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Ceramic eutectics are naturally occurring in-situ composites
and can offer superior mechanical properties. Here, ZrB,—
ZrC,N;_, quasi-binary ceramic eutectic composites were
produced by arc-melting a mixture of ZrB,, ZrC, and ZrN
powders in an N, atmosphere. The arc-melted ZrB,—ZrC N, _,
composites containing 50 mol% of ZrB, (irrespective of the
ZrC/ZrN ratio) showed rod-like eutectic structures, where
ZrC,N; _, single-crystalline rods were dispersed in the ZrB,
single-crystalline matrices. Multiple orientation relationships
between the ZrC.N;_, rods and the ZrB, matrices were
observed, and one was determined as ZrB, {0110}//ZrC,N;_,
{111} and ZrB, <2110 > //ZrC,N;_, <101 > . The rod-like
eutectic composites had higher hardness than the hypo- and
hypereutectic composites and the 50ZrB,—40ZrC-10ZrN (mol%)
eutectic composite showed the highest Vickers hardness (H,) of
19 GPa.

I. Introduction

RB,, ZrC, and ZrN are members of a family of materials

known as ultra high-temperature ceramics (UHTCs).!
The melting temperatures of ZrB,, ZrC, and ZrN are about
3520, 3970, and 3170 K, respectively.”> Besides high melting
temperatures, the Zr-based compounds also offer an excel-
lent combination of chemical stability, high electrical and
thermal conductivities, low density, and high thermal shock
resistance.’> As naturally occurring in-situ composites, cera-
mic eutectics can combine the properties of two or more
components and possess superior mechanical properties,
such as higher wear resistance and better fracture toughness,
to the monolithic materials.®® Sorrel et al. reported a direc-
tionally solidified ZrB,—ZrC lamellar eutectic composite,
which showed higher hardness, higher fracture toughness,
and better wear resistance than the monolithic ZrB, and
ZrC.'° Chen et al. synthesized a LaB,~ZrB, rod-like eutectic
composite that exhibited higher hardness and fracture
toughness in comparison with the individual components of
LaB, and ZrB,.!" Hence, the ZrB,~ZrC—ZrN ceramic com-
posites could take the advantage of the physical and
mechanical properties of ZrB,, ZrC, and ZN, and would be
promising materials for reentry and hypersonic vehicles,
where resistance to corrosion, wear, and oxidation 1is
demanded.*

ZrB, has a hexagonal crystal structure, while ZrC and
ZrN share the same face-centered cubic crystal structures.'s
The ZrB,—ZrC and ZrB,—ZrN both are quasi-binary eutectic
systems, and the ZrC-ZrN is a complete solid solution sys-
tem of ZrC.N,_..!*'* Therefore, the ZrB,ZrC-ZrN is
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expected to be a quasi-binary eutectic system of ZrB,—
ZrC.N;_.. By now, however, no research has been reported
on the synthesis of ZrB,—ZrC,N;_, quasi-binary eutectic
composites. A similar ternary system, TiB,—TiC-TiN, has
been reported to be a quasi-binary eutectic system of TiB,—
TiCN,_,."”

Because of strong covalent bonding and low self-diffusion
coefficients of elements in the transition-metal borides, car-
bides and nitrides, synthesis of these transition-metal-based
ceramic composites with high density would require long
exposures to high temperatures.'® The melt-solidification pro-
cess was useful for consolidating high-melting-point materials
to produce fully dense composites.'>!” In addition, self-
assembled structures by eutectic reactions could improve the
mechanical properties of the constituent materials.”® In this
study, in-situ ZrB,~ZrC-ZrN composites were produced by
arc-melting a mixture of ZrB,, ZrC, and ZrN powders in an
N, atmosphere, and the microstructures, mechanical proper-
ties and crystal orientation relationships between phases of
the produced eutectic composites were investigated.

I1.

