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Abstract

This study reports the results of the addition iecent reinforcing agents.é. nano-diamonds,
SiC, Se0s3, h-BN, ¢-BN and CN) on the sintering process of Biestructured AICoCrFeNi High-
Entropy Alloy. The best candidate for further thatpelectrical and mechanical characterisation
was chosen to be the alloy containing 2 wt.% naaoidnds. The composite was prepared using
spark-plasma sintering of pre-alloyed powders ahdracterized with SEM-EDX, DSC, Laser
Flash Analysis (LFA), electrical conductivity andeebeck coefficient, dilatometry, Young’'s
modulus, Vicker's hardness, 3-points flexural téisshows unexpectedly low thermal expansion
coefficient (from %10° to 17x10° K™ between RT and 500 °C), high electrical resistiend

Seebeck coefficient and hardness comparable tsirtkered blank AICoCrFeNi.

Keywords: High-Entropy Alloys; Metal matrix composites; Skaplasma sintering; Nano-

diamonds composite; Thermo-electric properties
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influenced by the nature of the metal matrix andh®ytype and amount of secondary phase herein
contained, MMCs are typically implemented for thertmal management of electronic components
[1] and for applications requiring high hardneds]d/and tensile strength [2]. The wide variety of
reinforcing materials used, ranging from carbid&€( B,.C and WC) to oxides (ADz; and SiQ) to
carbon nanotubes and graphite, is matched by thesily of metal matrices [3]. Commonly used
metal systems include light metal alloys (Al, Mgdahi), Zn- and Cu-based alloys and stainless
steel, but Al remains by far the most exploited nmanaterial for the development of new MMCs
[4]. Thus, most work reported in the literatureersfto the A357, A359, 2618, 2214, 6061, 6063
and 7075 aluminium alloys [5]; [6]; [7].

Considering that the attractive properties of MM@&&n entail tuneable thermal and mechanical
properties, the absence of MMCs based on multicorpo alloys might appear surprising.
However, a homogeneous distribution of the stresmgtiy phase requires a careful balance of
wettability and chemical affinity, which would bexteemely difficult to achieve with complex
multi-phase systems. An answer to this issue cameclsom the steadily growing field of High-
Entropy Alloys (HEAS), multicomponent$ elements) alloys with near equiatomic composition
which combine high chemical complexity with simplsingle-phase crystal structures [8].
Moreover, HEAs have been proposed for applicatimnsvhich high thermal and mechanical
stabilities are pivotal.

The model AJCoCrFeNi HEA provides ideal background for the depment of a new family of
MMCs. Not only does AICoCrFeNi represent one of the few examples of gusielgle-phas®2-
structured alloy, it also shows exceptional phaabilgy under extreme conditions of temperature

and pressure and outstanding mechanical propgoiies



rreutiaritval pJrupultltvo vwwiul o uvlididulLlicLu Aalivu Loupa LU Vidlin AU ©INDE T/ tdoatcu it

the same way [10].

2. Experimental procedure
2.1 Preparation of the material
Al,CoCrFeNi was prepared using induction melting frpowders of pure metals. Samples were
melted inh-BN crucibles in an Ar filled glove-box. Completestting of the samples was achieved
above 1300 °C. After 1-2 minutes at the melting gemture, the sample was cooled down
naturally to room temperature. The sample was rikech¢hree times to ensure homogeneity. It was
then powdered using a Fritsch Planetary Mill PULVERTTE 5/2 (10 mm steel balls, ball-to-
powder ratio 10:1, 36 h, 250 r.p.m.).
Samples of the obtained HEA powder were mixed \igkagonal boron nitriden{BN, 3 wt.%,
Sigma Aldrich), cubic boron nitridec{BN, 2 wt.%, Kennametal Manufacturing), nano-diaui®n
(2, wt.%, Sigma Aldrich), silicon carbide (SiC, 2.%, Sigma Aldrich), plasma functionalized
multi-welled carbon nanotubes (CN, 1.5 wt.%, HagdBIDPlas® MWCN) or scandium oxide
(S60;3, 0.5 wt.%, Fisher Scientific), using a Fritschri@eary Mill PULVERISETTE 5/2 (10 mm
steel balls, ball-to-powder ratio 5:1, 5 minute§02r.p.m.). The average particle size of the
additives was confirmed by laser diffraction withMalvern Mastersizer 3000: the results are
reported in Table 1. With respect to the standand.2 additionh-BN was used in higher quantity
thanc-BN to study the effect of crystal structure ashasldifferent concentration of additive on the
HEA matrix. On the other hand, part of the origipaleighted CN amount was lost during the
loading process of the powder due to its volatilgiving a lower addition than originally planned.
Finally, the low amount of $©3; was due to its high cost and to the relatively lamount of

