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Abstract. Ceramic eutectics are naturally occurringsitu composites and can offer
superior meehanical properties. Here, ZrErCiN; quasibinary ceramic eutectic
compositesswere produced by -@nelting a mixture of ZrB, ZrC and ZrN powders in an
N, atmosphere. The armelted ZrB—ZrC,N;1x composites containing 50 mol% of ZrB
(irrespective™of the ZrC/ZrN ratioshowed rodike eutectic structures, where ZiT;
singlecrystalline rods were dispersed in the Zr8nglecrystalline matricesMultiple
orientation _relationships between the 2G rods and the ZrBmatrices were obserde
and one.wasleterminedas ZrB, {0110}/ZrC N1 {111} and ZrB, < 2110 >//ZrCyN1
< 10I>+=The rodlike eutectic compositetiad higher hardness than the hypand
hypereutectic composites antiet 50ZrB—40ZrG-10ZrN (mol%) eutectic composite
showed thénighest Vickers hardnesll() of 19 GPa.
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1. Introduction

ZrB,, ZrC and ZrN are members of a family of materials known as ultra -high
temperatureceramics(UHTCs).' The melting temperatures of ZfBZrC andZrN are
about"3520K, 3970 K and 3170 Krespectively Besides high melting temperaturese t
Zr-based compounds also offer @&xcellent combination ofchemical stability, high
electrical and thermal conductivitidsw densityand highthermal shockesistancé™ As
naturally, occurringn-situ composites, @amic eutecticeancombine the propées of two
or more” components angossess superior mechanical properties, such as higher wear
resistanceé“and better fracture toughneste monolithic material$® Sorrelet al. reported
a directionally solidified ZrB—ZrC lamellar eutecticcomposite which showedhigher
hardnessyhigher fracture toughness, and better wear resigtandbe monolithic ZrB;
and Zr@*%Ghenet al. synthesized &aB,—ZrB; rod-like eutecticcompositethat exhibited
higher hardnesand fracture toughness in comparison with the individual components of
LaB, and ZrB." Hence theZrB,—ZrC—ZrN ceramic compositesoald take the advantage
of the physical and mechanical propertiglsZrB,, ZrC and ZN and would bgromising
materiab-for=re-entry and hypersonic vehiclew/here resistance to corrosion, wear and
oxidation is-demandet

ZrB; hasa hexagonal crystal structure, while ZrC and ZrN share the samedatzed
cubic crystal structures® The ZrB,—ZrC and ZrB—ZrN both are quasbinary eutectic
systems, and the Z#ZrN is a complete solid solution system of Z’G_.**** Therefore,
the ZrB—ZrC—ZrN is expected to be a qudsnary eutectic system of ZgBZrCsN,. By
now, howeverno research haseen reported on the synthesis of ZBrCxNi« quast
binary=eutectic composieA similar ternary systenTiB,—TiC-TiN, has beemeported to
be a quasbifiary eutectic system @iB,—TiCxNy."

Because of strong covalent bonding and-B®if diffusion coefficients of elementstine
transition metal boridescarbidesand nitrides,synthesisof these transition metdlased
ceramic.compositesith high density would requineng exposures to high temperatutes
The meltsolidification processvas useful for condamlating highhmelting-point materials to
produce fully dense composites’ In addition, selassembled structures by eutectic

reactiors could improve the mchanical properties of theonstituent materials® In this
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study,in-situ ZrB,—ZrC—ZrN composites were produced by -anelting a mixture of ZrB,
ZrC and ZrN powders in an Natmosphere, and the microstructures, mechanical properties
and crystal orientation relationships between phases of the produtaticcomposites

were investigated.

2. Experimental Procedure

The starting materials used in this study were fr@vder (C< 0.50, O < 1.50, N < 0.50
(Wt%), 4.5-2:5 um, Kojundo Chemical Laboratory, Japan), ZrC powder (95%,ut5
Kojundo "Chemical Laboratory, Japan), and ZrN powder (98%, Kojundo Chemical
Laboratory, Japan). The compositions in this study wexeressed as nominal mole
percentagesrof ZrB ZrC and ZrN.The nominalcompositions othe prepared composites
are shown=in Fig. 1, in which each dot corresponds tonaminal compositionThe
powdersof ZrB,, ZrC and ZrNwere balimilled with ZrO, balls in a small amount of
ethanol, and balnilled for 4 h in a polyethylene bottle. The mixed powders were dried at
333 K for 12 h, and isostatically pressed into disks (10 mm in diameter and 3 mm in
thickness)=under a pressure of 5 MPa. phessedowder disks were melted twice by an
arcmelting.technique in an Natmosphere at 80 kPa and solidified on a weteled
copper hearth. Ngas was introduced to prevent the possible dissociafiaifN during
melting_process. The specingewere polished witla series of diamond grits, with a final
polish using al xm diamond slurry. The crystallographic phases were examined using X
ray diffraction (XRD, Ultima IV, Rigaku, Japan) with Cu Ka radiation. The microstructures
of the compeosites were investigated lmarming electron microscopy (SEM, Hitachi S
3100HyJapan) at 10vkandtransmission electron microscopy (TEEM-002B, TOPCON,
Tokyo, Japan). Ectronprobe microanalysis (EPMAyascarried out on an electron probe
microanalyzer with & SL solutionscamera control system (JX8621MX, JEOL, Japan).
Vickers hardness was determined from 10 indentation memasuts Crystal structure

