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Abstract

The introduction of 0.5-1.0 wt.% graphite to thewgers prepared by Self-propagating High-
temperature Synthesis (SHS) is found to be higblyeficial for the removal of oxide impurities (from
2.7-8.8 wt.% to 0.2-0.5 wt.%) during spark plasmatesing (1950°C/20 min, 20 MPa) of
(Hfo.2M0g 2Ta 2Nbg 2Tio 2)B2 and (Hb Mo 2Tag 2Zro 2Tio 2)B2 ceramics. Concurrently, the consolidation
level achieved is enhanced from about 92.5% and, 888pectively, to values exceeding 97%. While a
further increase of graphite slightly improves séamlensification, final products become progresgiv
richer of the unreacted carbon.

It is assumed that graphite plays a double rolenduBPS, e.g. not only as a reactant during the
carbothermal reduction of oxides contaminant, k&d as lubricating agent for the powder particldse
latter phenomenon is likely the main responsibleth® densification improvement when 3 wt.% or
larger amounts of additive are used. Another pas#iffect is the crystallite size refinement of thgh-
entropy phases with the progressive abatementidesxto confirm that their presence promotes grain

coarsening during the sintering process.

Keywords: High-entropy metal borides; Oxide impurities; SpBfasma Sintering; Self-propagating

High-temperature Synthesis; X-ray diffraction.



1. Introduction

After its recent discovery, the emerging classlohthigh temperature ceramics (UHTCs) known as
High Entropy Borides (HEBs) has immediately attedicta significant attention by the scientific
community, due their potential applications in gavéelds[1-14].

In HEBs, transition metal cations are uniformlytdimited in near-equimolar proportion into the
diboride lattice, to provide thermodynamically dealsingle-phase crystalline solid solutions with
maximum configurational entrogyt5].

Different research groups around the world havedaoted several investigations in the last years
aimed to synthesize and characterize diverse mendiahese refractory materig®-14]. While only
few studies were specifically focused on the sysithef HEBs in powder fornb,10,12] or films [2],
the other investigations were aimed to the fabinocabf bulk bodieq1,3,4,6-9,11,13,14]. It should be
noted that Spark Plasma Sintering (SPS) is unddlybtbe preferred technique employed to produce
dense HEB41,3,4,6-8,11,13,14,16]. Alternatively, SPS was also recently used for gheparation of
pre-sintered samples to be subsequently processa@toction heatind9]. Such wider utilization of
this technique is readily justified by the more wemnient processing conditions generally requiretth wi
respect to conventional hot-pressing metHads.

When using SPS, sintering temperatures in the rd8§68-2050°C are typically adopted to achieve
high relative densitieg3,7,8,11] and/or good compositional uniformit$,4,6,11,13] in the end products.

SPS is usually preceded by an additional processtieyg which is aimed to the synthesis of high-
entropy boride powders or to the activation of tekated precursorfl,3,4,6,8,9,11,13,14].Indeed, the
only attempt made so far to prepare dense singiseHREBs in one-step from non-pretreated elemental
powders, according to the so called Reactive SES)at succeefil3].

Unfortunately, oxides and/or other contaminants aften detected in the obtained bulk materials

[1,3,7,8]. Such impurities are either originally presenttire raw powders or formed during the



fabrication process. For instance, residual oxiaesfound in SPS ceramics obtained from powders
synthesized via borothermal or boro-carbothermaluctgon [3,7,8] Similarly, the relatively long
duration (6h) of the high energy Ball Milling (BMdrocess preceding the SPS stag6iiid et al. [1] is
responsible for the formation of such undesiredsphaA shorter BM treatment (5-60 min) was also
considered to process the powders prepared byp8ghgating High temperature Synthesis (SHS) and
used for the obtainment of bulk @3ro2Tag Nby2Tip2)B, by SPS[6,13]. In this regard, oxygen
contamination during BM is also the plausible reafwr justifying that no densification improvement
was observed when the mechanical treatment wasredl from 20 to 60 mifl3].

Oxides impurities in MeB(Me= transition metal) are often associated to Ma@d BO; [18-21],
although different O-containing phases, for inseaamorphous Zr-B-C-O, were also detected on the
surface of ZrB powderq22].

Regardless of their origin and form, O-contaminaiio metal borides is known to be detrimental for
their consolidation[18-20,22-24]. Indeed, when such impurities are present, graarsening is
accelerated, due to the evaporation—condensatiehanesm, so that the driving force for densificatio
is consequently lowered§-20]

The use of certain additives, such as caf#19,20,23], B,C [19], or TiC [20], was suggested to
overcome this drawback.