aluminium which will be necessary to reduce it¢argdium metal.
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D 250 located at Kennametal Manufacturing (UK) LRbwders were hot-pressed in vacuum
50°/min and 7.8 MPa/min until 850 °C, then maingairat 850 °C for 10 min under a 50 MPa load.
Throughout the heating phase, a repeated pulseduUd@nt scheme 36ms/8ms on/off was used

[11].

2.2 Material characterization

All samples were mounted in carbonised resin, petisusing MetaDiTM Supreme Polycrystalline
Diamond Suspension (Buehler, Esslingen am Neckarm@ny) (1um) and etched with a 5%
solution of HNQ in ethanol. Morphology and elemental compositiomensnalysed using a Hitachi
S-4800 Field Emission scanning-electron microsq@tM, Hitachi, Tokyo, Japan) equipped with
energy dispersive X-ray (EDX) analyser. The averlgmental composition was obtained from 2.5
x 1.5 mm maps and locally. Density was measuredgufibtation in distilled water with the
ATTENSION tensiometer. Results are an average \® fmeasurements performed at 25 °C.
Theoretical density was calculated with the Ruléviaftures, using elemental composition values

obtained from the EDX maps.

The following measurements were performed on spatsmof the spark-plasma sintered
Al,CoCrFeNi and AICoCrFeNi +2wt.% nanodiamonds. Differential scannoadprimetry (DSC)
measurements were performed on small pieces dafrethtsamples (50 mg) placed in anGyl
crucible and heated in a Netzsch STA 449F1. Heamd) cooling were performed in flowing Ar
gas with a temperature ramp of 10fHh™ from 35 to 850 °C. 10x10x3mm square samples were
tested for thermal diffusivity using a NETZSCH LHEA&7 laser flash analyzer [12]. Samples were

measured for thickness and then coated with graphitincrease absorption of laser energy and
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individual diffusivity results measured and therei@aged. All measurements were performed in Ar
atmosphere. Specific heat capacity for thermal gotwdity calculation is determined by the

software using the Pyroceram reference accorditigetdollowing relation:

Csample ~ T;ef . Qsample . ysample , pref .pref . ds%ample . C;ef

P =

T;ample . Qref .yref . psample . Dsample . dgef

where T2 and TS*™P!correspond to the heat loss corrected voltage aseref detector signal at
infinite time for the reference and the sample eesipely; Q"¢ and QS“™!js the energy (integral
of the laser pulse) on the reference and samppectisely; V"¢ andVs*™P! s the reference (or
sample) amplification factorp™/and ps@™P!¢ are the density of the reference and the sample

respectively;D™¢/ and Ds¥mPle gre the reference and sample respective thicks:edégr and

di.mpie a@re the orifices area of reference and san(fﬁ%f; is the tabulated value of specific heat

capacity for the reference material. The changdensity following heating was considered by
using the thermal expansion data from the dilatoynekperiment outlined above. Temperature
dependent electrical resistivity and Seebeck aoeffis were measurements on a Seebeck
coefficient/Electrical resistance measuring ZEMy8tem (Advanced RIKO, Inc.) equipped with a
SDC35 temperature controller (Yamatake), a 2010 timater (Keithley®) and a R6146
programmable DC voltage/current generator (ADVANTESResistivity was measured with a 4-
points probe method by sending current throughsdmaple and simultaneously measuring the
voltage difference along the specimen’s length. $eebeck coefficient was obtained by heating
one end of the sample and simultaneously meastimgoltage generated between probes. The