illustfationswereproduced using the VESTA softwalfe.

3. Results and Discussion
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Figure 2 shows the XRD patterof the aremelted 50ZrB—30ZrC-20ZrN (mol%)
composite. Reflection peakslating toZrB, and ZrGNix were observedindicatingthat
ZrC and ZrN formed solidolutiors of ZrC,N1. Based on XRD results, all the othenc
meltedcomposites comprisedrB; and ZrGN; two phasesirrespective of the ZrC and
ZrN contentsHence, he ZrB,—ZrC-ZrN was a quasbinary system, consisting @B
and ZrGN; x two phases.

Figure 3preserns the secondary electron SEM micrographs oftieeneltedZrB ,—ZrC—
ZrN composites, in which two phasae observedhe grayphase ZrGN;x and theblack
phase ZrB. For the nominalcompositionof 30ZrB,—50ZrC-20ZrN (mol%) the arc
melted ZrB,—ZrC,N1x compositeshowed a hypoeutectic structucmmprisng the dark-
contrastZrBzphase ad the grayeontrast primanZrCyN;x phaseas showrin Fig. 3(a).
The compesite o#0ZrB,—40ZrC-20ZrN (mol%) had a labyrinthlike eutectic structure
(Fig. 3(b)). With increasing ZrB content, elongated ZgBformedasthe primary phase as
shown In Figs.3(c) and (d), and the two compositions of 60£B0ZrC-20ZrN and
80ZrB,=10ZrC-10ZrN (mol%) were hypereutecticRodlike eutectic structuresvere
locally-observed in Figs.(8) and (c).

On the_other handthe compositesvith nominal compositiosiof 50 mol% of ZrB,
irrespective of th&rC/ZrN (C/N) ratio,showedrod-like eutectic structures, where the gray
ZrCyN1 rods were uniformly dispersed in the black ZmBatrix, asshownin Fig. 4. As
indicated by the dash-lined hexagon in Fig. 4fe9,ZrGN, rods are hexagonally ordered.
The diameter of the Zr®l;« rods slightly increasedith increasing C/N ratioSinceZrC
had highersmelting temperatu(@970 K)than ZrN (3170 K), the melting temperature of
ZrCyNasemwould be expected to increase with increasing C/N r&mnsequently, he
crystal growth rate oZrC,N;x would beaffected which could have resulted in the larger
diameter ofthe ZrCxNi« rods.The lattice parameter of ZrC (0.4691 nm) was larger than
that of ZrN (0.4600 nnp®>?° the lattce parameter arC,N;_ would increase linearly with
increasing C/N ratioThe change ofhe lattice parameter oZrC«N;« could be another
factor associated witthhe change of the diametertbe ZrCyN, 4 rods.The area ratio of the
gray ZrC«Ni phase in Fig4 (d) was about 3% (that for Figs4 (a), (b) and (¢ was44%,
3% and 2%, respectively) from which ZrGN;x was estimated to be84mol% in the
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composite. This molpercentagef ZrC«N,_x waslower than the total mole percentages of
ZrC and ZrNin the starting powderssQ moP6). The discrepancy between the nominal
eutectic compositions and the compositions that yieldedike eutectic structures was
probably“a“consequence of preferential vaporization of goWder duringarcmelting
proces$’

