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e Au-Cu-Ni-Pd-Pt alloys with deliberately adjusted composition, in particular (ABCD)g9_,E.
alloy series, are single phase

e Within Au-Cu-Ni-Pd-Pt alloys, the effect of solid solution strengthening can be solely
investigated as other strengthening mechanisms can be minimised or eliminated

e The contribution of solid solution strengthening of some (ABCD)qo_,E, alloy series is in
agreement with established models of solid solution strengthening others strongly deviate.

e The mechanical properties of the (AuCuPdPt);00_,Ni, series are in agreement with the
theory of Varvenne et al.



Solid solution strengthening in medium- to high-entropy alloys

J. Freudenberger®®*, F. Thiel, D. Utt¢, K. Albe®, A. Kauffmann?, S. Seils®¢, M. Heilmaier?

®Leibniz-IFW Dresden, Helmholtzstrafie 20, D-01069 Dresden, Germany
YTU Bergakademie Freiberg, Institute of Materials Science, Gustav-Zeuner-Strafe 5, D-09599 Freiberg, Germany
¢TU Darmstadt, Institut fiir Materialwissenschaft, Otto-Berndt-Str. 3, D-64287 Darmstadt, Germany
< Karlsruhe Institute of Technology (KIT), Institute for Applied Materials (IAM-WK),
Engelbert-Arnold-Strafie 4, D-76131 Karlsruhe, Germany
¢Karlsruhe Institute of Technology (KIT), Karlsruhe Nano Micro Facility (KNMF),
Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany

Abstract

A fundamental understanding of the strength of multi-component alloys relies on well-defined
experiments accompanied by accurate modelling. Whilst much work has been done so far for equi-
atomic alloys, little has been done to investigate the effect of solid solution strengthening for alloys
with deliberately adjusted, non-equimolar composition that are varied in certain concentration
steps, including particularly continuous changes between equimolar subsets of alloy systems.
This systematic approach is a key tool to verify or falsify current theories for solid solution
strengthening for highly concentrated alloys. Series of alloys where a fifth element is alloyed to
an equi-atomic four component alloy were prepared from Au, Cu, Ni, Pd and Pt, respectively.
All investigated alloys form a single-phase solid solution, which is proven on a wide range of
length scale by means of XRD, SEM and APT measurements. The mechanical properties of the
series are compared to the predicted yield stresses calculated upon the model of Varvenne et
al. [1]. The present results highlight coincident and discrepant results between experiment and
model.

Keywords: high-entropy alloy, precious metals, solid solution strengthening, mechanical
properties, microstructure

1. Introduction

Single-phase multicomponent alloys without principle elements, also denoted as high-entropy
alloys (HEASs), exhibit enhanced mechanical properties compared to dilute single-phased alloys
2, 3]. This was deduced from severe solid solution strengthening [4-6]. However, classic theories
for solid solution strengthening, i.e. Labusch-type weak-pinning model, were made for solutions
with solvents of at most 10at.% in a single component matrix [7]. These theories are not
valid for HEAs, where solutes and solvents cannot be clearly identified. Thus, a key issue of
current research in the field of HEAs is the development of theoretical models for solid solution
strengthening in highly concentrated alloys and in particular of alloys without principal element.
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With the help of theory, the strength of highly concentrated alloys shall be described and possibly
predicted. However, this is challenging for three main reasons. (i) Commonly, multi-component
alloys contain several phases. In consequence, the whole realm of strengthening mechanisms has
to be considered when modelling the yield stress, including also phase boundary hardening arising
from precipitates and/or dispersoids. The task of analysing solid solution strengthening while
considering all active strengthening mechanisms eases when the number of other mechanisms is
reduced, or their contribution to the total strength is minimised. In order to precisely evaluate
solid solution strengthening of an alloy, it should be single phase and the microstructure should
have low densities of grain boundaries and dislocations. (ii) It is essential to be capable of
realising variations in the composition without abandoning the single phase or changing the
microstructure. However, this is not necessarily the case due to often observed limited solubilities.
(iii) The analysis of the interaction forces, based on parelastic (variation of the lattice parameter),
dielastic (variations of the shear modulus) and chemical (variations of the stacking fault energy)
interactions, becomes more complex in multi-component alloys [8].

The most promising theory of solid solution strengthening in fcc multicomponent alloys was
developed by C. Varvenne et al. [1, 4, 9] as an extension of the Labusch-type weak-pinning
model [7]. The key problem for this extension arises from the indistinguishability of matrix and
solute elements, i.e. there is no basis element in HEAs, where the different components occur in
similar concentration. Thus, the differentiation of matrix and solute elements, representing the
classification of conventional alloys does not work for HEAs. Consequently, this also holds for the
classic theories which were made for conventional alloys with concentrations of solutes well below
10%. For this purpose, Varvenne et al. [4] define an effective averaged matrix, representing the
mean concentration-weighted properties of the alloy components. The strengthening effect arise
from local concentration fluctuations leading to attracting and repelling forces on the dislocation
line and, thus, a wavy equilibrium dislocation line shape. At the expense of dislocation line
energy, sections of the dislocation line would bow out into regions with lower potential energy
due to an ideal local elemental pairing. Moving the dislocation out of this potential energy
minimum, a higher shear stress is necessarily causing an increased yield stress of the HEA [4].

The model clearly identified which material parameters play a major role for strengthening,
i.e. (i) the strength does not directly depend on the number of elements in the alloy, (ii) the
shear modulus G and the concentration-weighted mean-square misfit volume quantity AV are
the key parameters for the determination of the strength and (iii) the stacking fault energy has
little influence on the strength [1, 4]. On the other hand, this model also bears some significant
drawbacks as e.g. it assumes a random distribution of the components on the lattice sites, which
is presumably not the case. Thus, possible influences of short range order (SRO), nano-sized
precipitates or phase decomposition could reveal misleading experimental results. However, the
contribution of SRO to the mechanical strength is part of controversial discussions [10-14]. An
extension of Varvenne’s model considering these issues was incorporated by Antillon et al. [15].