specimens were tested every 50 XI%£10, 20, 30 and 40 °C) from 50 to 800 °C with pey)R

thermocouple (Pt-13 % Rks Pt). Linear thermal expansiofiL/L, (accuracy 0.003 %) was
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ultrasound generator. The speed of sound in th@lsamaterial was measured in a longitudinal and
shear direction. To achieve coupling between tha&am transducer and the specimen we used
glycerin (longitudinal waves) and molasses (sheaves). Vickers hardness was measured on a
WilsonR VH3100 Automatic Knoop/Vickers Hardnessées25 individual points under 9.81 N (1
kg) testing load were measured to obtain statitisagnificant results. Three-point flexural tests
were undertaken using a Tinius Olsen H25KS wititbN2 maximum load cell. The span of the
support pins was 30mm and the radius of the roBemsn. The loading pin was moved at a rate of

1mm/per minute. Rectangular-shaped specimens Wik#x4tmm dimensions were tested.

3. Results
The current study presents preliminary resultsinbthwhile investigating the ACoCrFeNi HEA
as a potential metal matrix for composite materidifse effect of different reinforcing agenise(
nano-diamonds, SiC, 80s, h-BN, c-BN and CN) on the sintering process was evalutteglect a
candidate for further characterization and develpmThe blankB2-structured AICoCrFeNi
underwent the same sintering process as its cotegpsvhose compositions are reported in Table

1.

Table 1. Overview of the sintered samples. The acronym “HE&nds for the AICoCrFeNi High-

Entropy Alloy.

Composition according to EDX maps (at.%) Average
Nominal Theo
Sample particle Density
material density
code Al Co Cr Fe Ni size (gem®)
addition (gem™)
additive




HEA +SiC  36.9(5) 14.5(3) 26.4(5) 10.5(2) 11.5(1) w% 20um  6.93 5.03(7)
HEA +SGO; 49.4(7) 5.9(5) 10.6(4) 10.1(2) 23.7(1) 05wt%20pum 658 5.26(7)
HEA +h-BN 36.2(3) 15.6(2) 16.2(2) 16.9(2) 14.8(2) 3 wt.%10 um 7.21  5.26(8)
HEA +c-BN 45.8(4) 14.7(4) 11.9(2) 15.8(3) 11.6(3) 2wt% 50um  6.72 5.63(6)

HEA+CN 31.4(6) 17.6(6) 19.3(4) 19.2(4) 12.7(2) ™%  NA 7.21 NA

Composites created to achieve high-performancemiddlermanagement materials traditionally
employ diamonds, silicon carbide or carbon nancudseadditives [13]. Diamond is selected as a
high quantity filler because it is an isotropic eral with record thermal conductivity (up to 2200
Wm*K™ for pure monocrystals) and due to its thermal esjum coefficient in metal matrix
composites (MMCs), which is comparable to the ohgemiconductor elements [14]. Equally high
thermal conductivity is realized in silicon carbigarticle reinforced aluminium [15]. Finally,
carbon nanotubes have attracted much attentioroasiging reinforcements for MMCs due to their
high strength and electrical/thermal conductivifes]; [17]. The addition of SO to the HEA was
justified from the need to find a cheaper routeathieve the addition of scandium in the HEA
system, which is known to enhance phase stabitity rmechanical properties [18]. Lastly, boron
nitride is characterized by low dielectric coeféint and extreme thermal shock resistance, which
make it an attractive addition to composite ceramicto metal alloys [19]; [20]; [21].

All samples were spark plasma sintered into digk® am diameter and 5 mm thickness; but none
of the specimens except the HEA and HEA +2 wt.%orgiamonds retained their shape. The poor
sintering of SiC-, Ss-, BN-containing samples was confirmed by densiBasurements (Table
1), displaying up to a 20 % density decrease ingaoieon with the HEA sample. All specimens
display lower density with respect to the calcudatieeoretical values. Density measurement of the

HEA +1.5 wt.% CN sample was impossible due toxtseme fragility.



Figure 1- SEM and selected EDX micrographs af Al,CoCrFeNi HEA with element distribution
maps; b) Al,CoCrFeNi + 2wt.% SiC with a distribution map ofi8ithe sample;d) Al,CoCrFeNi
+2 wt.% nano-diamonds with element distribution snapthe HEA matrix; d) Al,CoCrFeNi +0.5
wt.% S¢O; with a distribution map of Sc in the sample) Al,CoCrFeNi +3 wt.% h-BN; f}

Al,CoCrFeNi +2 wt.% c-BN;d) Al,CoCrFeNi +1.5 wt.% CN.

Spark-plasma sintering of HEA powder of 5-20 pntipker size results in homogeneous element
distributions (Figure 1a). Despite intergranulargsity, grain growth has occurred with respect to
the original particle size [22]. Nevertheless, tlu@orosity the density of the spark-plasma sintere
sample is only 92.5 % of the density of the thelynahnealed sample prepared at the same
temperatured; an = 6.4(1) gcm™ anddi s = 5.92(7) ecm”® as established from flotatioOirp, am

= 6.33(1) gcm™ and dyro, s = 6.24(1) cm® as estimated from PXRD data) [9]. An equally
homogeneous element distribution is displayed leyntiino-diamond-containing HEA (Figure 1c).
Nano-diamonds are not identifiable from compositioaps, but SEM highlights the presence of a
dark-coloured phase along grain boundaries. Unfiately, the nanodiamonds dimensions fall

8
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(Figure S6). We can therefore hypothesize that ythamonds are not subsumed by the matrix, but
appear as inclusions [23], a result consistent \theh previously reported absence of chemical
bonding between diamonds and Al metal matrix in pgosites [24]. In the case of the SiC-
containing sample (Figure 1b), the HEA demonstratgsmal capacity to penetrate the silicon
clusters. This might be partly due to the low hosrogjty of the starting powder (Figure S2). It has
been postulated that the incomplete densificatidarge elemental clusters is a result of entrapped
gases and/or localized increases in electricastiesgy [11]; [25]. Higher temperature and pressure
might force the matrix into these features and psglkate the SiC patrticles.

The traditional route to produce the commerciallgilable Al-Sc master alloy makes use of the
cheaper S©3 as scandium source and exploits the reductioheoptecursor with Al to form AD;

as by-product [26]. Nevertheless, while the studit”A contains over 30 % Al, the conditions of
temperature and pressure used are not enough ievadhe dissolution of the oxide in the HEA
matrix following the formation of metallic scandiywr sample densification (Figure 1d).

BN and CN-reinforced materials (Figure 1le, 1f arg) $how exceptionally poor densification
behaviour even for very small additions. The poerfgrmance of BN-bearing systems is likely
connected to the high dielectric strength of BN4(3®& mm'), but hexagonal and cubic BN
(respectively added as 3 wt.% and 2 wt.%) showeqifferent densification, quantifiable as a 6 %
density difference [27].

Out of the seven evaluated composites, only HEAv2 nano-diamonds exhibited the desired
response to SPS in terms of density and elemerstaibdition. As such, this sample and the blank

HEA were the subject of further thermal, electriaatl mechanical characterisation.

3.1 Thermoelectric properties
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850 and 950 K, corresponding to tB2 to fcc phase transformation, the signal is not present in
either of the sintered samples [9]. The absengghabe transition in the interval make the system

promising for further thermal and electrical chaesaization.
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Figure 2: Differential scanning calorimetry (300-1200 K, 10rdin?) of as-cast AICoCrFeNi
(short dash), spark-plasma sintered AoCrFeNi powdergplid line) and ALCoCrFeNi composite
material containing 2 wt.% nano-diamondst{ed line). Heating and cooling cycles are reported in

red and blue respectively.

Diamond-reinforced aluminium composites have besspgsed as promising materials for the
thermal management of electronic components, dukeio ideal combination of high therma) (
and electric §) conductivity and low coefficient of thermal exgaon (CTE). Thermal conductivity

values as high as 600 W™ and 552 W iK™, combined with very lovCTE (7-7.5 x 1076 K

10
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220 Q-cm, which are values much higher than conventi@halys and comparable with bulk

metallic glasses [30].
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(c) Seebeck coefficientd] calculated phononic contribution to the globarthal conductivity; €)

calculated power factorf)(thermoelectric figure of merit ZT.

Figure 3 reports an overview of the thermal andtakzal properties of the two specimens.

The sintered AICoCrFeNi HEA shows an electric resistivity of 226 #2-cm at 300 K, in good
agreement with the value of 211.294m at 300 K previously reported for the same as-&@iésy

in pellet form (Figure 3b) [31]. The correspondglgctrical conductivity is thus slightly lower than
that previously reported for the AoCrFeNi HEA [32]. Electrical resistivity is constabelow 850

K - a feature which might arise from electron smatg from a complex microstructure and
magnetic clusters -, while it increases linearlyhwtemperature above 850 K. The low carriers’
concentration (15-10** cm® between 4-300 K), decreasing with temperature,thachigh lattice
distortion typical for HEAs support the hypothesfslectrical resistivity being affected by phonon
scattering above the Debye temperature of the .aldgctrical resistivity of the nano-diamond
composite shows the opposite trend and decreasgsteeply between 300 and 400 K [33]. The
specimen behaves like a semiconductor, a featuiehwias not been observed for diamond-
containing MMCs before. The electrical resistivitiythe composite is much higher in comparison
with the standard HEA, as is expected considerimg lbss of mean free path following the
introduction of the additive.

Lattice distortion and low carrier concentratioe aiso the main reason for the increase of thermal
conductivity with temperature in HEAs. This behawias opposite to the one shown by most of
pure metals in which the increase in lattice vilorag following heating result in electron scattgrin
whose decreased mobility causes the decreasermaheonductivity [30]. High-entropy alloys of
the ALCoCrFeNi series have been found to have low bwgrdesthermal conductivity (from 0.47

12
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The average Seebeck coefficient values for the systems are reported in Figure 3c. Both
composition appear to hetype. While the absolute value of the Seebeck fimefit is almost
constant for the HEA, it increases over a wide terafure range for the composite, reaching a
maximum at 940 K[RO pVK ™).
The phononic contribution to thermal conductivigncbe estimated from the Wiedemann-Franz
law:

Kph = Ktor — Ke = kot — (LoT)
whereL is the Lorentz number (2.800°® WQK ™), o the electrical conductivity anl the absolute
temperature. As shown in Figure 3d, the phononidrdaution is higher for the composite than for
the pure alloy on the whole temperature range. fidsalt can be ascribed to the presence of lattice
scattering points on the interface between allaydiamonds as well as to the sintering technique.
From the power factorso§) and thermoelectric figure of merit Z&5$2T/k) reported in Figures
3e and 3f, it is clear that the higher absoluteb8ele coefficient value of the composite specimen
cannot overcome its very low electrical conducyivitnaking it unsuitable as thermoelectric

material.

3.2 Thermal expansion
The experimental data shown in Figure 4a clearbwsthat the relative length changds/L, are

not linearly dependent with temperature over theisd range.

13
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Figure 4 —(a) Thermal expansion of the AZoCrFeNi HEA blue) and of its composite material
containing 2 wt.% nano-diamondseq) after spark-plasma sinteringpset: thermal expansion
coefficient from 300 to 770 K,circles) obtained asCTE;, and (ine) obtained as thermal
expansivity. ) Thermal expansion of the cell parametdrom PXRD of the as-cast ALoCrFeNi

HEA (DIAMOND Light Source, 111A=0.494984 A). Database fitting performed with egqrat2).

