, the quantity in
Eq. 1 is modified and the analysis becomes more com-
plicated as it involves the oay, , from the full slip [18].
The following analysis is valid if the ratio between the
fluctuations of full slip and partial slip is less than V2,
which is expected to be true in most alloys. In this case,
AE({.(w), w) increases monotonically with increasing
w. Therefore, dislocations will become wavy only over
scales b < w < dparial, and all scales in this range are
possible because AE is a constant. A similar situation
of a scale-independent total energy decrease was found
previously in the solute strengthening of twinning dis-
locations in magnesium alloys [41].

Although there is no characteristic scale, each scale w
considered separately has an energy barrier and a zero-
temperature shear yield stress that scale as

AEp ocw,
(13)

Ty o< wl.

So, among all possible waviness configurations b < w <
dpartial, the strength will be controlled by the scale re-
quiring the highest shear stress at the experimentally-
specified temperature and loading strain rate. The rea-
son for this is as follows. At zero stress, a long disloca-
tion will have all allowed scales of waviness. But with
increasing stress, the waviness at those scales that can
be overcome at that applied stress will vanish, leaving
only the remaining “stronger” waviness scales. At the
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yield stress, only the strongest scale will remain, which
determines the strength.

Following from the above, the strength-controlling
scale, labeled here as w,, can be derived analytically as

We = max [b, min (Wcl’dpa.nial)] , (14)

where

1
52 r -3 .
wer(T, &) = 111[#] [len% . 15)

The associated uniaxial yield strength o (T, &) is
then computed at w = w,. For w. = w,, the strength is

U'iu E
yos(T, &) = 2.80 | 20 [len f] . a6
b3 &

This result, for computed oy, ,, is complementary to
the misfit-only strengthening theory. Thus, we now
have analytic theories for the two limiting cases (misfit-
only and solute-solute-only), which should be of value
as researchers assess different strengthening mecha-
nisms.

As an example, applied to AuNi at the experimen-

tal conditions, we obtain w, = w, = 4.1b. The
strengthening due purely to the solute-solute interac-
tions is then computed via Eq. 16 as oy, = 157

MPa. This strength is much lower than the experimen-
tal strength (769 MPa), consistent with the dominance
of misfit strengthening in the AuNi alloy.

6.3. Computational methods for cay, _,

We have shown that the solute-solute quantity oay,
entering the theory can be computed directly in DFT
using the standard method for computing SF energies.
However, standard DFT methods (e.g. vasp with PBEsol
or PBE and collinear spin-polarization) themselves can
be imperfect tools for computing energies in random al-
loys [24]. In particular, in magnetic systems that are
much more complex than AuNi, there can be spin flips
occurring between the bulk and SF configurations that
may not be realistic but contribute additional (spurious)
fluctuations in the computed oAy, .-

In the absence of possible spurious computational
effects, DFT computations of oy, , require a suffi-
cient cell size and sufficient sampling of the config-
urational space to achieve accurate values. This is
computationally very expensive. We will thus report
in future work [30] on the alternative approach of us-
ing a database of small-cell DFT energies to develop a
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machine-learned interatomic potential that is both accu-
rate and efficient, greatly facilitating the computation of
a converged value of opy, . A second related approach
to compute oy, , is to use DFT to compute solute-
solute effective pair interactions (EPIs) [18]. Due to the
large size misfit and significant local atomic relaxations
that are caused, AuNi is an extreme system where the
standard cluster expansion method (in terms of pairs,
triplets, etc.) might be especially inaccurate for energy
predictions [42]. The accuracy of EPI-based oay, , and
the consequent strength predictions will also be exam-
ined in future work [30].

7. Conclusions

We quantitatively investigate the role of misfit
strengthening and solute-solute strengthening in AuNi
as a test of theoretical models. Experimentally, AuNi
samples are fabricated, characterized, and tested sys-
tematically to provide a clean basis for testing theory.
The theory focuses on the role of solute-solute interac-
tions, as captured through the intrinsic energy fluctua-
tion o ay, , associated with slip, as an additional contri-
bution to strengthening beyond the solute misfits. The
theory is then framed in a very convenient analytic form
suitable for all fcc alloys. The value of oay, , in AuNi
is then computed directly by sampling the stacking fault
energies in DFT. Together with other material parame-
ters entering the theory, we predict the strengthening of
arandom AuNi alloy without and with the solute-solute
contributions. Both predictions are in good agreement
with experiments, with the misfit contribution domi-
nating and solute-solute contribution being moderate
(+13%). We have discussed aspects of the theory, in-
cluding the strengthening in the limiting case where
the misfit effects are zero. The general theory, vali-
dated here with experiments on AuNi, is thus useful for
broader applications to the computationally-guided de-
sign of high-performance complex alloys.
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Appendix

DFT methodology for Au-Ni

Spin-polarized DFT computations as implemented in
the vasp code [47] are performed with both the PBEsol
[48] and PBE [49] exchange-correlation functionals and
the PAW pseudopotentials [50]. The valence-electron
eigenstates are expanded using a plane wave basis set
with a cutoff energy of 550 eV and smeared using
the first-order Methfessel-Paxton method [51] with a
smearing parameter of 0.2 eV. In reciprocal space, a I'-
centered Monkhorst-Pack k-mesh [52] is used with line
density (27/50 A~") consistent across all geometries.
This k-mesh density leads to, for example, 12 x 12 x 12
for Au and 14 x 14 x 14 for Ni in the fcc cubic unit
cells. Unless indicated, the ionic forces are relaxed to
< 1 meV/A in ionic relaxations.