The most commonly observed growth morphologieseafectic composites were
lamellag, (alternating parallel platelets of the two eutectic phases) and rods (fibers of one
phase distributed continuously in a matrix phd$&)The ZrB,—ZrN eutectic composite
with a eUté€tic composition of 47.5Z#B52.5ZrN, ¢ (Mol%) showed a rotike structure®?
similar to the structures of the Z¥ErC«N.x eutectic composites in thigudy. However,
the direetionally solidified ZrB-ZrC eutectic composite with a eutectic composition of
487rB,=52ZfC, o (Mol%) was reported to have a lamellar structirendreaet al. argued
that the lamellar growth was most stable at the eutectic composition, and the spatially
periodic structure were stable inrange of spacings, which was limited by dynamical
instabilities?’ /A zigzag instability (classical transverse phdifeusion instability) was
considered-to be the first instability to occur and lead to the brezkiye lamellae into
rods or labyrinth structures (depending on the initial spacing and the volaoteris of
the eutectic phase®).Liu et al. experimentally proved that lameHeod transition could
occur aver a range of compositions and the instability of a lamella initiated ltwallygh
the formation of a sinusoidal perturbatdnin addition, he instabilities in adjacent
lamellae were observed to be out of phase, leading to the hexagonal arrangement of the
rods duringsthe lamellaio-rod transitim.?® It could be noted that the floating zsmeted
48ZrBy=52ZrCy o (Mol%) eutectic composite prepared by Sorgtllal. was not highly
lamellar and a lamellaio-rod morphology transition could occur as a consequence of
different solidification condition' The formation of the hexagonally ordered 2XG.
rods in the_current study could be caused by thellarto-rod transition (driven by the
instabilities in adjacent lamellae) as that observed byetial. in the Au-Cu eutectic
systent” The instabilities of eutectic growth would vary with solidification paremse For

the intensively studied eutectic ceramic oxide system eDAZrO,, a rodlke eutectic
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structure formed when prepared by a Bridgman techrfftiuehile a lamellar eutectic
structure occurred when produced by a high velocity l@&er melting techniqu@.

A backscattered electron SEM micrograph of the 5QZ8BZrC-20ZrN (mol%)
composite'with a rodike eutectic structure is presented in FgThere were two contrasts
in the micrograph, wherthe phase with bright contrast was 4G« and the phaswith
dark contrastvas ZrB.. EPMA analysis further confirmed that the matrix was ZaBd the
dispersoid was ZriNj .

Figure 6 presents a brigHteld TEM image of the transverse section of hd,—
ZrCyN, rodHlike eutectic structuréa), the corresponding selected asdactron diffraction
(SAED) patterns of th&rCyN« rods (dark phase) (b) and tdeB, matrix (bright phase)
(c). No graintboundaries wasbserved neither in th&rB, matrix nor in theZrCyN1 rods,
implying=thatthe ZrCyN;« rodswere singlecrystallineand grown in ainglecrystalline
ZrB, matrix. The ZrGN;« rodswere hexagonally faceted and the rectilinear boundary of
the hexagonal facets corresponded 241} planes (Fig. 6a)). The diffraction patterns
shown in Figs6(b) and (c) were taken from a specimen at different tilt angles (with several
degrees-difference) he zone axis 0ZrCyNi4 [111] was almost parallel to that @fB.,
[0001]. Sorrellet al. reported that the interfacial orientation relationshipheZrB,-ZrC
lamellar eutectic was ZeB(0001)/ZrC (111)** In our unpublished work, an -plane
orientation relationship in the ameltedZrB,-ZrN roddike eutectic composite was found
to beZrB, (0001)/ZrN (111). The crystal orientation relationship of {111}//{0001} was
very common between cubic and hexagonal crystal structures because of lattitegnhtc
21,2630 Thedeviaion between the two zone axesZoB, [0001] andZrC,N1, [111] might
be caused=by the fluctuation of the eutectic growth conditidnsobviouseffect of the
ZrCyN15 composition onthe crystal orientation relationship between &, single-
crystallinematrix and the Zr¢N;« singlecrystalline rods was observelig. 7 shows an
illustration_ofsthe atomic alignment of tl&C,N; {111} plane alongZrCyN;« < 111 >
direction. SinceZrCyN;.x hada NaCkHtype structure, the Zr atoms on the 2Ngx {111}
plane were hexagonally clopacked with the hexagonal facet corresponding to {211}
plane. This was in consistent with the hexagonally faceted structuzeCgN; rods
shown in Fig. ).
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Figure 8shows a brighfield TEM image of the longitudinal section of th&B,—
ZrCyN1 rod-like eutectic structuréa), the correspondin@AED patterns of the&ZrCyN1
rods (b) and thénterface region betweedhe ZrB, matrix andthe ZrCyN1 « rods(c). The
singlecrystallineZrC,N;x rods werealigned to the growth directipmbout 8.5 degrees to
the [L11] direction.The zone axis oZrC,N1x [101] in Fig. 8 (b) was parallel to that of
ZrB, [2110].in Fig. 8(c). In addition, theZrCyN1x (111) was parallel t&rB, (0220) as
indicated in Fig.8(c). Therefore, therystal orientation relationship betwedre single-
crystalline ZrB, matrix and thesinglecrystalline ZrCyN, rodsin the rod{ike eutectic
structurewas ZrB, {0110}/ZrCyN1« {111} and ZrB, < 2110 >//ZrCyN1 4 < 101 >.
However, in the arenelted TiB—TICxN;« roddike eutectic structure, a different crystal
orientation relationship of TiB< 0001 >//TiCxN1x < 111 > and TiB, {1120}/ TiCxN1_

