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Polycrystalline rare-earth hexaborides (Nd;Gd1—,)Bg (z = 0, 0.2, 0.6, 0.8, 1) were prepared by the reactive spark
plasma sintering (SPS) method using mixed powder of GdH2, NdH2 and B. The effects of Nd doping on the crystal
structure, the grain orientation, the thermionic emission and the magnetic properties of the hexaboride were investigated
by X-ray diffraction, electron backscattered diffraction and magnetic measurements. It is found that all the samples
sintered by the SPS method exhibit high densities (> 95%) and high values of Vickers hardness (2319 kg/mm?). The
values are much higher than those obtained in the traditional method. With the increase of Nd content, the thermionic
emission current density increases from 11 to 16.30 A/cm? and the magnetic phase transition temperature increases
from 5.85 to 7.95 K. Thus, the SPS technique is a suitable method to synthesize the dense rare-earth hexaborides with

excellent properties.
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1. Introduction

Rare-earth hexaborides with simple cubic CaBg-
type structure have attracted great interest ow-
ing to their special electronic and magnetic prop-
erties. Among the rare-earth hexaboride families,
LaBg['~3las an electron source shows high brightness,
low vapor pressure and chemical stability at elevated
temperatures, and a favorable work function. Com-
pared with LaBg, CeBgl*® has a lower work func-
tion (2.5 eV), a lower operation temperature and a
higher electrical resistance, thus is a more suitable ma-
terial for the direct heating thermionic electron emit-
ter. The CeBg is a dense Kondo material and shows
heavy fermion behaviours.[ NdBgl? and GdBg®?!
are extensively studied due to the complicated mag-
netic transport properties. The NdBg orders in an A-
type antiferromagnetic structure below Ty ~ 8 K and
the GdBg has two magnetic phase-transition tempera-
tures. However, the thermionic emission properties of
NdBg and GdBg have been rarely reported in the liter-
ature so far. In addition, it is difficult to prepare high-
density polycrystalline bulks of NdBg['?! and GdBg"!
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by the traditional solid-phase sintering method, owing
to the powder characterization of the high plastic yield
stress. Therefore, there are great research prospects
for full densification of bulk NdBg and GdBg, espe-
cially for obtaining their excellent thermionic emission
or field emission properties.

It has been reported*? that the La element dop-
ing into PrBg and NdBg leads to a reduction of the
effective work function. Moreover, these substituted
multiple rare-earth hexaborides exhibit better emis-
sion performance than LaBg. Therefore, an appro-
priate doping of rare-earth element!'3~15lcan signifi-
cantly improve the emission property. Based on the
above studies, it can be inferred that full densification
and an appropriate doping of rare-earth element are
essential for obtaining the reproducible and improved
properties.

In the present work, the high density polycrys-
talline GdBg are fabricated by the spark plasma re-
active liquid phase sintering (SPS) method and the
Nd doping effects on structure, grain orientation,
thermionic emission and magnetic properties of GdBg
are investigated.
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2. Experiments

The NdHs and the GdHs nanopowders were pre-
pared in a mixed gas of hydrogen and argon using the
raw material neodymium (99.95% purity) and gadolin-
ium (99.9% purity). The amorphous boron (99.9%
purity, 10 pm), the NdHs and the GdHs nanopowders
with fixed molar ratios were mixed in an agate mortar.
Finally, the mixtures were placed into a graphite die
with inner diameter of 20 mm for liquid-phase SPS
processing using a sumimoto SPS-3.20MK-V sinter-
ing system. The following conditions were applied for
the SPS sintering: The axial mechanical pressure was
50 MPa, the heating rate was 110 °C/min, the sinter-
ing temperatures were 1450-1500 °C and the sintering
time was 5 min. The synthesis was based on the fol-
lowing chemical reaction:

aNdHs(s) + (1 — 2)GdHz(s) + 6B(s) —
Nd,Gd;_,Bg(s) + Ha(g). (1)

The phase and the compositions of the (Nd,Gd; _,)Bg
samples were examined by using X-ray diffraction
(CuK, radiation, Bruker D8) and X-ray fluores-
cence (XRF: Magix PW2403). The powder morpholo-
gies were characterized using the transmission elec-
tron microscopy (TEM: JEM-2010) and the electron
backscattered diffraction (EBSD). The latter inves-
tigation was carried out in an FEINANO 200 scan-
ning electron microscope incorporating an EDAX TSL
OIM5.2 system. The densities of all sintered bulks
were measured by using the Archimedes method and
then compared with their theoretical values. Charac-
terization of the electron emission properties was car-
ried out at the University of Electronic Science and
Technology of China. The emission area of the cath-
ode was 1 mm? in the thermionic emission measure-
ment. The Vickers hardness was measured by using a
MICROHARDNESS TESTER FM-700 under a load
of 5 N. The magnetic measurements were performed
by using a quantum design SQUID magnetometer in
the temperature range from 5 K to 300 K.

3. Results and discussion

3.1. TEM images of the NdH, and the
GdH; nanopowders

Figure 1 shows the TEM images of the NdHs and
the GdHy nanopowders fabricated by the arc plasma
method. The primary particles of NdHs and GdH,
have nearly spherical morphology with a diameter of

about 20 nm—30 nm, except for a small number of ag-
gregations. It is well known that the nanopowder is
featured with high diffusion coefficient, high surface
energy and low melting point, which are beneficial for
rare-earth reacting with boron to form hexaborides at
lower sintering temperature.

(b)

Fig. 1. TEM images of the NdH2 and the GdH2 nanopow-
ders. (a) NdHg, (b) GdHs.

3.2. Phase and crystal structure identi-
fication of the sintered sample

The XRD patterns of the polycrystalline
(Nd,Gd;_,)Bg bulks with different Nd contents are
presented in Fig. 2. It can be seen from Fig. 2(a) that
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Fig. 2. XRD patterns of (a) GdBg, (b) (NdzGd1_4)Bg
(x = 0, 0.2, 0.6, 0.8) prepared by the SPS method at
1500 °C under 50 MPa.
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all diffraction patterns can be assigned to a large GdBg
main phase combined with a GdB4 impurity phase
sintered at 1450 °C with P4/mbm symmetry. When
the sintering temperature increases up to 1500 °C, the
single phase GdBg is obtained without the GdB, im-
purity. This indicates that the reaction temperature
of B and Gd to form GdBg is 1500 °C under the sin-
tering pressure of 50 MPa. According to our previ-
ous investigations,['617] this reaction temperature is
higher than that of the fabrication of LaBg and CeBg
under the same sintering pressure. Figure 2(b) shows
the XRD patterns of the (Nd,Gd;_,)Bg (z =0, 0.2,
0.6, 0.8) sintered at 1500 °C under 50 MPa. The
XRD analysis shows that all sintered samples with

various neodymium dopings are in the single phase

with space group Pm-3m, which indicates that the
Nd atoms randomly substitute the Gd atoms. The re-
fined lattice parameters obtained by fitting the mea-
sured XRD patterns with standard structure models,
which was performed by using material studio 4.0, are
given in Table 1. It can be clearly seen that the Nd
doping leads to a lattice expansion, which is consis-
tent with the fact that the substitute ionic radius of
Nd** (0.99 A) is larger than that of Gd3t (0.94 A).
Storms!!? reported that the lattice parameters of hex-
aborides are related to the effective work function and
the larger the lattice constant is, the lower the effective
work function is. The chemical purities of all sintered
samples measured by XRF are above 99.9% as shown
in Table 1.

Table 1. The partial properties of sintered (Nd;Gd1—,)Be samples.

Lattice Relative Vickers
(NdzGel1—z)Bs Purity/% constant/A density /% hardness/kg-mm—2
GdBg 99.93 4.099 97. 5 2091
Gdo.sNdo.2Bs 99.93 4.113 96.1 2310
Gdo.4Ndo.6Bs 99.91 4.120 96.3 2285
Gdop.2Ndo.sBg 99.95 4.126 95.2 2319

3.3. Mechanical property of the sintered
sample

The relative densities of the (Nd,Gd;_,)Bg (z =
0, 0.2, 0.6, 0.8) bulks are shown in Table 1. It indicates
that the high relative density (> 95%) (Nd,Gd;_,)Bg
ceramics can be obtained by the SPS method. It
was reported that the relative densities of NdBg!!
and GdBg'! prepared by the traditional solid phase
hot-pressing method were about 68% and 80%, re-
spectively, indicating that the approach was ineffec-
tive for full densification. Therefore, the typical liquid
reactive SPS mechanism leads to a promoting con-
solidation procedure. When the sintering tempera-
ture is in the range of 729 °C—-883 °C, a dehydrogena-
tion reaction%17 occurs. The NdHs and the GdH,
form the Nd, Gd nanopowder and the Hy gas. When
the sintering temperature increases up to 1500 °C,
the liquid phase Nd and Gd soak and react with the
boron powder to form the single phase hexaboride (see
Fig. 2). The melting points of Nd and Gd are 1024 °C
and 1313 °C, respectively. Obviously, the emergence
of liquid phase promotes the sintering by enhancing
the rate of mass transport of solid phase boron and

inducing the grain rearrangement, which are benefi-
cial for improving the densification. Hence the liquid
reactive SPS in situ sintering method is superior to
the traditional hot-pressing method. The whole sin-
tering process can be summarized in the above men-
tioned chemical reaction formula. It can be also found
from Table 1 that the Vickers hardnesses of all sintered
bulks maintain higher values and the maximum value
reaches 2319 kg/mm?. This may result from the en-
hancement of the sample densification and the small

grain size, which is shown in Fig. 3.

3.4. Electron
analysis of the grain

backscatter diffraction

Figure 3 shows the EBSD orientation maps of pol-
ished (Nd;Gd;_,)Bg (z = 0, 0.6, 0.8) bulks. The
colors represent the crystallographic orientations ac-
cording to the inverse pole figure (IPF) shown in the
inset. The grain size is in the range from 2 to 5 pm,
except for a small quantity of large grains. This result
is consistent with the fracture surface observation of

the scanning electron microscope.
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Fig. 3. (colour online) The orientation maps for normal direction of bulk (Nd;Gd1—5)Bs. (a) z =0, (b) z = 0.6, (¢c) x = 0.8.
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Fig. 4. (colour online) The inverse pole figures of bulk (Nd;Gdi—,)B¢. (a) x =0, (b) x = 0.6, (c) z = 0.8.