The validity of Varvenne’s model was proven for several HEA systems, i.e. Co-Cr-Fe-Mn-Ni
[4, 16-19], CoCrFeNiAl, [20] and various noble metal HEAs [9, 21] and is in reasonable accordance
to experimental data. However, an in-depth analysis of solid solution strengthening in these
alloys is often limited to equiatomic compositions due to the occurrence of secondary phases or
structural changes, including SRO. Consequently, the compositional space in the vicinity of the
HEA is disregarded so far.



As mentioned before, regarding the experimental validation of these models, solid solutions
are required that also allow variations of the composition in a large range, ideally in the whole
compositional space. This will allow the evaluation of models for solid solution strengthening by
a more detailed investigation in dependence on compositional changes which is thus not limited
to a sole composition, only. Therefore, the investigation of high-entropy alloys with deliberately
adjusted composition is a key tool to verify or falsify current theories for solid solution strength-
ening for highly concentrated alloys. The Au-Cu-Ni-Pd-Pt alloys comply with the mentioned
requirements and are unique in the sense, that they are single phase and the homogeneous solid
solutions presumably span the entire range of chemical compositions including the elements,
binary, ternary, quaternary and in particular the quinary alloys [22, 23]. Consequently, a compo-
sitional dependent study of the mechanical properties of these alloys will allow for the validation
of solid solution strengthening theories, which gives this system benchmark character with regard
to other single-phase high entropy alloys.

The present study is focussed on the investigation of the mechanical response of single-
phase multi-component alloys of the precious metal-based HEA system Au-Cu-Ni-Pd-Pt. The
composition of the investigated alloys were adjusted so that series from four-component medium-
entropy alloys to the HEA AuCuNiPdPt were obtained, i.e. (ABCD);gp_,E;, where A,B,C,D
and E represent one of the given elements. In what follows, these series are denoted as 4+x
series. Within this wide concentration range of 0 < z < 20at.%, the mechanical properties are
compared to the theoretically assessed contributions of solid solution strengthening to the yield
stress calculated by the model of Varvenne et al. [1, 4].

2. Materials and Methods

2.1. Processing

For investigating the concentration-dependent properties, (ABCD)qg0_,E, alloy series were
prepared from pure elements. The purities and suppliers are as follows. Au: 4N, Allgemeine
Gold- und Silberscheideanstalt AG (AGOSI); Cu: 5N5, VEB Spurenmetalle Freiberg/Sa.; Ni:
4N, Alfa Aesar; Pd: 3N5, AGOSI; Pt: 4N, AGOSI. Initially, four-component equi-molar master
alloys were synthesised by arc melting (Edmund Buehler GmbH) in an Ar atmosphere on a
water-cooled Cu mould. In order to ensure a uniform elemental distribution, alloys were melted
four times with turning the ingot over in between the melting steps. Afterwards, rod-shaped
samples were obtained by centrifugal casting (Linn High Therm GmbH) into a copper mould of
8.9mm in diameter and 150 mm in length. After a homogenisation heat treatment the samples
were sectioned for further processing. Series of (ABCD)j09_,E, alloys (hereafter also denoted as
4+x) were prepared from sections of the four-component master alloys and an addition of the
fifth element of x = 0, 1, 3, 5, 7, 10, 15, 20 at.%, respectively. These samples were also arc-melted
four times and the ingots were turned over in between the melting steps. Finally, the samples
were suction cast into a water-cooled Cu mould with a diameter and length of 4 mm and 75 mm,
respectively.

The as-cast alloys were homogenised at 1000 °C to 1200°C depending on the composition
for 20h with subsequent water-quenching. The proper homogenisation temperature 7}, of any
individual alloy has been determined previously by differential scanning calorimetry and set to be
at least Ty, ~ 0.97T,,, with T}, being the solidus temperature of the alloy. This high temperature



is required to avoid decomposition which might occur at low temperatures. Annealing was
performed in sealed fused silica ampoules under protective Ar atmosphere, which were destroyed
after annealing to allow for rapid water-quenching.

The homogenised samples were cold worked by rotary swaging (UR2-4, Heinrich Miiller
Maschinenfabrik, Pforzheim) at room temperature with an area reduction per step of approx-
imately ¢ = 0.2 and a total logarithmic degree of deformation of i = 0.6 (¢ = In(A4;/Ay),
where A; and Ay are the initial and final cross sectional area, respectively). Afterwards, the sam-
ples were heat treated for 1h at the same temperature and circumstances as mentioned before
in order to obtain a fully recrystallised microstructure.

2.2. Characterisation methods

For microstructural analysis and microhardness tests, the samples were embedded in epoxy
resin and prepared by a conventional metallographic procedure, which includes grinding on abra-
sive SiC paper up to a grid size of P4000, polishing on MD-Mol and MD-Nap cloths (Struers)
using diamond suspension (MetaDi Supreme suspension, Buehler) with a net particle size of
3pm, 1um, and 0.25 pm, respectively. To remove the residual surface-near deformation layer,
etching with diluted aqua regia (25 % H,0) was applied for 30s.

Structural characterisation by X-ray diffraction (XRD) was done on bulk samples (thickness
< 30pm) utilising a STOE STADI_P diffractometer with MoK, radiation (0.70932nm) in
Debye-Scherrer geometry equipped with a position sensitive detector (PSD) Dectris Mythen 1K
and a curved Ge(111)-monochromator (step size A8 = 0.01°).

Microstructural characterisation was carried out by scanning electron microscopy (SEM) util-
ising an FEI Helios 600i operating at 10kV and 1.4nA with back-scattered electron contrast.
The determination of mean grain size was done by the linear intercept method using Imagic IMS
software.