Thermal expansion curves for the two materials loaritted over the range 300 to 770 K with a

polynomial equation of the type [36]:

TEatb (T=To) +e (T =T +d- (T —To) +e (T —To)* (1)

WherelL is the sample lengtl, the sample length at the starting temperaflyés the starting and

T is the absolute temperature. Using the fitted dataAL/Lo, values of thermal expansion

1 dL 1 AL

coefficients defined a6TE = = (also referred to athermal expansivity) or asCTE,, = —
0 0

(also referred to aaverage thermal expansion coefficient) can be calculated [37]. They are reported
as insert in Figure 4a in the range 300 to 770 K.
The expansion coefficient evaluated for,@bCrFeNi by in situ high-temperature PXRD

measurements (Figure 4b) [9], can be obtainedtbydithe corresponding dataset to:

a(T)=aT0-exp[a-(T—T0)+§-(T2—T02)] (2)

14



deviate from these values below 650 K; the effégiavosity Is prominent at low temperature, and
only above 650 K do the specimens behave as butkrials. Subsequent cycles of heating and
cooling reduce the hysteresis between the two suamed lead to thermal expansion values closer to

lattice values above 400 K.

3.3 Mechanical properties

Three-point flexural stress tests (Figure 5) shownarked brittleness increase following the
addition of nano-diamonds to the HEA.

130
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60 -
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40 -
30
20
10 -

Flexural stress / N mm™

1

0 il L L N 1 1 . L " |
0.000 0.002 0.004 0.006 0.008 0.010 0.012
Flexural strain / mm

Figure 5 - Flexural stress-strain of the AoCrFeNi HEA blue) and of its composite material

containing 2 wt.% nano-diamond®q) after spark-plasma sintering in a three-pointase

This result might appear contradictory to Vickenardness results, which highlight no variation
between the two samples; however, it should bednthat mechanical properties are just as
dependent on internal non-homogeneity as thermaledectrical properties are. The presence of
cavities and the uneven distribution of nano-diadsoare the reason behind of the high errors in

hardness measurements (Table 2). The HEA and HEAvtt% nano-diamond systems were

15



fauduvu unuvuyll uic 1ViuUvvinly reiatvlio.

E= ZPC§(1 + V) = pcgw (3)
C2
1—2-C—§

g ©)
2-2-5

Wherep is the material density, ared andc, are the speed of shear and longitudinal waveen th
material respectively. Table 2 lists the Poisseat® (1), Young's modulusK) and shear modulus
(G) for the sintered HEA and HEA nano-diamond comgosis determined from ultrasounds

measurements.

Table 2. Overview of the mechanical properties of the@QdCrFeNi HEA after spark-plasma

sintering and of its composite material contairizngt.% nano-diamonds.

Maximum Shear Vicker's
Poisson’s Young's
Sample displacement modulus hardness
ratio (V) modulus (E)
(mm) (G) (HV)
HEA 0.0113 0.2232 131.58 GPa  53.82 GPa 353143
HEA + nano-
0.0107 0.2366 117.22 GPa  47.40 GPa 337+30
diamonds

Unsurprisingly, the addition of nano-diamonds resut a decrease in the material elasticity. The
reported Young's modulus values are consistent thitise reported in the literature for other HEA
systems [38]; [39]. With respect to the HEA, thengmsite is thus more brittle with a decrease in

Young’s modulus and comparable Poisson’s ratio.

16
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nanotubes, silicon carbide and scandium oxide d#iaes failed due to their low affinity with the
matrix. The addition of 2 wt.% nano-diamonds, oa ¢ither hand, resulted in a compact composite
with good machinability. However, the presenceeadidual porosity in the sintered &loCrFeNi
and its nano-diamonds composite (highlighted byrosicopy, density and thermal expansion
results) emphasizes the unsuitability of spark mkssintering for the densification of HEA
powders. In fact, densification by SPS is promobgdthe flow of current between metallic
particles, and HEAs have been reported as haviggehielectrical resistivity values in comparison
with conventional alloys. Electrical resistivity &ven higher for the nano-diamond composite, and
it is thus not surprising that in both samples dityited grain growth occurs with respect to the
original particle size. Plastic deformation andmétely densification require appreciable inter-
particle bonding which, in the case of the inveseg system, is strongly dependent on heating
conditions, rather than the applied pressure [3)nslering that no phase transition appears
between room temperature and 1200 K, complete fisatgn might occur at higher temperature.
This is also suggested by the comparison betweaemas@opic thermal expansiodL) curves of
the composites and lattice thermal expansion ofaieast material: subsequent cycles of heating
and cooling reduce the hysteresis between the timaes, and ultimately both composite behave as
the original bulk material. In the first heatingcts, on the other hand, valuesdhf obtained for the
composite specimen are much lower than those focdaexpansion; consistent with the presence
of porosity and localized non-homogeneities.

Even though the sintered AloCrFeNi HEA and its nano-diamond composite hanelar thermal
behaviour, they strongly differ in terms of elec#di properties. Both samples display high eledtrica
resistance due to the high lattice distortion tgpiaf multi-principal component alloys and by the

loss of mean free path following the introductiohtlee additive. The phononic contribution to

17
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The addition of nano-diamonds is accompanied by@aeaéhse in the material’'s elasticity, a slight
increase in Poisson’s ratio and a drop in Young&luatus, as well as a loss of ductility. The two

samples have the same hardness, within experimesmoal

5. Conclusions
The successful synthesis of the first example oH&#&A-matrix composite, consisting of tig2-
structured AICoCrFeNi HEA and 2 wt.% nano-diamonds is reporidte specimen was obtained
via spark-plasma sintering of pre-alloyed powderd s thermal and mechanical properties were
tested with respect to the similarly treated HEApke.
The two materials display similar thermal propestithermal expansion, thermal conductivity), but
very different electrical features. These arisanfrthe nature of the additive: as such, electrical
resistivity decreases with increasing temperatame, Seebeck coefficient value is not constant over
the temperature range, but increases steadily irgach maximum at 940 K[RO pVvK™).
Unfortunately, the higher Seebeck coefficient vadfi¢he composite cannot overcome its very low
electrical conductivity, making it unsuitable aghe&rmoelectric material. The addition of nano-
diamonds also affects mechanical properties, byeasing the brittleness of the sample and
decreasing its elasticity.
The poor thermal and mechanical performances ofdhgoosite can be ascribed to the presence of
residual porosity and to the low degree of affinibgtween the additive and the matrix.
Nevertheless, a careful tuning of sintering temjpeea additive type and quantity might open the

door to a new generation of metal-matrix compo$igesed on HEASs.
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ELEMENTAL DISTRIBUTION OF THE BALL-MILLED POWDERS

Figure S1- Al,CoCrFeNi + 2 wt.% nanodiamonds after ball-millinglwa Fritsch Planetary Mill
PULVERISETTE 5/2 (10 mm steel balls, ball-to-powdatio 5:1, 5 minutes, 250 r.p.m.).



Figure S2— Al,CoCrFeNi + 2 wt.% SiC after ball-milling with a Esch Planetary Mill
PULVERISETTE 5/2 (10 mm steel balls, ball-to-powdatio 5:1, 5 minutes, 250 r.p.m.).
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Figure S3— Al,CoCrFeNi + 0.5 wt.% $0s after ball-milling with a Fritsch Planetary Mill
PULVERISETTE 5/2 (10 mm steel balls, ball-to-powdatio 5:1, 5 minutes, 250 r.p.m.).
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Figure S4: AI2CoCrFé”Ni +3 Wt.%-BN after t;all-millingjﬂwith a Fritséh PIanetaffy Wil
PULVERISETTE 5/2 (10 mm steel balls, ball-to-powdatio 5:1, 5 minutes, 250 r.p.m.).
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Figure S5—- AlL,CoCrFeNi + 1.5 wt.% CN after ball-milling with aitach Planetary Mill
PULVERISETTE 5/2 (10 mm steel balls, ball-to-powdatio 5:1, 5 minutes, 250 r.p.m.).
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Figure S6 —PXRD of the AJ)CoCrFeNi (ed) and AbCoCrFeNi+2 wt.% nanodiamondl(ie)
specimens. The B2 phase of the matrix and the didmbase are highlighted. Performed at ID06
of ESRF 7=0.22542 A).