The starting materials used in this study were ZrB, powder
(C <0.50, O <1.50, N <0.50 (Wt%), 1.5-2.5 pm, Kojundo
Chemical Laboratory, Saitama, Japan), ZrC powder (95%,
2.5 pm, Kojundo Chemical Laboratory), and ZrN powder
(98%, Kojundo Chemical Laboratory). The compositions in
this study were expressed as nominal mole percentages of
Z1rB,, ZrC, and ZrN. The nominal compositions of the pre-
pared composites are shown in Fig. 1, in which each dot
corresponds to one nominal composition. The powders of
ZrB,, ZrC, and ZrN were ball-milled with ZrO, balls in a
small amount of ethanol, and ball-milled for 4 h in a poly-
ethylene bottle. The mixed powders were dried at 333 K for
12 h, and isostatically pressed into disks (10 mm in diame-
ter and 3 mm in thickness) under a pressure of 5 MPa. The
pressed powder disks were melted twice by an arc-melting
technique in an N, atmosphere at 80 kPa and solidified on
a water-cooled copper hearth. N, gas was introduced to
prevent the possible dissociation of ZrN during melting pro-
cess. The specimens were polished with a series of diamond
grits, with a final polish using a 1 um diamond slurry. The
crystallographic phases were examined using X-ray diffrac-
tion (XRD, Ultima IV; Rigaku, Tokyo, Japan) with CuKo
radiation. The microstructures of the composites were inves-
tigated by scanning electron microscopy (SEM, Hitachi: S-
3100H, Tokyo, Japan) at 10 kV and transmission electron
microscopy (TEM, EM-002B; TOPCON, Tokyo, Japan).
Electron probe microanalysis (EPMA) was carried out on
an electron probe microanalyzer with a TSL solutions cam-
era control system (JXA-8621MX, JEOL, Tokyo, Japan).
Vickers hardness was determined from 10 indentation mea-
surements. Crystal structure illustrations were produced
using the VESTA software (Tohoku University, Sendai,
Japan).'®

Experimental Procedure
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Fig. 1. Prepared nominal compositions (indicated by black dots) of
mixtures of the ZrB,, ZrC, and ZrN starting powders.
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Fig. 2. XRD pattern of the arc-melted 50ZrB,-30ZrC-20ZrN (mol%)
composite.

III. Results and Discussion

Figure 2 shows the XRD pattern of the arc-melted 50ZrB,—
30ZrC-20ZrN (mol%) composite. Reflection peaks relating to
ZrB, and ZrC,N;_, were observed, indicating that ZrC- and
ZrN-formed solid solutions of ZrC.N;_.. Based on XRD
results, only ZrB, and ZrC,N; 4 two phases were detected in
all the arc-melted composites, irrespective of the ZrC and ZrN
contents. Hence, the ZrB,—ZrC-ZrN was a quasi-binary sys-
tem, consisting of ZrB, and ZrC, N, _, two phases.

Figure 3 presents the secondary electron SEM micro-
graphs of the arc-melted ZrB,~ZrC-ZrN composites, in
which two phases are observed: the gray phase ZrC.N;_ .
and the black phase ZrB,. For the nominal composition of
30ZrB,-50ZrC-20ZrN  (mol%), the arc-melted ZrB,—
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ZrC,N;_, composite showed a hypoeutectic structure, com-
prising the dark-contrast ZrB, phase and the gray-contrast
primary ZrC.N;_, phase, as shown in Fig. 3(a). The com-
posite of 40ZrB,—40ZrC-20ZrN (mol%) had a labyrinth-like
eutectic structure [Fig. 3(b)]. With increasing ZrB, content,
elongated ZrB, formed as the primary phase as shown in
Figs. 3(c) and (d), and the two compositions of 60ZrB,—
20ZrC-20ZrN and 80ZrB,—10ZrC-10ZrN (mol%) were
hypereutectic. Rod-like eutectic structures were locally
observed in Figs. 3(a) and (c).