Figure 4 shows the inverse pole figures, where the
color depth indicates the pole area density. It can
be seen that the GdBg is mainly composed of (111)
fiber texture, the Gdy 4Ndg.¢Bg is mainly composed
of (211) and (527) fiber texture and Gdg.2Ndg B¢ are
mainly composed of (210) fiber texture. According to
previous investigations,['$19 the work functions (&)
of hexaborides are related to their surfaces: the or-
der of & for different surfaces was @319y < D210y <
D100y < P10y < Pai1) < P211)- Therefore, it is
predicted that the bulk Gdy 2Ndg gBg with (210) fiber
texture will have superior emission properties.

3.5. Thermionic emission properties of
the (Nd,Gd;_,)Bs (x = 0, 0.2, 0.6,
0.8)

The thermionic emission current density of
(Nd;Gd;_,)Bgs (z = 0, 0.2, 0.6, 0.8) was measured
with voltages up to 1000 V at various cathode tem-
peratures (from 1673 K to 1873 K). The results are
shown in Fig. 5. It can be seen from Fig. 5(a) that
with the increase of the applied voltage, the emission
current density of GdBg at 1673 K increases and its

maximum value is 0.37 A/cm?. When the tempera-

ture increases to 1773 K and to 1873 K, the maxi-
mum values of the emission current density are 2.76
and 11 A/cm?, respectively. The measured emission
current density of the GdBg!'!] prepared with the tra-
ditional method is found to be only 0.00042 A /cm?
with the voltage of 1400 V at 1700 K, which is much
smaller than that obtained in this study. The in-
crease of the emission current should be attributed
to the high densification of the SPS sintering, which
improves the electron transport and leads to the re-
duction of the work function. Therefore, the improved
mechanical and emission properties of materials re-
sult from the enhancement of the densification of hex-
borides, which is expected. Figures 5(b)-5(d) show
the emission current densities of the (Nd,Gd;_,)Bg
with z = 0.2, 0.6 and 0.8. It can be seen that when the
Nd doping contents are 20 and 60 at%, there is an in-
creasing tendency in the emission current density and
the maximum emission current density increases from
11.15 A/em? to 11.45 A /em? at 1873 K. Furthermore,
when the doping content is 0.8, the maximum emission
current density increases to 16.30 A/cm? at 1873 K
and the maximum values at 1773 K and 1673 K are
also higher than those of other contents. This result
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is consistent with our prediction based on the EBSD.
Thus, it is concluded that the emission current density
of GdBg should be improved with the increase of the
doping content
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Fig. 5. The dependence of (Nd;Gd;_5;)Bg emission cur-
rent density on the doping content with voltages up to
1000 V at various cathode temperatures. (a) x = 0, (b)
z=0.2, (¢c) x=10.6, (d) x =0.8.

3.6. Magnetic properties of  the

(Ndedl_m)BG (.’D = 0.2, 06, ].)

The temperature dependence of the magnetiza-
tion of the (Nd,Gd;—_,)Bg bulks with z = 0.2, 0.6
and 1 measured with increasing and decreasing tem-
perature in a field of 20 mT is shown in Fig. 6. It
can be seen that the magnetic phase transition (from
antiferromagnetism to paramagnetism) of NdBg takes
place at about Ty = 7.95 K (Ty is the Néel tem-

(2]

perature). Same results ¥/ have been observed in a

single crystal NdBg with an A-type collinear antifer-
romagnetic structure below Ty = 8 K. The magnetic
phase transition temperature of the (Gdy4Ndg¢)Bg
bulk is about T = 5.85 K and the Néel temperature
of the (Gdy §Ndg.2)Bg bulk is lower than 5 K. Thus, we
can deduce that with the increase of the Nd content,
the magnetic phase transition temperature increases.
The increase of the Néel temperature should be at-
tributed to the enhancement of magnetic interactions
between Nd and Gd moments and between Nd and

Nd moments.[21]
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Fig. 6. Temperature dependence of the magnetization of
(Nd;Gd1—+)Bg with z = 0.2, 0.6, 1 measured in a field of
20 mT.

4. Conclusions

The high densified polycrystalline (Nd,Gd;_,)Bg
have been prepared by SPS in situ sintering the GdHs,
NdH; and B powder in an oxygen free system. The
typical liquid reactive SPS mechanism is useful to at-
tain the grain preferred orientation and the excellent
mechanical properties. The emission current density
of (Nd,Gd;—_,)Bg, which is much higher than that
obtained in the traditional method, increases linearly
with the increase of the Nd doping content. Further-
more, the magnetic phase transition temperature in-
creases with the increase of the Nd content. It can be
concluded that the SPS technique is a suitable method
for synthesizing high density rare-earth hexaborides
with excellent properties.
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