In this work, the presence of oxides impuritiessintered (H§ Moo 2TayNbg 2Tig2)B, ceramics
obtained from 60 min ball milled SHS powders istfipproven. Subsequently, the effect produced on the
densification and composition of SPS samples wideling different amounts of graphite (0-10 wt.%) to
the SHS powders is systematically investigated. fiio@posed approach is also validated with another
high entropy boride system, i.e. gdMog2Ta 2Zro2Ti02)B2, fabricated for the first time according to

the SHS-SPS processing route. It should be memtitrag the two compositions considered in this work



correspond to bulk ceramics which are shown to ggssscompared to alternative HEBs, rather high
hardness and oxidation resistance propejliekl].

To the best of our knowledge, the quantitative eat@bn of the amount and crystallite size of high-
entropy and other phases present in the sintetlpts, as a function of the graphite added t&SHS

powders, is performed for the first time in theddture.



2. Materialsand methods

Commercially available Hf (Alfa Aesar, cod. 0033¥rticle size < 44 um, 99.6 % purity), Mo
(Aldrich, cod 266892, particle size < 149 Q9% purity), Ta (Alfa Aesar, cod 00337, particiees<
44 pm, 99.9 % purity), Nb (Alfa Aesar, cod 0102p@&rsticle size < 44 pm, 99.8 % purity), Ti (Aldrich,
cod 268496, particle size < 149 um, 99.7 purity)(Afa Aesar, cod 00418, particle size < 44 pm, >
98.5 % purity), B (Aldrich, cod 15580, amorphoas99 % purity), and graphite (Aldrich, cod 282863,
particle size < 20 um) powders were used in thegmestudy. The two starting mixtures to be reacted
by SHS for the preparation of (E#Mog2TagNby2Tip2)B, and (HfgoMog2Tag Nbo2Tio2)Bo,
respectively, were prepared by mixing reactants2fdrmin in a SPEX 8000 (SPEX CertiPrep, USA)

shaker mill using plastic vials and alumina badls;ording to the following reactions:
0.2Hf+0.2M0+0.2Ta+0.2Nb+0.2Ti + 2.2B (Hfy 2M0g 2Tay 2Nbp 2Tip 2) B2 (2)
0.2Hf+0.2M0+0.2Ta+0.2Zr+0.2Ti + 2.2B> (Hfo,zMOo,zTao,zzro_zTi0_2)82 (2)

The 10 mol.% excess of Boron, with respect tostioéchiometric value needed for the synthesis of
metal diborides, is used to compensate its pddsd during reaction evolution, as reported elseehe
[25-27]. In particular, the boron/metal atomic ratio calesed in Eq. (1)-(2) was found to be the optimal
value to maximize the conversion degree of inigactants to the desired HEB phfks.

SHS reactions were carried out on cylindrical geliebtained by uniaxially pressing the reactants
mixture. Once locally activated by an electricdigated tungsten coil, the synthesis process taatepl
very rapidly (few seconds) inside a stainless-stéamber filled with Argon. Details on the related
experimental set-up and procedure can be foungneaous worl 28].

The SHS made product was first hand crushed in @amdhen mixed with different amounts of
graphite (0, 0.5, 1.0, 3.0, and 10.0 wt.%) andréselting powders were mechanically treated fomt®

(ball to powder ratio equal to 2) using a SPEX 8(®BEX CertiPrep, USA) device with stainless steel



vial and four steel balls (10 mm diameter, abo&tglweight). No contamination from milling tools sva
detected under such conditions.

All mixtures were processed for 20 min at 1950°C kZPa applied pressure and about 200 °C/min
heating rate) by SPS using a 515S model apparkis Electronic Industrial Co., Ltd., Kanagawa,
Japan) operating under vacuum conditions (abouP&0 The sintering process was conducted under
temperature-controlled mode using an infrared pytem(CHINO, mod. IR-AHS2, Japan) focused on
the lateral surface of the cylindrical die (30 mxteenal diameter; 15 mm inside diameter; 30 mm
height). The latter one and the related two pluadéd.7 mm diameter, 20 mm height) consisted of
AT101 graphite supplied by ATAL Srl. (Italy). To ke sample release easier at the end of the SPS
process, the internal surfaces of the die andapeahd bottom surface of the plungers were linett wi
graphite foils (99.8 % pure, 0.13 mm thick, Alfa sae, Karlsruhe, Germany). With the aim of
minimizing heat losses by radiation, the die waemally covered with a layer of graphite felt. The
displacement data recorded during the SPS process pvoperly corrected by subtracting the thermal
expansion contribution and obtaining the samplenkhge curves.

Disks of about 14.7 mm diameter and 3 mm thicknesse finally produced. For the sake of
reproducibility, each experiment was repeatedastlavice.