Microhardness measurements were performed utilising a Shimadzu HMV-2 hardness tester
at a load of 1.98 N. For sound statistics, the microhardness was evaluated from at least 15
indentations. In order to rule out the effect of dislocation pile-up strengthening, the indentations
were placed on the surface away from grain boundaries. Compressive tests were performed at
RT with a constant crosshead movement corresponding to an initial engineering strain rate of
¢ = 1-107%s7! using an electro-mechanical Instron 5869 testing machine. For this purpose,
samples with a diameter of dg = 2.8 mm and a height of hg < 6 mm were used (1.5 < hy/dy < 2).
The tests were stopped when the aspect ratio approached h/d = 1. The strain was measured
with the help of a laser extensometer in between the edges of the plungers.

Atom probe tomography (APT) was utilised to evaluate uniform element distribution after
recrystallisation. At least three sample tips were entirely prepared from grain volume with a FIB
FEI Strata utilising the standard lift-out method on a microtip coupon [24, 25]. The analyses
were performed with a local electrode atom probe (LEAP 4000X HR, Cameca) at a temperature
of about 50 K at a pulse frequency of 125kHz and a pulse energy of 50 pJ. For the evaluation of
the APT results, the Cameca software IVAS 3.6.14 was used.

2.3. Model-based determination of solid solution strengthening

Modelling of solid solution strengthening in fcc alloys was performed by using the reduced
theory including only elastic contributions derived by Varvenne et al. [4]. Egs. 1-3 give the
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critical shear stress for dislocation glide 7.4 as function of temperature 7" and strain rate €:
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where G and 7 are the mean composition-weight shear modulus and Poisson’s ratio of the alloys,
respectively. x; is the concentration of element i. AV} is the misfit volume, b is the length of
the Burgers vector and kg is the Boltzmann constant. Consistent to Varvenne and Curtin [9)],
we chose the following parameters: T = 300K, o = 0.123, ¢ = 10~*s7!, and &, = 10*s~!. The
line tension parameter v = (0.123 was obtained from atomistically measured edge dislocation
line tension in the embedded atom method for an effective FeNiCr matrix and is close to the
coefficient for elemental Al [4, 26]. This value is not available for the Au-Cu-Ni-Pd-Pt-system.
For a rough estimate, we used this value for the current analysis. This parameter will not
change the trends observed and, therefore, will not affect the following discussion regarding the
discrepancy between model and experiment. C. Varvenne et al. stated [4] that ¢ will always
appear within a logarithm, values within one order of magnitude of this estimate make little
quantitative difference in final predictions of the yield stress. The contribution of solid solution
strengthening to the yield stress, Ao, s, was calculated upon A7, using a Taylor factor of 3.06
assuming random orientation of the grains within the fcc material.

As many of the input parameters which are required for modelling are not known for the Au-
Cu-Ni-Pd-Pt alloys, we follow the approach taken in Ref. [9] and use Vegard’s rule of mixture
[27] based on established literature data from Ref. [28], with G = > 2;G; and v = E/2G — 1,
where the Young’s moduli of the alloys are determined upon E = > v E;. Furthermore, the
mean atomic volumes of the alloys are calculated upon V = %L >, xiai)3, which is further used
to calculate the misfit volume AV; = V; — V. The used input parameters, i.e. a;, G; and FE; are
provided in Tab. 1.

The key misfit quantity of the model is Y, 2;AV;%. According to Varvenne et al. [9], this
parameter is closely related to the misfit parameter ¢ that is widely used to characterise multi-
component alloys. When the elements in an alloy form a solid solution, which is the case for the
Au-Cu-Ni-Pd-Pt alloys, this parameter ¢ is written as follows:

§ = \/2 Z 2, AV2 /9 (4)

This misfit parameter corresponds to the concentration-weighted change of the lattice parameter
due to solutes in a solid solution as designated by the conventional theories of solid solution
strengthening. Further, b = v/2/2 - V4V is the shortest interatomic distance in the fec lattice.
The misfit parameter eases the comparability of the misfit volume of elements in different alloys
and, thus, 0 is considered to be a direct measure regarding the materials strength, i.e. an
increasing ¢ is supposed to result in a growing yield stress.




3. Results

3.1. Microstructure

Paramount attention has been paid to get alloys with a single-phase microstructure and pre-
cise chemical composition. The chemical compositions of the four-component master alloys are
determined by ICP-OES and are given in Tab. 2, indicating a near-equiatomic composition
with typical deviations compared to other HEAs. Besides that, the microstructure is set to a
recrystallised condition to minimise impacts of texture, grain boundaries and dislocations on
the mechanical properties of the alloys. In our previous publication, we have shown that the
distribution of crystallographic orientations of polycrystalline AuCuNiPdPt does not show a pre-
ferred orientation n the recrystallised state [23]. There is also no distinct texture observed for
the microstructure of the presently studied alloys as the samples are in recrystallised condition.
Although the magnitude of grain boundaries and dislocations to the strength of the alloys is low,
it is of importance that their variation across the 4+x series is kept at a constant level. Scanning
electron micrographs in back-scattered electron contrast as well as the corresponding grain sizes
of (CuNiPdPt)j00_zAu,, (AuCuPdPt);99_;Niz, (AuCuNiPt);p0_,Pd, and (AuCuNiPd),go_,Pt,
are shown in Fig. 1. Results on the (AuNiPdPt);09_.Cu, series are published elsewhere [29], and
are, therefore, not discussed here again. As can be seen, there are no indications of decomposition,
formation of precipitates or secondary phases. Contrast changes (i.e. black spots) within grains
and in exceptional cases at grain boundaries were identified as pores which are predominantly
caused by the casting process. However, it was not possible to generate the same grain size for
all alloys within one 4+x series. Within the 4+4x series, the narrowest grain size distribution was
found for (CuNiPdPt);99_,Au, (50 pm to 70 pm) and (AuCuPdPt);99—,Ni, (30 pm to 50 pm) as
shown in Figs. 1(b) and 1(d), respectively. However, the standard deviation of the grain size
measurements reveal a more broad size distribution for (CuNiPdPt);go_,Au, when comparing
to (AuCuPdPt)q0_.Ni,. In contrast, a significant variation of the grain size is observed for the
(AuCuNiPt)j99_,Pd, (10 pm to 50 pm) and (AuCuNiPd);g9_,Pt, (50 pm to 200 pm) series as can
be seen from Figs. 1(g) and 1(h), respectively. Due to the very coarse grained microstructure of
the (AuCuNiPd);go_,Pt, alloys, for which a grain size of 100 pm to 200 pm is observed, the influ-
ence of Hall-Petch type strengthening is negligible in this subsystem. The (AuCuNiPt);0_,Pd,
alloys exhibit a comparatively high variations of the grain size especially at concentrations of
0 < xpg < 10at.%. In consequence, the impact of grain boundary strengthening is not at an
almost constant level for this series.

The crystal structure and the single-phase constitution was proven by XRD. An exemplary
diffraction pattern of the four-component AuCuNiPd alloy is shown in Fig. 2(a). This pattern
reveals only reflections that correspond to the Cu structure type. No indications of secondary
phases or superlattice reflections can be observed for any of the investigated alloys. Their fcc
lattice parameter was refined by means of Rietveld analysis. As shown in Fig 2(b), a linear
concentration-dependent behaviour is observed for any of the investigated 4+x series. The va-
lidity of Vegard’s rule of mixture has already been proven in previous studies [22, 23] and is
confirmed here for further compositions within the Au-Cu-Ni-Pd-Pt system. There is no hint
that this should not hold for the entire concentrational range.

Due to limited lateral resolution of XRD, there is no reliability regarding the evidence on
additional phase(s) of small volume fraction (<5vol %) and of small length scale from the atomic



scale to the nm-range. However, in view of investigating solid solution strengthening of multicom-
ponent alloys, the presence of a single phase is of tremendous importance to allow a sound verifi-
cation of the theoretical assumptions. Therefore, atom probe tomography of the four-component
equiatomic medium-entropy alloys was utilised for determining the chemical composition and
elemental distribution at the atomic level. The results of representative APT analyses are pro-
vided in Fig. 3 as well as in Tab. 3. The elemental distribution of the investigated alloys,
i.e. CuNiPdPt, AuCuPdPt, AuCuNiPt and AuCuNiPd, appear homogeneous according to the
reconstruction of the sample tip. Furthermore, the concentration profiles do not show any sig-
nificant variations among incremental steps of 1 nm. Even though the measurements indicate a
near-equiatomic composition, the values slightly differ from what has been observed by ICP-OES.
Possible reasons for this discrepancy are seen in the utilised parameters of the APT measure-
ment, such as temperature and laser energy as well as in inaccuracies during peak decomposition
in the analysis.

Regardless that the APT results provide the chemical composition, the experiments were
primarily performed to verify the homogeneity of the alloys on the nanometer scale. To exclude
the possible formation of nano-scaled clusters due to preferential pairing of elements, a frequency
distribution analysis was performed for any APT measurement. For this purpose, the sample
tip was sectioned in equi sized volumes of 100 ions each. If elements are randomly distributed
within the solid solution, a binomial distribution would be expected. The results are shown in in
Fig. 3. Deviations between experimental data and the binomial distribution (solid lines in Figs.
3(c,fi,1)) are quantified by the Pearson coefficient p as described in Ref. [24]. This value ranges
from 0 to 1, while the random distribution is characterised by p = 0. The Pearson coefficient
of CuNiPdPt, AuCuPdPt and AuCuNiPd amounts to 0.02 to 0.13 (see Tab. 3). The APT
measurements of these alloys confirm that they are single phase and that the solid solution is
homogeneous. Similar values are observed also for other single phase HEAs [30, 31].

The analysis of AuCulNiPt reveals an increased Pearson coefficients of pa, = 0.17, indicating
possible cluster formation with an enrichment of this element. Even though the Pearson coeffi-
cients of the other elements in this alloy amount to ¢ < 0.1, a truly homogeneous distribution of
the elements cannot be confirmed without doubt. Based on these results Au may exhibit a small
degree of clustering within the solid solution of AuCuNiPt. The size and amount of clustering is
below the lateral and chemical resolution limit of APT. It is not further considered in application
of the Varvenne model. In consequence, they were supposed to have a minor influence on the
mechanical properties, only [14]. Summarising, we have conducted scale-bridging microstructural
characterization incl. APT, TEM and SEM. None of the methods have yielded any evidence of
secondary phases. We have decided to include SEM for mesoscopic overview and APT for very
local chemical fluctuations.

3.2. Mechanical properties of solid solution series

As already mentioned, the theory of Varvenne et al. [4] presently presents the most evolved
model for solid solution strengthening. The key parameters of this model are the misfit parameter
(cf. Eq. 4) and the mean shear modulus G of the alloy. Both parameters depend on the com-
position of the alloy. Fig. 4 shows their variation across the investigated 4+4x series. The value
of 0 observed for the 4+x series is in the range of 4.2% to 6.0 %. These values are high, when
compared to other HEAs, i.e. CoCrFeMnNi (0 = 0.92%[4]). An increasing content of Au and Ni
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within the series (CuNiPdPt);p0_,Au, and (AuCuPdPt);00—,Ni, results in an increase of A7, .
Contrary, a decreasing trend is observed for (AuCuNiPt);99_,Pd, and (AuCuNiPd);go_,.Pt, with
increasing Pd- and Pt-concentration. The mean shear moduli were calculated from the elemental
shear moduli by Vegard’s rule of mixture and, thus, show a linear behaviour on the fifth ele-
ment concentration. Based on the trends of § and G as major contributions to AT, &, differing
strengthening behaviours can be expected for the 4+x series as §(x;) and G(z;) show similar as
well as dissimilar trends for the individual 4+x series. In fact, the (AuCuPdPt);go_,Ni, series
is the only one within those under investigation, where both §(x;) and G(z;) show the same
trend. Since here the key parameters of the theory of Varvenne et al. [4] rise with increasing
concentration, the increase of A7, g(x;) is obvious according to the model.

Without anticipating the results, the following description thereof is divided into a branch at
which the experimentally observed mechanical characteristics are in coincidence with the theory
of Varvenne et al. [4] as well as a second branch at which modelling fails. In any case, the
effect of solutes on the mechanical properties of the alloys is characterised by the hardness, the
yield stress as well as the 0.07 flow stress. These values are shown for each 4+4x series and are
compared to the contribution of solid solution strengthening according to the theory of Varvenne
et al. [4]. Since § has been identified as the major contribution to Ac.s, a second abscissa
depicting the x;-correlated values of the § parameter is also shown.

3.2.1. Concurrent scaling behaviour of o,(x;) and Ao, s(x;)

The mechanical properties of the (AuCuPdPt);go_,Ni, series are shown in Fig. 5(c). The
yield stress o, increases almost linearly with the Ni concentration xy; in this 44x series. All
samples are measured in the recrystallised condition. Therefore, the dislocation density in these
alloys is at a comparable low level and the contribution of work hardening to o, remains constant
and at a low level across this series. Although no values can be given for this contribution to o,
the observed trend would not be affected. The same holds for grain boundary strengthening. As
can be seen from Fig. 1(b) and (f) the grain sizes of the alloys are almost constant. The influence
of grain boundary strengthening was estimated with a Hall-Petch coefficient of 0.675 MPa//m,
which has been determined for AuCuNiPdPt [23]. According to the maximum difference of the
grain size of alloys from the (AuCuPdPt),00—,Ni, series (AD = 20 um) the contribution to grain
boundary strengthening would show a variation of only 23 MPa, which is in the order of the
symbol size of Fig. 5(c). Grain boundary strengthening is negligible for the present analysis of
solid solution strengthening in this series. This is additionally shown by the hardness values,
whose influence by the grain size in pm-range is almost negligible. In fact, hardness and 0.07 flow
stress, which are related to each other [32] show the same linear trend as the o, values. Hence,
also the impact of the grain size on the yield stress of these alloys is negligible and the shown
values and in particular the rise of o, (zx;) are caused by solid solution strengthening.

The contribution of solid solution strengthening Ao, to the yield stress according to the
theory of Varvenne et al. [4] is depicted in Fig. 5(d) for the (AuCuPdPt),09_,Ni, series. As
can be seen, the Ao, values linearly increase with zy;. The same trend is observed when
Ao, is plotted in dependence on the key misfit parameter 0. However, when considering the
absolute values, the increase of Ao, from AuCuPdPt to AuCuNiPdPt is considerably lower,
i.e. 200 MPa when comparing to the increase of the experimentally observed o, values, 400 MPa.
Possible reasons for this discrepancy can be e.g. a variation of the proof stress or the stacking



fault energy across this series violating the basic assumption that all contributors to the yield
stress besides that arising from solid solution strengthening are at the same level. Alternatively,
or in addition to these issues, the formation of preferred next neighbours might also vary across
this series providing a further, yet unresolved contribution to o,. However, there are currently no
indications that these changes in the microstructure occur. In addition, possible minor deviations
between experiment and theory might be induced by the sensitivity of the model regarding its
input parameters. Among all investigated 4+x series, (AuCuPdPt);qo_,Ni, shows by far the
most homogeneous variation of the microstructure across the whole series. In consequence of
this and due to the fact that xn; and 0 are linearly correlated the variation of the mechanical
properties can well be modelled according to the theory of Varvenne et al. [4].

The experimentally observed mechanical properties of the (CuNiPdPt)igo_,Au, series are
very similar to those of the previously presented (AuCuPdPt);q9_,Ni, series, see Fig. 5(a). The
microstructural parameters of this series also do not indicate any significant deviation from this
behaviour. According to the sizes of the elements (Ni is the smallest and Au the largest atom
within the Au-Cu-Ni-Pd-Pt alloys) the § parameter increases from the four-component alloy to
the equiatomic five component alloy. As shown in Fig. 5(b), Aocs of (CuNiPdPt)p0_,Au,
increases with increasing Au concentration. In contrast to the previous results, the tendency
is non-linear, yielding to a lower strengthening effect of Au in this series at high x,, values.
This image of a non-linear trend of Ao, must be considered in the context that strength does
not only depend on § but also on the shear modulus. In the case of (CuNiPdPt);go_,Au,, the
shear modulus decreases with increasing concentration, while in the Ni series it increases with
x;. Thus, while the (AuCuPdPt)109_,Ni, series shows a concurrent scaling of 6(zy;) and G(zn;),
the corresponding scaling in the case of the (CuNiPdPt)qgo_,Au, series is of opposite sign.

The increasing trend of the yield stress is in principle also reproduced by the theory of
Varvenne et al. [4]. However, neither the dependency on the composition, d(za,) nor the
absolute change of the contribution to the strength are in agreement with the experimental values.
It should be noted that although Ao, of the (CuNiPdPt);g9_;Au, and (AuCuPdPt);go_,Ni,
series increase with d, the respective slopes are clearly different. The difference in Ao, ¢ between
AuCuNiPdPt and an alloy with § = 4.6 is roughly twice as large as in the (AuCuPdPt)199_.Ni,
series. At present, apart from the previous speculations, there are no explanations for this
mismatch. However, these experiments demonstrate that the assumptions of Varvenne et al.
[4] being made to assess solid solution strengthening in multicomponent alloys like HEAs are
correct in essence and that the theory can provide a sound behaviour which is consistent with
the experiment.

3.2.2. o,(x;) behaviour inexplicable by theory

In our previous publication, a breakdown of the scaling of o, according to the theory of
Varvenne et al. [4] has been observed in the (AuNiPdPt);p0_,Cu, series [29]. In this case,
the Ao, g(zcy) values show a slight non-linear increase with increasing xc, (approx. 20 MPa),
while 0, (zc,) decreases linearly but significantly (approx. 500 MPa) between AuNiPdPt and
the five component equiatomic alloy. The mechanical properties of the (AuCuNiPt);p0_,Pd,
and (AuCuNiPd)g9_,Pt, series are shown in Fig. 6 in dependence of the chemical composition
x; and 0 (upper abscissae). In these two cases, 0 decreases with increasing x;. Therefore, the
visualisation of Ao, (x;) in Fig. 6 appears falling in dependence of z; but rising when referring



to 4.

The (AuCuNiPd);go_,Pt, series shows a linear increase of o, (xpy), which is also reflected by
the behaviour of the hardness and the 0.07 flow stress. Although the average grain sizes of the
individual alloys in this series vary, their absolute values are comparably high. In consequence the
contribution of grain boundary strengthening to the total strength is apparently low. Assuming
the Hall-Petch constant of the HEA to be valid for the whole (AuCuNiPd)go_,Pt, series yields
contributions from grain boundary strengthening to the total strength between 50 MPa and
90 MPa. Hence, the corresponding variation across this series is approx. 40 MPa, which is the
1.6-fold of the symbol size in Fig. 6(a). The total increase of o, between AuCuNiPd and the
HEA is comparable to the previously discussed series, i.e. approx. 400 MPa, which means that
the effect of grain boundary strengthening has a minor influence, only. Fig. 6(b) depicts the
course of Ao« (zpi), which in contrast to the experimental values shows a decreasing trend.
In addition, the drop of Ao« between AuCuNiPd and the HEA amounts to approx. 30 MPa.
When comparing this to the experimentally observed strength values, it becomes obvious, that
both, the slope as well as the total change cannot be explained within the model of Varvenne et
al. [4].

The prediction of the yield stress due to the model of Varvenne et al. [4] is also not in agree-
ment with the experimental trends of the mechanical properties of the (AuCuNiPt)qgo_,Pd,
series. However, the analysis is more complicated here since the grain size varies significantly
across this series. This causes a varying and, thus non-constant contribution of grain boundary
strengthening to the total strength, which results in a larger scatter of the values of o, and the
0.07 flow stress when compared to other 4+x series. This contribution ranges from 95 MPa to
192 MPa when assuming that the Hall-Petch coefficient of AuCuNiPdPt is valid for the whole
(AuCuNiPt)y09_,Pd, series. As the overall change of o, is apparently low, the varying contri-
bution of grain boundary strengthening significantly affects its trend across this 4+x series. In
contrast to that, the variation of the Pd concentration does not essentially affect the Vickers
microhardness of the (AuCuNiPt)g0_,Pd, series within the range of 0.2at.% to 20at.%. The
microhardness is virtually insensitive to the grain size in the pm-range and since it virtually
does not change within the (AuCuNiPt);go_,Pd, series, it can be assumed that an almost un-
changed trend of the mechanical response is representative for this series. Also with regard to
the variation of o, this 44x series appears special. While the change in o, is large for the other
series (approx. 400 MPa), the strength of AuCuNiPt and AuCuNiPdPt are virtually the same.
In between these two alloys, the (AuCuNiPt);qo_,Pd, series does not provide a clear image of
the trend of o, (zpq) but a large scatter, which is in the same order as the difference between the
individual contributions of grain boundary strengthening to the total strength. Further, a slight
effect of element clustering cannot be completely excluded.

Ao, (zpa) according to the model of Varvenne et al. [4] is shown in Fig. 6(d) for the
(AuCuNiPt);09_,Pd, series. A linear decrease is observed with increasing xpq, which in addition
is significant when compared to the other series, i.e. a loss in Ao, of 120 MPa has been calcu-
lated when comparing AuCuNiPt to AuCuNiPdPt. Also in this case, theory drafts a correlation
between the strength and the key misfit parameter. However, this scaling behaviour cannot be
confirmed by the present experiments.
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4. Discussion

Samples within the Au-Cu-Ni-Pd-Pt system are single-phase. Therefore, as outlined before,
this system is capable of making composition dependent investigations of mechanical proper-
ties without the necessity to in-depth analyse other strengthening effects, such as precipitation
strengthening. Dislocation strengthening is kept at a comparable but low level, as investigations
were made for the recrystallised state. Only the grain size was not be kept at the same level and,
thus, Hall-Petch type hardening occurs at a varying amount. Due to the size and its variation,
grain boundary strengthening has been shown to have a minor influence on the overall variation
of the strength values of the investigated series assuming that the Hall-Petch coefficient thereof
does not significantly differ from that of AuCuNiPdPt. As the hardness is not sensitive to the
grain size, the overall trend of the strength is substantiated. Small deviations of the strength
values from the observed trends that are not seen in the hardness values can be explained by an
alteration of the grain size. As the microstructural investigations do not reveal any secondary
phases or segregations, the variation of the observed strength values within the investigated alloy
series are discussed as if they were dependent only on solid solution hardening.

From the comparison of the experimental data of the mechanical properties of the 44+x series
to the calculated contribution of solid solution strengthening to the total strength, Ao, s(x;),
as shown in Figs.5 and 6 no clear conclusive evaluation can be drawn because on the one hand
a concurrent scaling behaviour of o,(x;) and Ao, 4 (z;) is observed and on the other hand there
are 4+x series for whose the observed mechanical behaviour cannot be described on the basis of
the model by Varvenne et al. [4]. In detail and as already pointed out, the trend of Ao, 4s(z;)
is not in agreement with the experimental data for (AuCuNiPt);p9_,Pd,, (AuCuNiPd);g9_,Pt,
and (AuNiPdPt);00_,Cu, [29]. As depicted in Fig. 6(b) and 6(d), in both cases a nearly linear
decrease of Ao (z;) would be expected from theory. It should be noted, that in both cases,
the trends of Ao are in the opposite direction, when being regarded in dependence of (z;)
or 9. This is obvious from Fig. 4, since 0 and x; are not correlated across different 4+x series
and a decreasing § parameter is seen for increasing z;. According to the theory, Ao (d) always
rises, but in the present article the composition is given due to the faced discrepancies in the
(AuCuNiPd);p0—.Pt, and (AuNiPdPt);99_,Cu, (not shown here, please refer to [29]) series.