On the other hand, the composites with nominal composi-
tions of 50 mol% of ZrB,, irrespective of the ZrC/ZrN (C/N)
ratio, showed rod-like eutectic structures, where the gray
ZrCN;_, rods were uniformly dispersed in the black ZrB,
matrix, as shown in Fig. 4. As indicated by the dash-lined
hexagon in Fig. 4(a), the ZrC,N;_, rods are hexagonally
ordered. The diameter of the ZrC.N;_, rods slightly
increased with increasing C/N ratio. Since ZrC had higher
melting temperature (3970 K) than ZrN (3170 K), the melt-
ing temperature of ZrC . N;_, would be expected to increase
with increasing C/N ratio. Consequently, the crystal growth
rate of ZrC.N;_, would be affected, which could have
resulted in the larger diameter of the ZrC,N;_, rods. The
lattice parameter of ZrC (0.4691 nm) was larger than that of
ZrN (0.4600 nm),'>*° the lattice parameter of ZrC.N;_,.
would increase linearly with increasing C/N ratio. The
change in the lattice parameter of ZrC.N;_, could be
another factor associated with the change in the diameter of
the ZrC . N;_, rods. The area ratio of the gray ZrC,/N;_,
phase in Fig. 4(d) was about 43% [that for Figs. 4(a)—(c)
was 44%, 39%, and 42%, respectively], from which
ZrC,N;_, was estimated to be 48 mol% in the composite.
This mole percentage of ZrC,N;_, was lower than the total
mole percentages of ZrC and ZrN in the starting powders
(50 mol%). The discrepancy between the nominal eutectic
compositions and the compositions that yielded rod-like
eutectic structures was probably a consequence of
preferential vaporization of ZrN powder during arc-melting
process.

The most commonly observed growth morphologies of
eutectic composites were lamellae (alternating parallel plate-
lets of the two eutectic phases) and rods (fibers of one phase
distributed continuously in a matrix phase).”*** The ZrB,—
ZrN eutectic composite with a eutectic composition of
47.5ZrBy-52.5ZrNg o (mol%) showed a rod-like structure,'?
similar to the structures of the ZrB,-ZrC N,_, eutectic com-
posites in this study. However, the directionally solidified
ZrB,—7ZrC eutectic composite with a eutectic composition of
487ZrB,-527rCyo (mol%) was reported to have a lamellar
structure.?! Parisi et al. argued that the lamellar growth was
most stable at the eutectic composition, and the spatially
periodic structures were stable in a range of spacings, which
was limited by dynamical instabilities.>> A zigzag instability
(classical transverse phase diffusion instability) was consid-
ered to be the first instability to occur and lead to the
breakup of the lamellae into rods or labyrinth structures (de-
pending on the initial spacing and the volume fractions of
the eutectic phases).?? Liu et al. experimentally proved that
the lamellar-rod transition could occur over a range of com-
positions and the instability of a lamella was initiated locally
through the formation of a sinusoidal perturbation.”®* In
addition, the instabilities in adjacent lamellac were observed
to be out of phase, leading to the hexagonal arrangement of
the rods during the lamellar to rod transition.?® It could be
noted that the floating zone-melted 48ZrB,—52ZrCy o (mol%)
eutectic composite prepared by Sorrell et al. was not highly
lamellar and a lamellar to rod morphology transition could
occur as a consequence of different solidification condi-
tions.”! The formation of the hexagonally ordered ZrC N;_,
rods in this study could be caused by the lamellar to rod
transition (driven by the instabilities in adjacent lamellae) as
that observed by Liu et al. in the Au—Cu eutectic system.>?
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Fig. 3. SEM micrographs of the arc-melted ZrB,~ZrC-ZrN composites: (a) 30ZrB,~50ZrC-20ZrN, (b) 40ZrB,—40ZrC-20ZrN, (c) 60ZrB,—

20ZrC-20ZrN, (d) 80ZrBy-10ZrC-10ZrN (mol%).

The instabilities of eutectic growth would vary with solidifi-
cation parameters. For the intensively studied eutectic cera-
mic oxide system of Al,Os-ZrO,, a rod-like eutectic structure
was formed when prepared by a Bridgman technique,’* while
a lamellar eutectic structure occurred when produced by a
high velocity CO, laser melting technique.?

A backscattered electron SEM micrograph of the 50ZrB,—
30ZrC-20ZrN (mol%) composite with a rod-like eutectic
structure is presented in Fig. 5. There were two contrasts in
the micrograph, where the phase with bright contrast was
ZrCN;_, and the phase with dark contrast was ZrB,.
EPMA analysis further confirmed that the matrix was ZrB,
and the dispersoid was ZrC N, _ ..

Figure 6 presents a bright-field TEM image of the trans-
verse section of the ZrB,—ZrC,.N;_, rod-like eutectic struc-
ture (a), the corresponding selected-area electron diffraction
(SAED) patterns of the ZrC,N;_, rods (dark phase) (b) and
the ZrB, matrix (bright phase) (c). No grain boundaries were
observed neither in the ZrB, matrix nor in the ZrC N;_,
rods, implying that the ZrC,N;_, rods were single crystalline
and grown in a single-crystalline ZrB, matrix. The ZrC,N;_,
rods were hexagonally faceted and the rectilinear boundary
of the hexagonal facets corresponded to {211} planes
[Fig. 6(a)]. The diffraction patterns shown in Figs. 6(b) and
(c) were taken from a specimen at different tilt angles (with
several degrees difference). The zone axis of ZrC,N;_, [111]
was almost parallel to that of ZrB, [0001]. Sorrell et al.
reported that the interfacial orientation relationship in the
ZrB,-ZrC lamellar eutectic was ZrB, (0001)//ZrC (111).2" In
our unpublished work, an in-plane orientation relationship in

the arc-melted ZrB,—ZrN rod-like eutectic composite was
found to be ZrB, (0001)//ZrN (111). The crystal orientation
relationship of {111}//{0001} was very common between
cubic and hexagonal crystal structures because of the lattice
matching.'®?"?°% The deviation between the two zone axes
of ZrB, [0001] and ZrC,N;_, [111] might be caused by the
fluctuation of the eutectic growth conditions. No obvious
effect of the ZrC,N;_, composition on the crystal orientation
relationship between the ZrB, single-crystalline matrix and
the ZrCN;_, single-crystalline rods was observed. Figure 7
shows an illustration of the atomic alignment of the
ZrC N;_, {111} plane along ZrC.,N;_, <111> direction.
Since ZrC,N;_, had a NaCl-type structure, the Zr atoms on
the ZrC,N;_, {111} plane were hexagonally close packed
with the hexagonal facet corresponding to {211} plane. This
was in consistent with the hexagonally faceted structure of
ZrC N, _, rods shown in Fig. 6(a).

Figure 8 shows a bright-field TEM image of the longitudi-
nal section of the ZrB,~ZrC.N,_, rod-like eutectic structure
(a), the corresponding SAED patterns of the ZrC,N;_, rods
(b) and the interface region between the ZrB, matrix and the
ZrC.N;_, rods (c). The single-crystalline ZrC,N;_, rods
were aligned to the growth direction, about 8.5° to the [111]
direction. The zone axis of ZrC.N,_, [101] in Fig. 8(b) was
parallel to that of ZrB, [2110] in Fig. 8(c). In addition, the
ZrC.N;_, (111) was parallel to ZrB, (0220) as indicated in
Fig. 8(c). Therefore, the crystal orientation relationship
between the single-crystalline ZrB, matrix and the single-
crystalline ZrCyN;_, rods in the rod-like eutectic structure
was ZrB, {0110}//ZrC.N;_, {111} and ZrB, <2110 >//
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Fig. 4. SEM micrographs of the arc-melted ZrB,~ZrC-ZrN rod-like eutectic composites: (a) S0ZrB,~10ZrC—40ZrN, (b) 50ZrB,—25ZrC-25ZrN,

(c) 50ZrB>-30ZrC-20ZrN, (d) 50ZrB>-40ZrC-10ZrN (mol%).

Fig. 5. Backscattered electron SEM micrograph of the arc-melted
50ZrB,—30ZrC-20ZrN composite (mol%).

ZrC,N,_. <101 >. However, in the arc-melted TiB,—
TiC,N,_, rod-like eutectic structure, a different crystal orien-
tation relationship of TiB, <0001>//TiC,N;_, <I11> and
TiB, {1120}//TiC,N;_, {202} was observed between the
TiB, matrix and the TiC,N;_, rods.?® The crystal orientation
relationship between phases in the floating zone-melted
ZrB,~ZrC lamellar eutectic structure was ZrB, <1210 > //
ZrC <011 > and ZrB, {0001}//ZrC {111}, which was the
same as that found in the arc-melted TiB,~TiC,N,_, rod-like

eutectic structure.”’*® As shown in Fig. 8, the growth direc-
tion of the ZrC,N;_, rods was close to ZrC,N;_, [111] and
the angle between ZrB, [0001] and ZrC,N;_, [111] was about
20°. The eutectic growth direction shown in Fig. 8 was differ-
ent from that depicted in Fig. 6, where ZrB, [0001] was
almost parallel to ZrC.N;_, [111]. Therefore, there were
multiple crystal orientation relationships between the ZrB,
matrix and the ZrC,N;_, rods. Fig. 9(a) presents a bright-
field TEM image of the end of a ZrC,N, _, rod and Fig. 9(b)
depicts a high-resolution TEM image of the designated area
b in Fig. 9(a). The interface between ZrB, and ZrC,N;_,
was wavy and clean, and no impurity phases were observed.
The dependence of the Vickers hardness of the arc-melted
ZrBy~ZrC—ZrN composites on ZrB, content (ZrC/ZrN = 1:1)
is depicted in Fig. 10. The applied indentation loads were 2
and 5 N, respectively. The Hy increased first and then
decreased with increasing ZrB, content. It reached the maxi-
mum at ZrB, content of 50 mol%. The 50ZrB,-25ZrC-
25ZrN composite with a rod-like eutectic structure showed
the highest Hy value of 18.6 GPa (indentation load: 2 N).
The hardening effect could be attributed to the small grain
size of the rod-like eutectic structure. The hardness of 2 N
indentation was higher than that of 5 N indentation, but
they showed similar trend with increasing ZrB, content. The
Hy value of the ZrB,—ZrC,N;_, composites was lower than
that of a dense ZrB,~ZrC, composite (about 20 GPa at
indentation load of 5 N) produced by reactive hot-pressing,
because the grain sizes of the ZrB, and ZrC, were much
smaller (about 0.6 and 0.4 pm, respectively) than that of
ZrB, and ZrC,N,_, in this study.31 Another reason for the
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Fig. 6. Bright-field TEM image of the transverse section of the ZrB,~ZrC,N;_, rod-like eutectic structure (a); SAED pattern of the ZrC N;_.
rods (b); SAED pattern of the ZrB, matrix (c). The diffraction patterns shown in (b) and (c) were taken from a sample at different tilt angles

(with several degrees difference).
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Fig. 7. [Illustration of the atomic alignment of ZrC,N;_, {111}
lattice plane along ZrC,N;_, <111> direction.

discrepancy was that ZrB, and ZrC were reported to be
harder than ZrN.'>'332 The hardness of the directionally
solidified ZrB,—ZrC lamellar eutectics were reported to have
a maximum Knoop hardness of 24 GPa at an indentation
load of 4.9 N.'° The hardness of the ZrB,~ZrC lamellar
eutectics exhibited the classical Hall-Petch behavior with
interlamellar spacing in the range of 1.85 to 2.75 pm.'® How-
ever, it was difficult to compare Knoop hardness with Vick-
ers hardness due to the different propensities for cracking,
and different sensitivities to load and indenter geometry.*® A
concomitant increase in Vickers hardness with decreasing
microstructural scale, a near-linear relationship rather than a
traditional Hall-Petch relationship, was observed in a laser
irradiation-produced B4C-TiB, lamellar eutectic ceramic
composite, which reached a high Vickers hardness of 32 GPa
(indentation load: 9.81 N) at an interlamellar spacing of
0.18 pm.**