The absolute density of polished samples was medsiging the Archimedes’ method and distilled
water as immersion medium. To determine relativesiies, the theoretical values of 8.67 and 8.52
glent for (Hfy Moo.sTag sNbo 5Tio2)B2 and (Hf Moo sTan 2Zr02Tio 2)B,, respectively, were considered
[1]. In addition, the theoretical densities of thetsyss obtained with graphite were calculated thraaugh
rule of mixture[29]. In this regard, the density value of 2.26 gfamas used for graphif@0], and the
calculation was carried out by considering the Wepntent of this additive initially introduced the

mixture. The validity of latter assumption will berified in the Results section.



Phase analysis was performed by X-ray diffractiBhil{ps PW 1830, Netherlands) using &y
radiation, over a range of scattering angl@$@m 20° to 130°, in steps of 0.05° with 15 s asgion
time per angle. The Rietveld method was employedetermine phases amount (wt.%) and the related
structural parameters by analyzing the XRD patteuitis the MAUD prograni31].

Products microstructure and composition were atsdyaed by high resolution scanning electron
microscopy (HRSEM) (mod. S4000, Hitachi, Tokyo, a@pequipped with a UltraDry EDS Detector
(Thermo Fisher Scientific, Waltham, MA, USA). SEkhages were processed with the open source
software ImageJ (version 1.54a for Windows, 64 Nétional Institutes of Health, Bethesda, MD, USA)

[32] to quantify residual porosity in SPS samples.



3. Results
3.1. The (Hfp2Mo0g2Tag2Nb 2 Tip2)B2 system

The results relative to the synthesis of (Jog 2Tay 2Nbg 2Tio2)B, by SHS according to Eq. (1), as
well as the characteristics of the obtained powd=ns be found elsewhefE3].

Figure 1 shows, on a log scale, the XRD experimental patéred rhombohedral) and the best fit
relative to the (Hf2Mog 2TapNbg 2Tip2)B2 products obtained by SPS using SHS powders to which
different amounts of graphite were added. As fag Hudditive-free sintered samples, this analysis
evidences both the main HEB phase and the presdrsraall peaks ascribed to monoclinic and cubic
HfO,. The total content of these oxides, estimatedhieyRietveld procedure, was about 2.7 wt.%. As
seen inFigure 1, the oxide peaks tend to progressively disappetir the use of graphite. However,
they are found again in the pattern of the SPSymtodbtained for the case of 10 wt.% C. No carbide
phases were detected by this analysis.

The effect produced by the introduction of graploitephase quantity is shown kingure 2(a). The
numerical values of all the parameters estimatedhlyfit analysis can be found in Supplementary
Table S1. These data evidence that the introduction ofadd 1 wt.% of additive is accompanied by a
marked decrease of the total amount of Kfice. 0.7 and 0.2 wt.%, respectively. Correspogiginthe
relative content of the HEB phase in the sinteremipcts increases, and so does residual graphkite, a
shown inFigure 2(a) andTable S1. While no further decrease in the oxide conterdliserved when
the graphite addition was augmented to 3 wt.%gaifstantly higher content of Hf©(2.1 wt.%) was
detected with 10 wt.% Crigure 2(a) and Table S1 also indicate that residual graphite in the SPS
product is only slightly lower than that initiallgdded to the SHS powdersSigure 2(b) shows the
evolution of crystallite size of the (bHMo0o 2Tay2Nbp 2Tio 2)B2 phase in the SPS product as a function of

the graphite fraction. It is seen that this par@mneecreases significantly with the introductionOds



wt.% C, i.e. from approximately 1200 to 800 A (meatues). The latter value remains approximately
constant up to 3 wt.% C whereas it raises aga@btut 1300 A when 10 wt.% graphite is employed.

The influence of graphite addition on the densitgiatered samples can be deduced fiigure 3.
Progressively higher absolute density values ataiméd with graphite percentages up to 1 wt.%. On
the other hand, the measured density decreasestivi@mount of additive is augmented. However, if
all these data are referred to the theoretical ilegsthe resulting relative values increase ia th
compositional range 0.0-3.0 wt.% C, whereas ndgkgihanges are observed when the additive content
was raised to 10.0 wt.%. The major effect is aétdirin the 0.0-1.0 wt.% interval, where the
densification level increases from 92.5% to valaesve 97%, respectively. As graphite is further
augmented, product consolidation slightly improteesalues of about 98%.

The SEM micrographs and related EDS maps of SP8upte obtained with different graphite
guantities are reported Kigure 4. All specimens display a good compositional honmegtg, except for
the system obtained with 10 wt.%C€idure 4e), where agglomeration phenomena of the residual
additive are evidenced, while powder densificapadually improves with graphite. In particulareth
residual porosities estimated by image analysisOfo0.5 and 1.0 wt.% C are 6.8+0.3, 5.7+0.6, and
1.2+0.2 vol.%, respectively. Finally, porosity vesfudown to 1 vol.% are obtained for 3.0 and 10.@0wt
of graphite.

EDS analysis did not evidence the presence of megi@cally rich in carbon, in samples produced
with 1.0 wt.% or lower amounts of graphite. On titker hand, unreacted carbon is clearly detected in
materials sintered after adding 3.0 and, abovel@ll wt.% C to the SHS powders. It should be noted
that, the highly irregular surface of the samplehwiO wt.% C(Figure 4€), which corresponds to
approximately 30 vol.% C in the composite cerangcascribed to the fact that part of the residual
graphite was pulled-out during sample preparatmmnietallography. This holds also true, albeit at a

much lower degree, for 3.0 wt.% C. In addition,csirthe amount of oxides was too small in all the



produced samples, as revealed by the Rietveld metheir presence could not be evidenced by EDS

analysis.

3.2. The (Hfp2M0g2Tag2Zr2Tio2)B2 system

The XRD pattern of the powders obtained after thS Seaction (2) is compared Figure 5 with
that of the starting reactants mixture. Boron wast nevealed by this analysis due to its amorphous
character. The synthesis process did not go to &iop while a multiphase product is finally obta¢h
As indicated by the Rietveld analysis, whose resate reported iffable S2 of the Supplementary
material, the synthesized ceramic consisted forosin¥O0 wt.% of the desired HEB phase. The
secondary boride phases also found include {H§ 5)B2, (ZrTiBs)os TaB,, and HfB, whose content
was estimated to be equal to 13.7, 11.3, 5.6, adw®.%, respectively. Traces (not quantified) of
unreacted Mo and other minor phases are also ddtect

As for the other HEB system described in sec8dn, different mass fractions of graphite (0.5, 1.0
and 3.0 wt.%) were added to these powders beferedbnsolidation. In contrast, since the introdwct
of 10.0 wt% C did not provide beneficial effect® tthe characteristics of sintered
(Hfo.2Mog 2Tap 2Nbo 2Tio 2)B2 samples, such condition was not investigated wioeisidering the case of
the (Hb. Moo 2Tag 2Zro 2Tip 2)B2 ceramic.

The effect produced by graphite addition on the paosition of the SPS samples can be deduced
from the related XRD patterns shown kigure 6. The presence of oxide peaks in the additive-free
product, along with those corresponding to the niégin-entropy phase, is evident. As estimated by th
Rietveld analysisTable S3), the oxides content was approximately 8.8 wt.%e Tnhtensities of Hf®
peaks decrease as the amount of graphite addéé ®HS powders was increased. The compositional
changes, in terms of mass fractions of the diffepgmases, and the average crystallite size of the

(Hfo2Mog 2Tan 2Zr0 2Tio 2)B2 phase are plotted Figure 7a-7b, respectively. Further details can be found
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in Table S3 of the Supplementary materiéligur e 7a indicates that oxide content drastically decreases
to 2.0 and 0.5 wt.% with the addition of 0.5 an@ Wt.% C, respectively. No further changes are
observed with 3.0 wt.% C, except for the unreagiegbhite remained in the sintered material, whech i
responsible for the corresponding reduction ofHE# mass fraction. Also in this case, accordinth®
XRD analysis, no carbide phases were formed duhiegsintering process. Furthermore, data reported
in Supplementaryables S1 and S3 indicate that the content of residual graphitéutk products is
only slightly lower than that initially present e powder mixture to be processed by SPS. This
demonstrates that only a small amount of carb@omsumed by carbothermal reactions. Consequently,
the assumption made to calculate the theoreticasitles of the various composite systems, i.e. by
considering the initial additive percentage, igeueasonable.

As the amount of graphite was augmented, the grepbrted inFigure 7b shows a monotonical
reduction, with a progressively decreasing rate, tbe average crystallte size of the
(Hfo.2Mog 2T 2Zro2Tio2)B2 phase. In particular, the estimated value of gasameter changed from
about 1200 to 700 A, as a result of the introductib1.0 wt. % of additive.

The plot of the measured density as a functionhefdraphite added to the powders is shown in
Figure 8, along with the corresponding theoretical and tiada values. As for the
(Hfo.2M0g 2Ta 2Nbg 2Tip 2)B> system, the maximum absolute density is reachatd Wi0 wt.% C.
Nonetheless, the corresponding relative densityecdisplays a continuous increasing trend in thizeen
compositional range. Specifically, only 87% dersegles are obtained with no additive, while average
relative densities of about 97 and 99% are achiewtd1.0 and 3.0 wt.% of graphite, respectively.

The densification behavior of these groups of pawa=an be seen iRigure 9, where the sample
shrinkage curves of mixtures with diverse amouftgraphite (0.0, 1.0 and 3.0 wt.%) are plotted glon
with the prescribed temperature profile. Sincelibginning of the SPS process, higher shrinkageegalu

are measured with powder compacts containing gi@aphiowever, such differences become more
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significant after about 9 min from the beginning thie current application, when the measured
temperature was below 1800°C. Correspondingly, lbéh 1.0 and 3.0 wt.% C mixtures display a
markedly higher consolidation ability with respéexthe additive-free powders.

A SEM micrograph and the related elemental EDS nojpise sample obtained with no graphite are
compared irFigure 10a-10b with those relative to the specimen produced Withwt.% C under the
same SPS conditions. Albeit a uniform composit®m®videnced by EDS analysis in the graphite-free
ceramic Figure 10a), the latter one also exhibits a high residualopity, consistently with the
measured density value reportedrigure 8. Based on image analysis, a residual porosity. b#90.8
vol.% is present in this specimen. In contr&gure 10b indicates that the introduction of graphite
determines a clear improvement in product dengifinsalong with a very good elemental distribution

across the sample. The porosity level obtainetishdase was 2.2 + 0.2 vol.%.
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4. Discussion

Differently from the case of individual transitiometal borides, which were successfully synthesized
by SHS from their elements with no secondary phf2&87,33,34], the results reported in the present
and previous work$6,13] indicate thathis goal is far from being reached by this techeigvhen
considering the high-entropy (5#Mo0g 2Ta 2Nbg 2Tio.2)B2 and (H$ 2M0g 2Tag 2Zro 2Tio.2)B2 products.

This finding could be likely explained by the peaulfeatures of the SHS procegd5], which
evolves so rapidly, quite far from the equilibriwonditions, that the six different elements congatis
each of these HEB systems are not able to be suitaimbined for generating such a complex single-
phase material. In contrast, relatively longertiresnts at high-temperatures must be applied todspee
up diffusion and other physico-chemical phenomemwalved in the synthesis process. Despite it, the
SHS technique has been proven to be very effi@@ut fast to provide multiphase products, mostly
consisting of the desired HEB phase (70 wt.% oh&igamounts), where a good mixing level between
the different elements is achieved.

Such outcome is found to highly promote the fororatf single phase (bi$Mog 2Tay 2Nbg 2Tip.2)B2
and (Hb2Mog 2Tap2Zro2Tio2)B2 during the subsequent SPS treatment at 1950°@n{2020 MPa). In
this regard, as mentioned in the Introduction, ¢basolidation of 20 min milled SHS powders was
found to guarantee the latter achievement, witloxides detected in the sintered ceraffic However,
the product density was only 92.5%, while the aftemade to improve it with the extension of the
milling time to 60 min, did not provide the expatteeneficial effect§l3].

The further analysis conducted in the present waoekidenced that the sintered
(Hfo.2M0og 2Ta 2Nbg 2Tig 2)B>, material obtained under the latter conditions amsd about 2.7 wt.%
oxides. The presence of even larger amounts of esxi(lp to 8.8 wt.%) is also found in
(Hfo.2Mog 2Tan 2Zro 2Tio 2)B2 product prepared according to the same processimg. In addition, the

relative density of the corresponding sintered damwas very low, i.e. about 87%igure 8).

13



Since no contaminants were detected in the matebi@ined after 20 min BNI6], this drawback
could be necessarily attributed to the prolongedharical treatment (60 min). This agrees with the
literature, since it is well recognized that baillimg of non-oxide ceramics typically leads to @en
contaminatior{1,21,22,24]. Nonetheless, such impurities were also foundntesed products obtained
from powders prepared by borothermal and boro-¢hdvmal reductiof7,8]

Irrespective of the reason for the presence ofmpurities in HEBs, their elimination/reduction
represents a crucial issue for achieving high clhetion levels by SPS. The results obtained in the
present work unequivocally testify that the introtion of small amounts of graphite (0.5 and 1 wtté6)
the SHS powders is enough to provide beneficiadot$f in terms of oxides removal and products
consolidation. In particular, the optimal conditifor minimizing HfO, contaminants and concurrently
achieving relative density values above 97% for hbofHfy Moo 2TayNbg 2Tip2)B, and
(Hfo.2Mog 2T 2Zro2Tio2)B2 sintered products is 1.0 wt.% C. On the other hawmlile a further
improvement in materials density was produced aithincrease of the additive to 3 wt.%, a relatively
large amount of residual graphite (2.6-2.8 wt.%)svi@und in the resulting ceramics. Moreover, no
further decrease in oxides content was obtainedprSingly, when the case of 10 wt.% C was
investigated for the (HEMoo 2Tap 2Nbo 2Tip 2)B2 system, the quantity of oxide contaminants in 3RS
product was comparable even to that observed iplegmwith no graphite. This aspect will be discdsse
later.

Let’s now examine the role played by graphite dytime SPS process. Firstly, such additive clearly
acts as a reactant in the carbothermal reductiaxides, which is likely the primary motivation ftire
decrease of these impurities and the simultaneopsovement of powder consolidation observed for
the cases of 0.5 and 1.0 wt.% C. On the other hahén larger amounts of graphite are used, the
relative density of the sintering product increaséh no additional beneficial effects in termsafides

removal.
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In this regard, to justify the enhanced densifmatobserved during SPS when 2 wt.% of graphite
was added to ZrBpowder,Zamora et al. [21] postulated the lubricating action of this additra¢her
than the carbothermal reduction of oxides. The tlaat oxides were still present in the sinterecdpod,
while graphite was found dispersed in the sinter@@mic, supported such explanation. As described
above, a different situation was observed in oudytwvhen considering 0.5 or 1 wt.% C. On the other
hand, similar outcomes to those describedZbgnora et al. [21] are encountered in the present work,
when the additive amount was further increased é8d) above all, 10.0 wt. %). Therefore, under the
latter conditions, graphite probably plays a ke @&s lubricating agent, thus inducing the improgem
of powder densification.

The effect produced by the addition of amorphoum @he range 0.0-10.0 wt.% on the sintering
behavior of ZrB powders synthesized by SHS was systematicallystigeged byMishra and Pathak
[20]. The observed densification improvement with araase of C content from 0.0 to 4.0 wt.% was
associated to oxides removal on the particles seyfahich consequently makes them more active. On
the other hand, the use of C in the range 4.0-1%wtas found to hinder powder consolidation. In
contrast with the latter result, only modest chanigeproduct density are observed in our studyhen t
range 3.0-10.0 wt.% CF(gure 3). This could be likely explained with the fact tlihe amorphous C
used byMishra and Pathak [20] is not able to provide the lubricating action oled with graphite. In
addition, the use of the SPS technique instead re§spreless sintering could also explain such
discrepancy. To explain the observed decreasimgl tof samples’ density in the range 4.0-10 wt.% C,
Mishra and Pathak [20] postulated that the excess of this additive beyoodrtain percentage hampers
the occurrence of mass transport phenomena whkeh gart during sintering. Such behavior is also
most likely responsible for the inhibition of oxgleemoval from the particles’ surface found in our
study. This might be related to agglomeration amtbmogeneous distribution of such an excess of

carbon additive in the HEB matrix, as seelfrigur e 4e.
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Another interesting finding is the change of crijdta size of the HEB phase as graphite is
progressively introduced in the powder mixturégres 2b and7b). A pronounced product refinement
is obtained when relatively small amounts of thditae are utilized (0.5-1 wt.%), while no or minor
changes are observed up to 3 wt.%. In contrastopfjposite outcome is seen when graphite was
increased from 3 to 10 wt.9%igure 2a). In this context, it is important to note thaé tturves reporting
the oxide contentHigur es 2a and7a) and the corresponding crystallite siEegures 2b and7b) follow
similar trends, for both HEB systems. In additidhe estimated average crystallite dimension in
additive-free (H§ Moo 2Tap 2Nbp 2Tip 2)B2 samples resulting from 20 min BM powders, whererides
impurities were detected by XRD, was relatively Beng869 A)[6] in comparison with that obtained in
this work. All these outcomes are consistent wité fact that the presence of oxides promotes grain
coarsening during the SPS process. This is alsgleement with the grain growth inhibition observed
by Mishra and Pathak [20] with the addition of C to ZrBpowders.

The systematic investigation conducted in this wallkwed us to identify the most convenient
graphite quantity, i.e. 1.0 wt.%, to be added ® S powders to guarantee the obtainment by SPS of
highly dense and homogeneous (oo 2Tap 2Nbo 2Tip 2)B2 and (H$ Moo 2Tag 2Nbp 2Tip 2) B2 ceramics,
basically consisting of the desired phases onlgedal, the use of higher additive amounts leads to
significant amounts of residual graphite in thetesi@d product. In this regard, high densificatienels
(99.3 %) were recently achieved &yid et al. [3] with the introduction of 3 wt.% graphite to a nuise
of individual borides for the fabrication of (5#Zro2Tay 2Nbg 2Tip2)B2 by flash SPS. However, the XRD
analysis indicated that small amount of a cubicbice phase was also formed, whereas SEM
investigation revealed the presence of residughgta in the product.

It is worth noting that the presence of graphitearbide phases might not be desirable for certain
high temperature applications, particularly wheneraging under harsh oxidizing environments.

Therefore, in these circumstances, the contenudf phases should be minimized. To this aim, the
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results obtained in this work clearly indicate that least when taking advantage of the SHS-SPS
method, very small amounts of graphite (1.0 wt.%naist) are sufficient to strongly remove oxides
contaminant and simultaneously improve product ignahile avoiding or significantly limiting the
presence of residual carbon in sintered HEBs.
Regarding the possible reactions responsible ®cttbothermal reduction of HiCthe following ones
could be assumed to take place during SPS:

HfO, + 2C-> Hf + 2CO (3)

HfO, + 3C—> HfC + 2CO 4)
From the thermodynamic viewpoint, the occurrencéhefreactions above is determined by the change
of their Gibbs’ free energyAG). The dependence AG (kJ) of Reaction (3) and Reaction (4) on the
absolute temperature (K) for the case eb+ 20 Pa, i.e. the vacuum condition used during SPS
experiments conducted in the present study, isngbyethe following expressionsAG);= 644 - 0.35T
and AG),= 393 - 0.35T, respectively. These values becongatie for temperature levels exceeding
1805 K (about 1532 °C) and 1126 K (853 °C) for Rieas (3) and (4), respectively. Therefore, the
occurrence of both reactions is possible at theéesig temperature adopted in this study, i.e.
Tp=1950°C. In addition, although Reaction (4) is fadfrom the thermodynamic point of view, the
fact that no carbide phases were detected in thétireg sintered samples, allows us to concludettiea

reduction of HfQ by graphite likely occurred according to Reaciighn
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4. Conclusions

Based on the results obtained in this work, fodusen the fabrication of high entropy

(Hfo,zMOo,zTGo,zNbo_zTio_z)Bz and (HB,QMOolzTaolzzrolzTi0,2)82 ceramics by SPS (1950°C/20 min/20

MPa) using 60 min ball milled SHS powders with éiffnt amounts of graphite, it is possible to draw

the following main conclusions.

1)

2)

3)

4)

5)

6)

Relatively low dense samples, up to 92.5 and 88e&pectively, consisting of the desired high
entropy phases with 2.7 and 8.8 wt.% oxide impesjtirespectively, are obtained when no
graphite was added to the SHS powders.

The introduction of small amounts of graphite (0.8-wt.%) markedly purifies the material,
with a significant reduction of the oxide contedbWn to 0.2 and 0.5 wt.%, respectively);
simultaneously, an enhancement of powder consaiuds attained, with relative densities
exceeding 97 % of their theoretical values.

As the graphite amount is further augmented, thesaldation level is still improved (above 98
and 99%) while no additional benefits are obtaireghrding oxides removal. In addition, under
such conditions, most of the graphite added tocStH& powder is included in the microstructure
of the SPS product.

The optimal amount of graphite needed to minimiziel® impurities for the fabrication of dense
(Hfp.2MO0g 2T &y 2Nbo 2Tip 2)B2 and (H 2M0g 2T & 2210 2Ti0.2)B2 is 1.0 wt.%.

A crystallite size refinement is observed as oxigiesprogressively removed, to indicate that the
presence of the latter ones accelerates grainerdagsduring the sintering process.

It is reasonable that graphite plays a doubleirotbe improvement of powder densification, i.e.
as a reactant in the carbothermal reduction of exxids well as a lubricating agent. The first
contribution is likely more significant when relatly small amounts of additive are used, i.e.

0.5-1.0 wt.% C, since a marked oxides removal rsespondingly obtained. On the other hand,
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the lubrication action of graphite becomes morevaht when larger amounts of this additive are
utilized.
The approach adopted in the present work, basdtleonse of the SHS-SPS route with the beneficial
contribution of small amounts of graphite as agditiis intended to be valid also for the fabricated

other high-entropy non oxides ceramics in bulk form
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Captionsfor figures

Figure 1. (a) XRD patterns and related Rietveld profiles lefo(oM0og 2Tap 2Nbo 2Tig.2)B2 bulk samples
obtained by SPS for all graphite amounts (wt.%)eadid the SHS powders. (b) Details of 0, 1 and 10
wt.% C patterns in th28 range 20-50°

Figure 2. Mass fractions (a) of different phases detectedHfy.M0g2Tay Nboy2Tip2)B, samples
obtained by SPS and (b) crystallite size of the HiBBse as a function of the graphite added (wtd%) t
the SHS powders.

Figure 3. Effect of graphite addition on the density of thHy(,Mog 2Tay sNbo 2Tip 2)B2 samples obtained
by SPS. The theoretical density values are deteanumsing a rule of mixture, by considering the
amount of graphite added to the SHS powders.

Figure 4. Cross sectional SEM micrographs and correspondils Eelemental maps of the
(Hfo.2Mog 2Tag 2Nbg 2Tio 2)B2 samples produced by SPS using different graphmeuats: a) 0 wt.%; b)
0.5 wt.%; c) 1 wt.%; d) 3 wt.%; and e) 10 wt.%.

Figure 5 XRD patterns of reactants and related product nbthiby SHS for the synthesis of
(Hfo.2Mo0o 2Ta0 2210 2Tio.2)B2 according to Eq. (2)

Figure 6. (a) XRD patterns and related Rietveld profiles lafo(tM0g 2Tap 2Zr0 2Tio 2)B2 bulk samples
obtained by SPS for all graphite amounts (wt.%)eadtb the SHS powders. (b) Details of 0, 1 and 3
wt.% C patterns in th2 range 20-50°

Figure 7. Mass fractions (a) of different phases detected(Hfy M0 2Tap 2Zr02Tio2)B2 samples
obtained by SPS and (b) crystallite size of the HiBBse as a function of the graphite added (wt%) t
the SHS powders.

Figure 8. Effect of graphite addition on the density of thH,Mo0g 2Tay 2Zro 2Ti0.2)B2 Samples obtained
by SPS. The theoretical density values are deteanusing a rule of mixture, by considering the

amount of graphite added to the SHS powders.
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Figure 9. Sample shrinkage curves relative to the fabricabgnSPS of (Hf:Moo 2Tay2Zro2Tio.2)B2
when starting from powder mixtures without and wiktie addition of graphite (1 and 3 wt.%). The
temperature profile is also reported.

Figure 10. Cross sectional SEM micrographs and correspondibfs Eelemental maps of the

(Hfo.2M0og 2Tay 2Zro 2Tio 2)B2 samples produced by SPS with (a) no graphite landl wt.% C.
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Figure 1. (a) XRD patterns and related Rietveld profiles lafo(aM0g 2Ta 2Nbg 2Tio 2)B2 bulk samples
obtained by SPS for all graphite amounts (wt.%)egdid the SHS powders. (b) Details of 0, 1 and 10

wt.% C patterns in th2 range 20-50°
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Figure 2. Mass fractions (a) of different phases detectedHfy,M0p2TapNby2Tio2)B2 samples
obtained by SPS and (b) crystallite size of the HiBBse as a function of the graphite added (wtd%) t

the SHS powders.
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Figure 3. Effect of graphite addition on the density of thH#y:Moo 2Tay 2Nbo 2Tio 2)B2 samples obtained
by SPS. The theoretical density values are deteanusing a rule of mixture, by considering the

amount of graphite added to the SHS powders.
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Figure 4. Cross sectional SEM micrographs and correspondis Eelemental maps of the
(Hfo.2M0g 2Tay 2Nbg 2Tio 2)B2, samples produced by SPS using different grapiniieuats: a) 0 wt.%; b)

0.5 wt.%; c) 1 wt.%; d) 3 wt.%; and e) 10 wt.%.
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Figure 5 XRD patterns of reactants and related product nbthiby SHS for the synthesis of

(Hfo.2Moo 2T g 2210 2Tio.2)B2 according to Eq. (2)
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Figure 6. (a) XRD patterns and related Rietveld profiles lafo(tM0g 2Tap 2Zr0 2Tio 2)B2 bulk samples
obtained by SPS for all graphite amounts (wt.%)eadtb the SHS powders. (b) Details of 0, 1 and 3

wt.% C patterns in th2 range 20-50°
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Figure 7. Mass fractions (a) of different phases detected(Hfy Moo 2Tap2Zr02Tio2)B2 Samples
obtained by SPS and (b) crystallite size of the HiBBse as a function of the graphite added (wtd%) t

the SHS powders.
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Figure 8. Effect of graphite addition on the density of thH#y(:Mo0g 2Tay 2210 2Ti0.2)B2 Samples obtained
by SPS. The theoretical density values are deteanusing a rule of mixture, by considering the

amount of graphite added to the SHS powders.
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Figure 9. Sample shrinkage curves relative to the fabricabgnSPS of (Hf:Moo 2Tay2Zro2Tio.2)B2
when starting from powder mixtures without and wiktie addition of graphite (1 and 3 wt.%). The

temperature profile is also reported.
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Figure 10. Cross sectional SEM micrographs and correspondif Elemental maps of the

(Hfp. Moo 2T &9 2Zr0 2Tip 2)B2 samples produced by SPS with (a) no graphite land wt.% C.
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