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Plate-like ZrB, grains were synthesized at 1550°C by in situ
solid/liquid reaction using Zr and B powders mixed with transi-
tion metal (Mo, Nb, Ti, or W) and Si powder. The preferred
growth direction of plate grains was along a- or b-axis depend-
ing on the initial content of transition metal and silicon in the
mixtures. The synthesis mechanism of plate-like grain was
possibly related to the catalysis of in situ formed silicides.

I. Introduction

WING to the high melting point, high Young’s modulus,

as well as the good oxidation resistance, transition dib-
oride ZrB, has been considered as the candidate material for
high-speed aircrafts and re-entry vehicles.! To date, many
articles have been published to describe the synthesis, micro-
structure, physical and mechanical properties, and ablation
behavior of dense ZrB,-based composites.”® Especially, ZrB,
—SiC composites have the promising application as the nose
and thermal protective cladding downside the re-entry vehi-
cles. These series of composites possess good oxidation resis-
tance, ablation resistance, and interesting high-temperature
strength.° However, due to the intrinsic brittleness of ceramic
composites, their toughness is in a range of 3-6 MPa-m'/?,
which is not high enough to show the high reliability during
application. Recently, Zou et al.'® confirmed that plate-like
ZrB, grains could be formed in the dense ZrB,—SiC compos-
ite with addition of WC. These plate-like grains can deflect
the crack path and enhance the fracture surface energy, as
well as blunting the crack tip.? Therefore, the fracture tough-
ness of composites can be increased. In addition, using the
strong magnetic field alignment (SMFA) method, the tex-
tured ZrB, and ZrB,-SiC composite could be well prepared
and exhibited the anisotropic physical and mechanical prop-
erties along a- or b- and c-axes directions.!" Most recently,
Hu et al.'? used the plate-like NbsAIC;, one of MAX phases,
to fabricate a composite showing the surprising high flexural
strength above 1 GPa and fracture toughness above
18 MPa-m'/%. This result was attributed to the orderly align-
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ment of NbsAIC; grains in the final synthesized ceramic. The
question is whether we can prepare the plate-like ZrB, pow-
der and then tailor the microstructure using the SMFA
method to obtain improved physical and mechanical proper-
ties. The most important obstacle is how to synthesize the
plate-like ZrB, grains.

In previous investigation, Wu ef al.'> found that the rod-
like ZrB, grains appeared in the Zr-B-Mo-Si system when
sintered above 1550°C. She found that the ZrB, grains
displayed preferential growth vertical to the c-axis, resulting
in elongated and rod-like grains dispersed throughout the
fabricated ZrB,~MoSi, composite. In this study, we systemi-
cally investigated the effect of Mo and Si content on the fab-
rication of plate-like ZrB, particles. In addition, other kinds
of transition metals, such as Nb, Ti, and W, were also con-
firmed to accelerate the plate-like growth of ZrB, grain.

II. Experimental Procedure

Commercial powders of Zr (99%, 45 um) (Kojundo Chemi-
cal Lab. Co., Ltd, Saitama Prefecture, Japan), amorphous B
(99%, 1 um) (ABCR GmbH & Co. KG, Karlsruhe,
Germany), Mo (99%, 1.5 pm) (Furuuchi Chemical Co., Ltd,
Tsukuba, Japan), and Si (99%, 9.9 um) (Yamayishi Metal
Co. Ltd., Tokyo, Japan) were used to fabricate the ZrB,
powder. Designed initial element compositions are listed in
Table 1. The mass of zirconium, boron, silicon, and molyb-
denum powders was weighed by a balance with an accuracy
of 10 mg. The weighed powders were mixed by dry ball mill-
ing in a rotary milling mode. The milling media was Si;Ny
balls with a diameter of 3 mm. The milling speed was
50 rpm and the milling time was 12 h. After separating the
mixture and balls, the mixed powder was put into a graphite
crucible and heat-treated in flowing argon at 1550°C for
30 min. The heating rate was 20°C/min. The as-prepared
powder was examined by an X-ray diffraction (XRD) ana-
lyzer (JDX-3500; JEOL Ltd, Tokyo, Japan) with CuKa radi-
ation and a scanning electron microscope (SEM) (JSM-6500;
JEOL Ltd) equipped with an energy dispersive spectroscopy
(EDS) system. The formed MoSi, probably catalyzed the
growth of plate-like ZrB, grains, and the optimized composi-
tion was sample 5.