DFT results of elemental benchmarks

We start with the elemental benchmarks for Au and
Ni, as presented in Table 2. Our elemental DFT results
are broadly consistent with the literature [53, 54]. The
lattice constant a and the bulk modulus B are extracted
from the equation of state energy-volume calculations.
The “standard” stable SF energy vy is calculated using
the standard tilted-cell method [28], where (i) the in-
plane lattices are fixed according to the equilibrium bulk
value, (ii) the out-of-plane lattice is fully relaxed to re-
lease the supercell stress o3; (j = 1,2,3), and (iii) all
the atoms are fully relaxed. The supercell consists of 1
atom per layer X 6 layers.

To further validate the results of y, we take the “stan-
dard” set as the starting point and tweak a few DFT pa-
rameters. The “box-fixed” set is computed with the su-
percell lattices fixed during ionic relaxations, as applied
in the AuNi alloy in Section 4. “L12” denotes 12 {111}
layers instead of 6. “K100” means the k-point line inter-
val is 27r/100 A=, which is half of that in the “standard”
set and leads to ~ 8 times more irreducible k-points in
the calculations.
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Table 2: The elemental benchmarks of Au and Ni. RT = room temperature. Please see text for details.

a(A) B(GPa) ¥ (mJ/m?, Shockley partial slip) v (mJ/m?, full slip)
standard  box-fixed L12 L12+K100 box-fixed
Au Exp RT 4.077*  175* 33¢
0K 4.065° 1807 -
DFT PBEsol 4.080 177 44 45 41 32 6.5
PBE 4.157 138 40
Ni Exp RT 3.525% 1842 125 + 59
0K 3.515* 188 -
DFT PBEsol 3.462 228 155 155 153 155 0.2
PBE 3517 195 149

4 Simmons et al., 1971 [43].
b Pamato et al., 2018 [44].

¢ Balk et al., 2001 [45].

d Carter et al., 1977 [46].

Overall, pure Au needs an extremely dense k-mesh
to get a fully converged SF energy within the tilted-cell
method (e.g., 40 X 40 X 4 in the “L12+K100” case). A
similar issue was also observed in pure Cu, which is in
the same group as Au. To further validate, we com-
pute the full slip process with the “box-fixed” settings,
where the tilted structure is exactly the same as the pris-
tine one. However, for Au, the two energies have a
difference of ~ 3 meV (6.5 mJ/m?), indicating insuffi-
cient DFT parameters (k-mesh density specifically). On
the other hand, Ni converges very well. The resulting
0.2 mJ/m? corresponds to an energy difference of ~ 0.1
meV (for 6 atoms), which is close to the limit of DFT
precision. Hence, the examination of the full slip is use-
ful, i.e., if the full slip y turns out to be 0, then the DFT
parameters are probably sufficient. We apply this to ex-
amine the AuNi alloy in the main text (see Fig. 5a).

DFT results of AuNi: basic properties

For AuNi alloy, the PBEsol energies of various
AuNi systems including ordered and disordered struc-
tures agree well with literature calculations, e.g., the
LDA [55] results in Ref. [56] (Fig. 11). However, the
lattice constant of AuNi random alloy is calculated us-
ing PBEsol as 3.810 A and using PBE as 3.876 A. The
errors are —0.8% and +0.9%, respectively, as compared
to the room temperature experiments. These differences
can be rationalized based on the elemental benchmarks
for the exchange-correlation functionals. As shown in
Table 2, the PBEsol functional predicts the lattice con-
stants of Au and Ni with errors of +0.4% and —1.5%.
On the other hand, the PBE functional predicts the lat-
tice constants of Au and Ni with errors of +2.3% and
+0.1%. So, the alloy lattice constants are underesti-
mated using PBEsol and overestimated using PBE. The
average of the PBEsol and PBE lattice constants is,
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however, in rather good agreement with the experimen-
tal value.

The analysis above also implies that DFT overesti-
mates the misfit volumes in AuNi, with either PBEsol
or PBE. While we use the experimental values in pre-
dictions, it is useful to assess the accuracy of DFT esti-
mates of the misfit volumes since experiments may not
be available in many new proposed alloy systems. We
thus performed DFT-PBEsol computations of the mis-
fit volumes [13]. Special quasi-random structures [26]
around the central composition (50-50) are created and
their equilibrium volumes are computed. The misfit vol-
ume of AuNi is then computed using Eq. 10, yielding
AVa, = 3.140 A3, This is only a slight overestimate
of the experimental value, and so provides some sup-
port for the use of DFT for systems where the predicted
elemental lattice constants are within ~ 1.5% of the ex-
perimental values.

Overall, for AuNi, all the DFT benchmarks here are
in generally good agreement with experiments, which
supports the usage of DFT in the study of the AuNi al-
loy.
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