The Vickers hardness of the rod-like eutectic composites
with 50 mol% ZrB, increased slightly with increasing C/N
ratio as shown in Fig. 11. As mentioned above, the diame-
ter of the ZrC,N;_, rods slightly increased with increasing
C/N ratio. Classically, a decrease in Vickers hardness value
would be expected for larger grain sizes according to the
Hall-Petch equation.” The hardness of the ZrB, matrix
would not change with the ZrC,N;_, fractions. Thus, the
increase in hardness with composition was due to the
increase in hardness from the solid solution of ZrC./N;_.
phase. The hardness of ZrC.N;_, would increase Wlth the
x value since ZrC had a higher hardness than ZrN.'>'* The
evolution of the hardness of the rod-like eutectic composites
with 50 mol% ZrB, could be the result of two competing
mechanisms: the Hall-Petch relationship and rule-of-mix-
tures law, and generally followed a rule-of-mixtures type of
behavior.

Figure 12 shows the load dependence of the Vickers hard-
ness of the 50ZrB,-50ZrC,N;_, (the tested composite was
50ZrB,40ZrC-10ZrN) eutectic composite. At indentation
loads less than 10 N, the Vickers hardness was load depen-
dent and decreased linearly with increasing applied load. At
indentation loads greater than 10 N, the Vickers hardness
became constant with an abrupt transition to a constant
value about 15 GPa. Low indentation loads were associated
with deformation, whereas fracture was more prominent at
high indentation loads, in which the cracking might influence
the hardness of one material that had cracked.*® Similarly, a
plateau in the hardness—load curve was observed in the laser-
processed B4C-TiB, lamellar eutectic composite with an
interlamellar spacing of 0.35 pm.** The Vickers hardness—
load curves for typical brittle ceramics, such as Al,O3, Si3Ny,
and o-SiC, also exhibited a distinct transition to a plateau
hardness level that corresponded to a relationshlg among
hardness, Young’s modulus, and fracture toughness.*

IV. Conclusions

ZrB,~ZrC.N,_, quasi-binary eutectic composites were pre-
pared by arc-melting ZrB,, ZrC, and ZrN powders in an N,
astrosphere. The composites had only ZrB, and ZrCN;
two phases and showed a rod-like eutectic structure at a
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Fig. 8. Bright-field TEM image of the longitudinal section of the ZrB,~ZrC,N;_, rod-like eutectic structure (a); SAED pattern of the
ZrC,N,_, rods (b); SAED pattern of the interface region between the ZrB, matrix and the ZrC,N,_, rod (c).
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Fig. 12. Load dependence of the Vickers hardness of the 50ZrB,—
50ZrC,N;_, (mol%) composites.

nominal composition of 50 mol% of ZrB,, irrespective of the
ZrC/ZrN ratio. In the ZrB,~ZrC.N;_. rod-like eutectic
structures, single-crystalline ZrC,N;_, rods were grown in
single-crystalline ZrB, matrices. Of the two crystal orienta-
tion relationships observed between phases in the ZrB,—
ZrC,N,_, eutectic composites, one was determined as ZrB,
{0110}//ZrC,N;_, {111} and ZrB, <2110 > //ZtC.N;_,
<101 > . The Vickers hardness of the ZrB,—ZrC N;_, rod-
like eutectic composite was load dependant at low indenta-
tion loads (less than 10 N) and was higher than that of the
hypo- and hypereutectic composites. The 50ZrB,—40ZrC—
10ZrN (mol%) eutectic composite showed the highest Vick-
ers hardness of 19 GPa at an indentation load of 2 N.
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