In contrast to the (AuCuNiPt);g9_,Pd, and (AuCuNiPd)go_,Pt, series, the general trends
for (CuNiPdPt);9o_,Au, and (AuCuPdPt);go_,Ni, correspond reasonable well with the theory
of Varvenne et al. [4]. While for the (AuCuPdPt);p0_,Ni, series both parameters, 6 and G
show the largest rise across the series it appears obvious, that the largest change of Ao () is
predicted. This series shows the best agreement between experimental values of the variation of
the strength across the series and the variation of the theoretically determined Ao, 4. In all other
cases, the change of the parameters, § and G are either less pronounced, or of opposed sign, or
both. These opposite trends of the misfit parameter  and the shear modulus G as a function of
x; (cf. Fig. 4(b)) might have a very minor effect on the scaling behaviour of Ao, s. Furthermore,
the calculation of the contribution of solid solution strengthening upon the model of Varvenne
et al. [4] is based on the average determination of input parameters from elemental properties,
i.e. lattice parameter, shear modulus, Poisson’s ratio and stable/unstable stacking fault energies.
All of these quantities depend on the composition, but are well-defined average quantities [1]. As
proved in Fig. 2(b) utilisation of Vegard’s rule of mixture is valid for lattice parameters of alloys
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within the Au-Cu-Ni-Pd-Pt system [22]. However, e.g. the shear modulus must not necessarily
follow this rule. It has been shown, that this is not the case for binary systems, i.e. AusoPdsg
and CusgNisy with a maximum deviation of 20 % and 7%, respectively, compared to the linear
superposition according to Vegard’s rule of mixture [33]. Further research is required to obtain
reliable values for the shear modulus across the investigated series to address this open question.

A further issue is based on the parameter conception of Varvenne et al. [4, 9] regarding AV
and G. Solutes are seen as additional atoms with different lattice spacing and shear modulus
introduced in the solvent matrix resulting in a modification of the aforementioned parameters
[6]. This implicitly affects local misfit strains and hence, is directly related to solid solution
strengthening. However, this can be misleading, because the averaged macroscopic misfit volume
must not be necessarily equal to the local volume change nor correlate to the lattice distance
between nearest neighbours [6]. If volume changes are high, which is the case for Au-Cu-Ni-Pd-
Pt, this issue could gain crucial relevance. Due to the sensitivity of the model regarding the
input parameters, this results in deceptive strengthening predictions. Moreover, a local variation
of the parameters AV and G caused by nearest-neighbour correlations is expected to result in
the deviation compared to the global wide-ranging values.

At this point, the present experimental data can be the key to further enhance the models
of solid solution strengthening. One of the assumptions of the model is that there is an effective
matrix in which atoms are considered as dilute atoms. The model of C. Varvenne [1] has been
proven against binary alloys in the dilute limit as well as against the CoCrFeMnNi HEA and
subsystems thereof. In both cases, the matrix does not face severe volume changes, as e.g. the
atomic sizes of Co, Cr, Fe, Mn and Ni are similar. In fact, the atomic sizes in the CoCrFeMnNi
alloy show a standard deviation of 6.8 pm and a ¢ parameter of 0.016. In contrast, the standard
deviation of the atomic radii in the AuCuNiPdPt alloy is higher, i.e. 14.7 pm and the J parameter
amounts to 0.053. Presently, there is no experimental prove of the properties of the average
matrix and the model does not provide direct insights into it, the solute properties, or the overall
composition [1].

The presently investigated 441 series can be utilised to improve the model for solid solution
strengthening of multi-component alloys. In contrast to modelling the solid solution strengthen-
ing of various equi-molar alloys in the Co-Cr-Fe-Mn-Ni system, the modelling for dilute elements
with different amounts in equi-molar multi-component alloys become possible upon an exper-
imental data base. The matrix atoms always have a high concentration, while the solution is
varied from a dilute solution to the equi-molar composition. This model would need to con-
sider significant distortions of the dislocation core structure of the (effective) matrix material. In
multi-component alloys, the random distribution of atoms cause lattice distortions and variations
of strength of the binding which can be described as an energy landscape in which dislocations
move. It would be needed to address the line-tension parameter « for alloys. The experimental
and theoretical basis for the evaluation of this parameter requires substantiation. Unfortunately,
the line-tension parameter « is treated as a constant for HEAs, which presumably is not the
case.

The investigated alloys were thoroughly processed and are single-phase samples, which is ob-
served over a wide range of the length scale. However, the unambiguous evidence of a single-phase
state in multicomponent, highly concentrated alloys is experimentally infeasible with manage-
able effort. This is caused by the combined lateral and chemical resolution limits of microscopic
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techniques, ranging from pm- (XRD, SEM) to the nm-scale (APT). Nevertheless, short-range
order or elemental clustering within the extent of several unit cells and consequently, further
strengthening mechanisms cannot be completely excluded. However, a reverse trend of the me-
chanical properties due to their possible appearance should not be expected [12, 14]. Although
we cannot provide an explanation for the observed trends and further work is needed to resolve
the addressed open questions, we believe the principal results, summarised in the conclusions,
are worth publishing immediately.

5. Conclusions

We put considerable efforts in obtaining (ABCD);¢9_,E, samples from Au, Cu, Ni, Pd and
Pt that are ideal in the sense that their mechanical properties are predominately influenced
by solid solution strengthening. This means that dislocation strengthening and grain boundary
strengthening are minimised and other strengthening effects, such as secondary phases or ordering
are not detected within the limitations of the experiments. The mentioned series within the Au-
Cu-Ni-Pd-Pt system are capable of validating existing models for solid solution strengthening in
highly concentrated alloys, as adjustments in the chemical composition do not alter the single-
phase nature of this alloy.