« {202} was observed between the TiBnatrix and theTiCyNi rods?® The crystal
orientation_relationship between phsse the floating zonemelted ZrB—ZrC lamellar
eutecticistructure wagrB, < 1210 >//ZrC < 011 > and ZrB, {0001} // ZrC {111},
which-was the same as that found in the-maeited TiB-TiCxNix roddike eutectic
structure**® As shown in Fig8, the growth directiorof the ZrC,N1 rods was close to
ZrCyN1x [111] and he angle between ZpB[0001] andZrCNi4 [111] was about 20
degreesThe eutectic growth directioshownin Fig. 8was different fronthatdepicted in
Fig. 6, whereZrB, [0001] wasalmost paallel to ZrCiN1x [111]. Therefore there were
multiple‘erystal orientation relationshsetween theZrB, matrix and the Zr¢N; « rods.
Fig. 9a) presents drightfield TEM image of the end of arC«N1x rod and Fig. 9(b)
depictsa highresolution TEM image of the designated area b in $g). The interface
between ZrB andZrC,N,_x waswavy and clean, and no impuriprasse wereobserved.

The dependence dahe Vickers hardness of ttecmelted ZrB,—ZrC—ZrN composites
onZrB; content(ZrC/ZrN=1:1)is depiced in Fig.10. The applied indentation loadgre?2
N and 5=N, respectively. Thdy increasedirst and then decreasenith increasingZrB.
content It reached the maximum AtB, content of 50 mol%. The ZWB,—25ZrC-25ZrN
compositewith a rodlike eutectic structure showed the highest value of 18.6 GPa

(indentation load: 2 N). The hardening effect could be attributed to the small g&iof si
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the rodlike eutectic structurelhe hardness of 2 N indentation was higher than thatNof 5
indentation, but they showed similar trend with increa&iri§), content.The Hy value of

the ZrB,—ZrCyN1x composites was lower than that of a dedsB,—ZrCx composite
(about'20"GPa at indentation load of 5 N) produced by reactivpréssing because the
grain sizefithe ZrB, and ZrG were much smallefabout 0.6 and 0.4m, respectively)
than that oZrB, and ZrGN 1 in this study** Another reason for the discrepancy was that
ZrB, and ZrC wereeported to be harder than Zt&** **The hardness of the directionally
solidified ZrB»-ZrC lamellar eutectics were reported to havmaximum Knoop hardness
of 24 GPa"at an indentation load of A9** The hardness of th&rB,-ZrC lamellar
eutecticsexhibited the classical HalRetch behavior with interlamellar spacing in the range
of 1.85x0=2:7%m.** However,it was difficult to compare Knoop hardness with Vickers
hardness+due to the different propensities for cracking and different sensitividad end
indenter geometry® A concomitant increase in Vickers hardness with decreasing
microstructural scale, a nelmear relationship rather than a traditional HBEtch
relationship, 'was observed in a laser irradiation producgd-TBB, lamellar eutectic
ceramic=composite, which reachedigh Vickers hardness of 32 GPa (indentation load:
9.81 N) at.afinterlamellar spacing of 048.%

The Vickers hardness of the rbkle eutecticcomposites with 50 mol% ZeBincreased
slightly with increasing C/N ratio as shown in Fig. 11. As mentioned above, the diameter of
the ZrGNi rodsdlightly increased with increasing C/N ratio. Classically, a decrease in
Vickers hardness value would bepected for larger grain sizes according to the-Fetth
equation:>The hardness of thérB, matrix would not change with tH&rC,N . fractions.
Thusgthesinerease in hardness with composition was due to the increase in hardness from
the solid solution oZrC,N14 phase. The hardness &fC,N1 would increase with thg
value since ZrC had a higher hardness than’ZiThe evolution ofthe hardness ofhe
roddike euteetic composites with 50 mol% ZrBould be the result of two competing
mechanisms: the HaRetch relationship and rutg-mixtures law, and generally followed a
rule-of-mixtures type of behavior.