To deeply investigate the catalysis behavior of transition
metal silicide, several kinds of transition metal powders, such
as Mn (99%, 10 um) (Kojundo Chemical Lab. Co., Ltd), Nb
(99%, 45 pm) (Kojundo Chemical Lab. Co., Ltd), Ni (99%,
0.2 um) (Shoei Shokai Co., Ltd, Tokyo, Japan), Ti (99%,
20 pm) (American Elements, Los Angeles, CA), and W
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Table I. Initial Element Compositions for Preparing ZrB,

Grains

Sample no. Zr (g) B (g) Mo (g) Si (g)
1 15.25 3.59 0 0

2 15.25 3.59 0.94 0

3 15.25 3.59 0.98 0.8
4 15.25 3.59 1.03 1.8
5 15.25 3.59 1.10 3.08
6 15.25 3.59 1.18 4.79
7 15.25 3.59 0.66 3.08
8 15.25 3.59 0.22 3.08
9 15.25 3.59 0 3.08

(99%, 1 pm) (Furuuchi Chemical Co., Ltd) powders, were
used to replace Mo. The optimized composition was similar
to sample 5.

III. Results and Discussion

The experimental results showed that without the additive of
molybdenum and silicon (sample 1), the synthesized grains
agglomerated seriously and was not possible to be separated
independently (not shown for brevity). All of the grains were
equiaxed. Interestingly, it was found that some powders were
ejected and adhered onto the wall of furnace chamber. This
phenomenon was due to the high energly of the self-propaga-
tion high-temperature synthesis (SHS).™ The quick reaction
between zirconium and boron induced the rapid thermal dif-
fusion and gas generation, resulting in the ejection. In addi-
tion, when sintering the sample 6, the plate-like ZrB, grains
distributed homogeneously in the obtained powder. Figure 1
shows the SEM morphologies of as-obtained ZrB, particles.
It is seen that all of the grains have the plate-like microstruc-
ture. The mean grain size is 4.1 pm wide and 1.0 um thick.
Especially, the hexagonal crystallized grains indicate the
growing mode. The surface energy on the (000/) planes is
higher in comparison with other planes.'™'> For ZrB,, the
low activation energy diffusion path is along <210> and
<110> directions.'® Therefore, the ZrB, grains grow very well
along a- or b-axis. Figure 2(a) shows the layer-by-layer
growth of ZrB, grain. Through this mode, the small grains
could coarsen and coalesce. To understand the growing
mechanism, the ZrB, grains were analyzed by EDS and
XRD. In EDS analysis, it was confirmed that except the
peaks of Zr-L and B-K, the typical peaks of Mo-L and Si—
K exist. In addition, the XRD spectrum displays the sharp
peaks of main ZrB, phase [Fig. 2(b)], indicating the good
crystallization. Only a few amount of MoSi, and B-SiC were
formed owing to the reactions between molybdenum and sili-

Fig. 1. Scanning electron microscope (SEM) photograph of
synthesized plate-like ZrB, grains from the sample 6.
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Fig. 2. (a) SEM micrograph of single growing ZrB, grain and (b)
X-ray diffraction (XRD) pattern of as-obtained ZrB, powder.

con, as well as the silicon and graphite. Here, the reducing
environment is due to the graphite crucible. In addition, sili-
con was detected in the powder. It is concluded that the for-
mation of plate-like grain is associated with the existence of
molybdenum, silicon, or MoSi,. Based on the reference
intensity ratio (RIR) method,'¢ the estimated weight fraction
of ZrB, is 91.1%, as shown in Table II.

To clearly distinguish the effects of molybdenum and sili-
con, a series of mixture powders were prepared and sintered.
First, the silicon content was modified as the samples 2-5. It
was found that increasing the silicon content, the ZrB, grains
were prone to become plate-like and only when the initial
composition was the sample 5, the plate-like grains could
develop well, as shown in Fig. 3(a). Furthermore, by XRD
analysis, it was confirmed that silicon could not be found in
the sintered sample [Fig. 4(a)]. The weight fraction of ZrB, is
95.4%. It is known that the melting point of silicon is 1410°
C and the boiling point is 2355°C. As mentioned above, self-
propagation reaction occurred during the sintering process.
Although the accurate temperature was unknown during
SHS, Fang et al.'” reported that the highest temperature
should be above 2300°C in the SHSed Zr-B system. The cal-
culated adiabatic temperature during SHS was 3051°C, which
was much higher than the boiling point of silicon (2355°C).'®
Therefore, the silicon in present sample was possible to evap-
orate during the SHS process or reacted with Mo to form
MoSi,. Second, the mixture powders were prepared as the
samples 7-9 and heat-treated up to 1550°C. The result indi-
cated that increasing molybdenum content, the morphology
of ZrB, changed from equiaxed to plate-like. When the ini-
tial composition was the sample 7, nearly all of the grains
were plate-like. It is concluded that enough additive of sili-
con and molybdenum is necessary to synthesize the plate-like
ZrB, powder. In the final sample, as there is no residual
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Table II. Calculated Phase Compositions in the Prepared Powders Based on RIR Method
Phase weight fraction (wt%) ZrB, MoSi, B-SiC Si NbSi, ZrC ZrSi, WSi,
Mo additive (Sample 6) 91.1 4.6 0.7 3.6
Mo additive (Sample 5) 95.4 3.1 1.5
Nb additive 94.5 1.5 1.7 2.3
Ti additive 78.4 3.8 11.7 6.1
W additive 93.1 1.2 1.2 4.5

SIS

Fig. 3. SEM photographs of synthesized plate-like ZrB, grains with the same sample 5 composition: (a) Mo additive, (b) Nb additive,
(c) Ti additive, and (d) W additive. The figures are at different magnifications.
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Fig. 4. X-ray diffraction (XRD) patterns of ZrB, powders
synthesized at 1550°C with the same sample 5 composition: (a) Mo
additive, (b) Nb additive, (c) Ti additive, and (d) W additive.

silicon or molybdenum, the only factor affecting the growth
of ZrB, grains is MoSi,. That is, the in situ-formed MoSi,
probably imposes the catalysis effect on the growth of ZrB,

grains. This result is in agreement with former studies on the
ZrB,—-MoSi, system.13

When using Mn, Nb, Ni, Ti, and W to replace Mo, it was
confirmed that except Mn and Ni, the addition of Nb, Ti,
and W contributed to the growth of plate-like ZrB, grains,
as shown in Figs. 3(b)-(d). The hexagonal-shaped grains dis-
tribute randomly in the powder. Respectively, the mean grain
sizes are 2.1, 3.2, and 3.7 pm wide and 0.6, 0.9, and 0.9 pm
thick in the Zr-B-Nb-Si, Zr-B-Ti-Si, and Zr-B-W-Si
systems. Figures 4(b)—(d) show the XRD spectra of as-fabri-
cated plate-like ZrB, grains. Apart from B-SiC and ZrSi,
which were observed in all the samples, NbSi, and WSi,
were, respectively, found in the powders fabricated from Zr—
B-Nb-Si and Zr-B-W-Si systems. However, in the powder
synthesized from Zr-B-Ti-Si system, the impurities are
B-SiC, ZrC, and ZrSi,. No TiSi, phase could be detected. It
has been reported that the reaction between TiSi, and ZrB,
could form ZrSi, and TiB, at 1650°C.'"° It can be possible
that during the heat treatment at 1550°C, all of the TiSi, has
been completely consumed. The calculated ZrB, weight frac-
tions in the obtained powders from Zr-B-Nb-Si, Zr—B-Ti—
Si, and Zr-B-W-Si systems are 94.5%, 78.4%, and 93.1%,
respectively (Table II). The less ZrB, content in the Zr-B-Ti
—Si system is probably due to the serious C diffusion based
on the formation of ZrC. In addition, in the same system, it
is seen that all of the diffraction peaks of ZrB, diffract to
higher angles indicating possible formation of solid solution.
Owing to the smaller atomic radius of Ti (0.147 nm) than
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that of Zr (0.162 nm), the crystal structure of ZrB, contracts
a little.?® All of the formed TiB, dissolved into ZrB, grains
to form (Zr, Ti)B, solid solution.

IV. Conclusions

In summary, the plate-like ZrB, grains were successfully fab-
ricated by in situ reaction between zirconium and boron with
the additive of silicon and transition metal. In present
research, Mo, Nb, Ti, and W were confirmed to accelerate
the growth of plate-like ZrB,. The formed silicides probably
catalyzed the preferred growth of ZrB, grains along a- or
b-axis by decreasing the surface energy.
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