On the pm-scale, all investigated alloys exhibit a homogeneous, single phase, fcc microstruc-
ture. This was also confirmed on the nm-scale by APT measurements for CuNiPdPt, Au-
CuPdPt and AuCuNiPd, however, AuCuNiPt exhibit initial indications for element clustering.
The mechanical behaviour in case of microhardness and compressive yield stress and flow stress
at 0.07 true strain reveals three different scenarios: (i) linear increasing of the strength for
(CuNiPdPt)190—zAu,, (AuCuPdPt)i99_,.Ni, and (AuCuNiPd);po_.Pt,, (i) constant strength for
(AuCuNiPt)y09_,Pd, and (7i) linear decreasing strength for (AuNiPdPt);00_,Cu, (published in
Ref. [29]). Even though it was not possible to unambiguously clarify the correlation between
the mechanical behaviour and possible inhomogeneities, however, a considerable deviation of the
trends is not expected.

The yield stress predicted by the model of Varvenne et al. [4, 9] merely shows a sound tendency
for (CuNiPdPt);90_,Au, and (AuCuPdPt);09_.Ni,, whereas an opposite trend was observed for
(AuCuNiPt)y99_,Pd, and (AuCuNiPd) o, Pt,. Assuming that the mechanical strength of the
alloys is not influenced by additional mechanisms and that the shown trends of the strength in
dependence on the composition of the alloy are valid even in the case that unresolved features
having minor effects on the general trends, the discrepancy between experiment and model is
obvious in some cases. Further work to substantiate models for solid solution strengthening
appears to be needed and the present results may be used as benchmark to evaluate these
models.
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Table 1: Input data of the properties for the pure elements contained in the HEA provided by Wolfram Re-
search (2007), ElementData, Wolfram Language function, https://reference.wolfram.com/language/ref/
ElementData.html. aq is the fcc lattice constant, F the Young’s modulus, and G the shear modulus.

Element a;/nm G/GPa FE/GPa

Au 0.40782 27 78
Cu 0.36149 48 130
Ni  0.35240 76 200
Pd 0.38907 44 121
Pt 0.39242 61 168
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Table 2: Chemical composition of the master alloys as determined by ICP-OES. Values are given in at.%. The
Pt content in the AuCuNiPd alloy arises from contamination.

alloy Au Cu Ni Pd Pt
CulNiPdPt 24.88+0.10 25.07+0.16 24.78+0.12 25.27+0.15
AuNiPdPt 25.114+046 — 25.03+0.84 24.93+0.42 24.92+0.10
AuCuPdPt 24.82+039 24.68+0.19 — 25.00+0.10 25.49+0.34
AuCuNiPt 25.44+136 25.01+052 24.66+1.00 — 24.89+1.22

AuCuNiPd 25.18+020 24.80+0.08 24.91+0.14 24.90+011  0.21+0.05
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Figure 1: Microstructure characterisation of solid solution series: (a)—(d) scanning electron micrographs (back-
scattered electron contrast) of alloys as denoted in the corresponding figure in the recrystallised state. The scaling
bar accounts for all micrographs and the depicted number accounts for the corresponding content of the varying
component. (e)—(h) grain size in dependence of the chemical composition. For better comparability the scale of
y-axis in (h) was expanded.
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Figure 2: X-ray diffraction: (a) exemplary XRD pattern of AuCulNiPd in the recrystallised state and (b) lattice
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parameters of the solid solution series depending on the chemical composition.
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Table 3: Mean chemical composition of the four-component alloys CuNiPdPt, AuCuPdPt, AuCuNiPt and Au-
CuNiPd in the recrystallised state determined by means of APT. The Pearson-coefficient p is a measure of
the deviation of the theoretical binomial distribution and the experimental data of the elemental concentration
distribution within the analysed volume of 100 ions.

Element Au Cu Ni Pd Pt
CuNiPdPt - 22.20+0.26 28.70+0.26 22.03+0.65 26.93+0.7
I

— 0.06+0.01  0.05+0.01  0.08+0.03  0.07+0.04
AuCuPdPt 21.72+069 24.98+075 - 26.06+0.44 27.16+0.49
# 0.10+003  0.03+0.01  — 0.03+0.01  0.13+0.02
AuCuNiPt 21.73+044 23.83+020 27.46+027 — 26.83+0.38
i 0.19+004  0.08+0.01  0.14+0.02 — 0.09+0.03
AuCuNiPd 21.83+0s81 25.27+041 26.84+t070 25.65+026 —
p 0.09+003  0.06+0.05  0.07+0.02  0.02+0.01 —
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Figure 3: Atom probe tomography including the reconstruction of the sample tip with 10 % of detected ions, the
concentration profile of components in longitudinal direction and the frequency distribution analysis of (a)—(c)
CuNiPdPt, (d)—(f) AuCuPdPt, (g)—(i) AuCuNiPt and (j)—(1) AuCuNiPd.
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Figure 4: (a) misfit-parameter 0 (calculated by Eq. 4) and (b) shear modulus G (calculated by Vegard’s rule of
mixture) depending on the chemical composition of solid solution series.
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Mechanical properties in dependence of z; and § for (a) (CuNiPdPt);po—,Au, and (c)

(AuCuPdPt)199—,Ni, as well as the corresponding calculations of the contribution of solid solution strength-
ening in (b) and (d) based on the Varvenne model. In case of (a) and (c¢) the x-axis are correlated.
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Figure 6: Mechanical properties in dependence of z; and ¢ for (a) (AuCuNiPt)igo—_.Pd, and (c)
(AuCuNiPd);00—.Pt, as well as the corresponding calculations of the contribution of solid solution strength-
ening in (b) and (d) based on the Varvenne model. In case of (a) and (c) the x-axis are correlated.
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