Fig. 12shows he lbad dependence of the Vickers hardness ob@eB,—50ZrCN 1«

(the tested composite wa8ZrB,—40ZrC—-10ZrN)eutecticcomposite At indentation load
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less thanl0 N, the Vickers hardness was leddpendent and decreased linearly with
increasing appliedoad. At indentation loaxigreater thanlO N, the Vickers hardness
became constant with an abrupt transition to a constant value about 15 GPa. Low
indentation loadsvere associated with deformation, whereas fractuas more prominent

at high' indentationdads in which thecracking night influence the hrdness of one
material that hadracked® Similarly, a plateau in the hardndssd curve was observed in

the laser processed,B-TiB, lamellar eutectic composite with an interlamellar spacing of
0.35.m¢® The Vickershardnessiead curves fotypical brittle ceramics, such as ADs,

SisN4 anda-SiC, also exhibited a distinct transition to a plateau hardness lahel

corresponded to a relationship among hardness, Young’s modulus and fracture totighness.

4. Conclusions

ZrB,=ZrC«N;1« quasibinary eutectic composites were prepared bynaetting ZrBy,
ZrC and-ZrN=powders in anJ\strosphere. The composites consisted of Al ZrGN ;-
x two phases‘'and showed a4ldet eutectic structure at a nominal composition of 50 mol%
of ZrB,, irrespective of the ZrC/ZrN ratio. In the ZrBZrC,N;x roddike eutectic
structures, singlerystalline ZrGN; rods were grown in singlerystalline ZrB matrices.
Of the two crystal orientation relationships obserfgetiveen phases in the ZFEZrC,N1
eutectic. compositesone was determined asZrB, {0110}/ZrCyN; {111} and ZrB;
< 21101ZrC\N1« < 101 >. The Vickers hardness of th&rB,—ZrCyN; roddike
eutecticcompositewas loaddependant at low indentation loads (less than 1@nd)was
higher than that othe hype and hypereutectic composites. The 50Z#80ZrC—10ZrN
(mol%) eutectic composite showed the highest Vickers hardness of 19 &@Pan

indentation.lead of 2 N.
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Figure captions

Fig. 1 Prepared nominal compositions (indicated by black dots) of mixtures ofBhe Zr

ZrC and ZrNstarting powders

Fig. 2 XRD, pattern of the arc-melted 502r80ZrC—20ZrN(mol%) composite

Fig. 3 SEM micrographs of the amelted ZrB—ZrC-ZrN composites: (a)30ZrB,—
50ZrC-20ZrN, (b) 40ZrB—40ZrC-20ZrN|c) 60ZrB,—20ZrC—-20ZrN|(d) 80ZrB,—10ZrC—-
10ZrN (mol%)

Fig. 4 SEM micrographs of the aroelted ZrB—ZrC-ZrN rodike eutectic composites: (a)
50ZrB,#10ZrC-40ZrN, (b) 50ZrB-25ZrC-25ZrN, (c) 50ZrB,—30ZrC-20ZrN, (d)

50ZrB;—40ZrC-410ZrN (mol%)

Fig. 5 Backscattered electron SEM micrograph of theraetted 50ZrB—-30ZrC—-20ZrN

composite(mol%)

Fig. 6 Bright-field TEM image of the transverse section of the ZBCyNi rod-like
eutectic structure (a); SAED pattern of theZo€,N 1 rods (b);SAED patten of the ZrB
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matrix (c) The diffraction patterns shown in (b) and (c) were taken from a sample at

different tilt anglegwith several degrees difference)

Fig. 7MMlustration of the atomic alignment of ZxN, {111} lattice planealongZrCyN_x

< 111 > direction

Fig. 8 Bright-field TEM image of the longitudinal section of the ZFBrC,Ni roddike
eutectigrstructure (a); SAED pattern of theZwC,N1 rods (b); SAED pattern of the

interface region between the ZrBatrix and the Zr¢N; rod (c)

Fig. 9 (a)brightfield TEM image of the end of &rCxN .4 rod; highresolution TEM image

of the designated area b in (a)

Fig. 10 Dependence of the Vickers hardness of thenattedZrB,—ZrC-ZrN composites

on ZrB» content (ZrC/ZrN=1:1lindentation loads: 2 N and 5 N, respectively)
Fig. 11 Dependence of the Vickers hardness of the S50BM@rCNix (mol%)
composites on C/N ratio (indentation load: 2 the inset of Fig. 11 showing the topw

of an indentation impression 00BrB,—40ZrC-10ZrN (mol%) composite)

Fig. 12/ Load dependence of the Vickers hardness of the 58B®ZrC/N1 (mol%)

composites
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