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ABSTRACT

Nuclear power industry requires structural materials that effectively absorb neutron radiation. For this purpose, boron and
boron-rich compounds and, in particular, boron carbide B,C and its composites are widely used. Both theoretically and exper-
imentally it has been shown that one such promising class of materials is boron carbide compositions with tungsten B,C-W:
tungsten phase inclusions containing heavy W atoms provide effective attenuation of the secondary gamma-radiation that
accompany the absorption of primary neutrons by the boron '“B isotope atoms. In this work, the composites with multilayer
morphologies — W/B,C/W, W/B,C/W,B,, W B,/B,C/W B, etc. — in which boron carbide layers alternate with metallic tung-
sten and/or tungsten pentaboride ones, are produced and investigated. Surface metallization of boron carbide crystals or grains
with tungsten powder, plate or coating is done by SPS (Spark-Plasma Sintering) and also by standard thermal sintering. SEM
(Scanning Electron Microscopy) structural-morphological, XRD (X-Ray Diffraction) phase- and EDS (Energy Dispersive
Spectrometry) chemical-compositions analysis of the obtained samples establishes that transition layers of W B, are formed on
the B,C—W interfaces, which ensures component-layers strong bonding.
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INTRODUCTION

For structural materials effectively absorbing neu-
tron radiation, nuclear power industry widely uses
boron-rich compounds and composites, in particular,
boron carbide B,C and its composites with metals
and other ceramics. Experimentally [1-5] and theo-
retically [6-9] it has been demonstrated that one of
such promising class of materials is boron carbide
compositions with tungsten B,C-W. Tungsten and/
or tungsten compounds phases, which contain heavy
W atoms, provide effective attenuation of the second-
ary gamma-radiation that accompany the absorption
of primary neutrons by the boron '°B isotope nuclei.
Composites with (poly-sandwich or multilayer mor-
phologies — W/B,C/W, W/B,C/W_B,, W B./B,C/
W,B,, etc. — in which boron carbide layers alternate
with metallic tungsten and/or tungsten boride ones,
were produced and investigated.

As known, tungsten- and boron-based thin films,
including B,C, as well as tungsten carbide WC and
boride WB,, display very high hardness [10]. To
expand the superior room-temperature mechanical
properties of tungsten foils, the W-containing me-
tallic laminate composites were fabricated [11]. The
effect of neutron irradiation on W foil could be in-
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vestigated to determine their resulting DBTT (Duc-
tile-to-Brittle Transition Temperature) shift. Physical
properties, processing techniques, and applications
of high-operating temperature (> 1200 °C) materi-
als with multi-layered ceramic/carbon, ceramic, and
metal structures were highlighted in [12]. They may
have a graceful failure mode and higher toughness as
compared to particle-reinforced ceramic composites
and, as multi-layered shields, provide better efficacy
than single-layered ones. Work [13] aimed to describe
the development of an online platform to calculate
(in the energy range of 0.015—15 MeV) the 36 GSPs
(Gamma Shielding Parameters), which are required to
investigate the materials gamma-ray shielding.

The influence of interface roughness on the re-
flectivity of B,C~W multilayers varying with bi-layer
number N was specially investigated [14]. For such
multilayers, fabricated by the DC (Direct Current)
magnetron sputtering method, with the same design
period thickness of 2.5 nm, a real-structure model
was used to calculate the reflectivity variations with
N =50, 100, 150 and 200 bi-layers. Their reflectivity
and scattering intensity measured by the XRD (X-Ray
Diffraction) indicate that reflectivity is a function of N
and interface roughness slightly increases from layer
to layer in process of multilayer growth.
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Coating different types of surfaces with metal-
lic tungsten is used in several modern technologies.
In particular, tungsten layer can be obtained [15] by
tungsten oxide WO, layer formation using the spin
coating to reduce it to a-W phase in a hydrogen at-
mosphere at 600—800 °C. With the aid of chemical
vapor transport of WO,(OH),, surface morphology is
transformed into rod-like, star-shaped cracking, flo-
rets, irregularly fibrous structures and, finally, spher-
ical tungsten particles. Usually, semiconductors are
coated with a thin layer of tungsten, which is mainly
carried out by the CVD (Chemical Vapor Deposition)
method, where SiH,, H, and WF, are used as precur-
sors, and the vacuum chamber is maintained at pres-
sures of about 20 to 760 Torr to improve the tungsten
deposition rate [16]. Tungsten thin film was deposit-
ed on Si(100) substrate by using the LPCVD (Low
Pressure CVD) technique [17, 18] also using WF, and
SiH, as source and W-reducing gases, respectively.

Pure-W metallic films are often deposited not only
by CVD, but also by PVD (Physical Vapor Depo-
sition), by sputtering or evaporation. To avoid the
chemical or physical methods drawback of using ex-
pensive high-vacuum instrumentation, metallic tung-
sten in form of thin film was reduced [19] from the
water-soluble W—IPA (Inorganic Peroxopolytungstic
Acid) composite powder prepared by dissolving met-
al tungsten in hydrogen peroxide and evaporating
the residual solvent. Commonly, metallic tungsten
deposition technologies on metal substrates applies
[20] aluminum Al, copper Cu and titanium Ti. