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Rapid synthesis of thermoelectric YB,,C,;N via spark plasma sintering

with gas/solid reaction technology
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Dense YB,,C,;N samples were directly synthesized from powder mixtures via reactive spark plasma sintering.
The gas/solid reaction step was applied to introduce nitrogen into the mixture during heating. The sample
reactively sintered at 1700°C for 10 min after the gas/solid reaction step at 1200 °C for 30 min consisted of
YB;,C,;N with small amounts of secondary phases. The thermoelectric behavior shifted toward n-type behavior
with increasing amount of YB,,C,N phase. This newly developed synthesis technique could facilitate the rapid
and cost-effective preparation of complex borocarbonitrides.

©2020 The Ceramic Society of Japan. All rights reserved.

Key-words : Boride, Thermoelectric, Spark plasma sintering, Reactive sintering, Gas/solid reaction, Nitridation

[Received November 19, 2019; Accepted January 23, 2020; Published online February 14, 2020]

The rare earth borides are a rich class of materials
exhibiting interesting structural and physical properties
such as superconductivity, magnetism, and thermoelec-
tricity, for example.”” The homologous series of rare
earth borocarbonitrides; RB;55CN, RB,,C,N, RB,55Cy
were found to exhibit unexpectedly strong magnetic
coupling for dilute magnetic insulators,'”>!") and inter-
esting two-dimensional (2D) spin glass-like behavior.!?-4
This series of compounds were also found to be the
long-awaited thermoelectric n-type counterpart to boron
carbide.!>"!7

Despite the attractive properties, the synthesis of these
compounds has always been noted to be difficult, neces-
sitating a complex and time consuming process (>9 steps;
>4 days) involving long-time sintering (>10h), typically
multiple re-sintering, crushing and washing process-
es.!01920) Densification of the material was also found
to be difficult, with initial spark plasma sintering (SPS)
experiments only yielding a maximum ~75% density.'®
Several sintering aids were found to lead to highly
densified samples, but these additives were found to be
detrimental to the thermoelectric properties.'??)

In this study, we report on the first attempt of direct
synthesis of complex borocarbonitrides through reactive
SPS with gas/solid reaction. A new synthesis method for
YB,,C,N from raw materials (except N) was developed to
shorten the synthesis time and to attain dense samples.

T Corresponding author: T. Mori; E-mail: MORI.Takao@
nims.go.jp
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In order to introduce nitrogen into the mixture and to help
the formation of the objective phase, gas/solid reaction
technology was used during the heating process. Such
in situ nitridation during SPS has already been reported for
titanium alloy-based composites,?! but to our knowledge,
this is the first example of direct nitride synthesis of
borocarbonitrides through reactive SPS.

Commercially available YB4 (99.9%, Japan New Metals
Co., Ltd.), amorphous B (99%, New Metals and Chem-
icals Co., Ltd.) and graphite (Sigma-Aldrich Co., Ltd.)
powders were used as the starting materials. The powders
were simply mixed under ethanol using an agate mortar
with the initial nominal composition; Y 73B2,C,, which
corresponds to the average refined composition in the
previous reports.!?!® After drying, the powder mixtures
were reactively sintered using an SPS machine (Dr. Sinter,
Fuji Denpa Koki Co., Ltd.), as shown in Fig. 1.

For sintering, the mixtures were poured into a 10 mm
diameter graphite die and pressed using graphite punches.
A graphite paper was used as a release agent for ejecting
the sample from the graphite die after sintering, and no BN
was used. The sintering was carried out in a two-step
process at the temperatures of T1 and T2. The mixtures
were heated up to T1 of 1100-1300°C in vacuum to
remove volatile gases and B,0O5 from surface oxidation of
amorphous B, and then kept for 0-60 min in reduced N,
gas atmosphere (—0.03 MPa) to introduce nitrogen into the
mixtures. After that, they were heated up to T2 of 1650—
1750°C, and then kept for 0-10min under a uniaxial
pressure of ~30 MPa.
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Fig. 1. The sintering schedule for synthesis of YB,,C,N by
reactive SPS.
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Fig. 2. The XRD patterns of the SPS1, SPS2 and SPS3 samples
prepared with different nitrogen treatment temperature (T1) by
reactive SPS.

The constituent phases of the sintered samples were
analyzed by X-ray diffraction (XRD, Smart lab 3, Rigaku)
with CuKa radiation. The lattice parameters and the ratio
of phases of the sintered samples were estimated by
FullProf and PowderCell software, respectively. The elec-
trical resistivities and Seebeck coefficients were evaluated
in the temperature range of 100-500 °C using the standard
4-probe measurement setup of the ZEM-2 instrument
(ADVANCE RIKO, Inc.).

Figure 2 shows the XRD patterns of the samples
prepared at 1700 °C for 10 min by reactive SPS with differ-
ent nitrogen treatment temperature (T1). The SPS1, SPS2
and SPS3 samples were kept at 1100, 1200 and 1300 °C
for 30 min in N, gas atmosphere during heating, respec-
tively. The YB,,C,N phase was successfully synthesized
when the samples were kept at 1200 or 1300 °C although
they contained some amount of secondary phases includ-
ing YB¢ and B4C. The result implies that the N, gas/solid
reaction is activated above 1200 °C.
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Fig. 3. The XRD patterns of the SPS4, SPS5, SPS2 and SPS6
samples prepared with different nitrogen treatment time (t1) by
reactive SPS.

The XRD pattern of the SPS3 sample showed a higher
amount of YB¢ than the SPS2 sample. The transition from
amorphous boron to crystalline «-rhombohedral boron
occurs above 1300°C.2» 1t is thus considered that the
reactivity among the YB, precursor, carbon and boron
decreased when the mixture was kept at 1300 °C due to the
transition of amorphous boron to crystalline boron, and
hence less YB,,CoN was formed. Furthermore, the reac-
tion rate is closely related to the surface area. Therefore,
the decrease of reactivity is also attributed to a decrease
of the surface area of particles due to particle growth with
increasing T1. Meanwhile, the formation of B4C is
attributed to not only the relatively low boron/carbon
ratio originated from boron loss by evaporation of B,03
occurred below T1,'? but also carbon diffusion activated
at high temperature during SPS due to its carbon-rich
atmosphere.

Figure 3 shows the XRD patterns of the samples pre-
pared at 1700 °C for 10 min by reactive SPS with different
nitrogen treatment time (t1). In order to investigate the
effect of the time on the gas/solid reaction, the SPS4,
SPS5, SPS2 and SPS6 samples were kept at T1 for 0,
10, 30 and 60 min (t1) in N, gas atmosphere during heat-
ing, respectively. Here, 1200 °C was selected for T1 with
considering the aforementioned results. When the mixture
was heated up to the sintering temperature without hold-
ing at T1, the XRD pattern of the sample (SPS4) mainly
exhibited strong peaks of YBg with very weak peaks of
YB,,C,N. The ratio of peaks of YB,,C,N to YBg in-
creased with increasing dwell time up to 30 min (SPS5 and
SPS2). The results indicate that the gas/solid reaction step
is beneficial for the synthesis of YB,,C,N. Meanwhile, a
dwell time exceeding 60 min (SPS6) at the gas/solid reac-
tion step does not benefit for the synthesis of YB,,C,oN.
Since the axial displacement of SPS6 sample continuously
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Table 1. Lattice parameters and measured densities of the SPS2
and SPS5 samples prepared by reactive SPS

a (A) o . 3
Sample (1A = 0.1nm) c (A) Density (g/cm”)
SPS2 5.606(8) 44.750(6) 2.55
SPS5 5.601(2) 44.772(2) 2.79

changed during the gas/solid reaction step for 60 min
although the nitrogen treatment was carried out at the
isothermal temperature (Fig. S1), it is assumed that the
deterioration is attributed to a reaction (or reactions)
accompanying a volume change between amorphous
boron and introduced nitrogen, which could be activated
by the long treatment. Therefore, 30 min was selected as t1
for the N, gas/solid reaction step.

The estimated lattice parameters and measured densities
of the SPS2 and SPS5 samples are given in the Table 1.
The lattice parameters are well matched to those of the
samples prepared at 1700 °C under 30 MPa by SPS in the
previous study.'” The measured densities of the samples
consolidated by reactive SPS were also comparable to
those of the samples prepared by conventional process
with sintering additives, YB4, YB,5(C), Si, SiC, Al and
TiC,'?9 even though no sintering additive available for
densification was used. Since additives can often be detri-
mental to thermoelectric properties,'”? it indicates that
reactive SPS has some advantages to densification of the
bulk samples compared to the conventional process. How-
ever, since the present process involves volume changes
attributed to several continuous reactions among starting
materials, various shrinkage rates of multiple constituent
phases and thermal expansion of graphite spacers, it is
difficult to discuss on the densification behavior clearly. To
investigate the reaction steps and densification behavior
occurred during reactive SPS with gas/solid reaction tech-
nology, further study is required.

Next, the effect of the sintering temperature T2 on the
reactive SPS for the synthesis of YB»,C,N was investi-
gated. The SPS7, SPS2 and SPS8 samples were kept at
1200°C for 30min in N, gas atmosphere before sub-
sequent heating, and then sintered at 1650, 1700 and
1750°C for 10min, respectively. All samples exhibited
peaks of YB,,C)N, as shown in Fig. 4. However, the
YB,,C,N phase was decomposed when it was sintered
above 1750 °C. Considering the densification during SPS,
1700 °C was selected as the temperature for the reactive
sintering.

To determine the optimal sintering time t2 for the reac-
tive SPS process, XRD measurements were carried out for
the SPS9, SPS10 and SPS2 samples after sintering at
1700 °C for 0, 5 and 10 min, respectively (Fig. 5). For the
SPS9 sample, which was heated up to 1700 °C and cooled
down immediately without holding after the gas/solid
reaction step, no peaks of YB,,C,N were identified. It
implies that the gas/solid reaction step only helps intro-
duce nitrogen into the mixture, and YB,,C,N is not syn-
thesized during that step. The formation of the YB,,C,N
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Fig. 4. The XRD patterns of the SPS7, SPS2 and SPS8 samples
prepared with different sintering temperature (T2) by reactive
SPS.
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Fig. 5. The XRD patterns of the SPS9, SPS10 and SPS2
samples prepared with different sintering time (t2) by reactive
SPS.

phase started when the sample was kept at 1700 °C for
S min. The amount of the YB,,C,N phase increased when
it was kept at 1700 °C for 10 min. Therefore, 10 min was
selected as t2, which is the dwell time for the preparation
of YB,,C)N by reactive SPS. Consequently, the SPS con-
dition for the SPS2 sample was determined as the optimal
condition for the synthesis of YB»,C,N via reactive SPS
with gas/solid reaction in this study.

Figure 6(a) shows the ratio of YB,,C,N, B4C and YBy
phases in the SPS2 and SPS5 samples. The result of quan-
titative analysis with approximation only considering these
3 phases seems to indicate that the SPS2 sample contains
more amount of YB,,C,N and less amounts of secondary
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Fig. 6. (a) The amount of YB,,C;N, B4C and YBg phases, (b) the electrical conductivities, (c) Seebeck
coefficients and (d) the power factors of the SPS2 and SPS5 samples.

phases compared to the SPS5 sample. The temperature
dependence of the thermoelectric properties of the SPS2
and SPS5 samples are plotted in Figs. 6(b)-6(d). As
shown in Fig. 6(b), both samples exhibit semiconducting
behavior in their electrical conductivities, which increase
with increasing temperature. The SPS2 sample exhibited
lower electrical conductivity values in all measured tem-
perature range compared to those of the SPS5 sample. The
lower electrical conductivity is attributed to less amount of
electrically conductive secondary phases, B4C and YBeg,
and its lower density.

The measured Seebeck coefficient values are shown in
Fig. 6(c). At 100 °C, the SPS5 sample exhibited a positive
value, whereas the SPS2 sample exhibited a negative
value. The SPS2 sample shows a general shift toward n-
type behavior over the whole temperature region. It indi-
cates that the thermoelectric behavior of the sintered
sample is changed from p-type to n-type with increasing
amount of YBy»C,N, which is known as an n-type
material.'>!9"1®) The Seebeck coefficient of SPS2 sample
was changed from negative to positive value between 100
and 300°C, and then increased with increasing temper-
ature. It is considered that the increase of positive Seebeck
coefficients with the temperature are attributed to the
presence of B4C.”"!723 Small amounts of B4C secondary
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phase have been previously shown to shift this type of
material from n-type behavior to p-type behavior.!>!7)
Figure 6(d) shows the temperature dependence of power
factors of each sample. The amount of B4C could be
reduced by controlling boron/carbon ratios in the synthe-
sis.!® Through developing an initial composition contain-
ing the optimal boron/carbon ratio and reducing the effect
of carbon-rich atmosphere with using BN as the release
agent instead of the graphite paper, improvements of the
absolute value of the negative Seebeck coefficient and
power factor are expected.

In this study, a new synthesis route for preparation of
polycrystalline YB,,C;N by reactive SPS was developed.
N; gas/solid reaction technology carried out at 1200 °C for
30 min during SPS effectively helped the formation of the
objective phase. The most homogeneous YB,,C,N was
synthesized when it was sintered at 1700 °C for 10 min
after the gas/solid reaction step, and it exhibited n-type
thermoelectric behavior at low temperature. Consequently,
by developing the present synthesis method, the total
process steps and the whole process time required to
synthesize YB,,C,N were dramatically shortened from >9
to only 3 steps, and from >4 days to only ~3h, respec-
tively. This new method is expected to open the door for
more effective synthesis of complex borocarbonitrides.
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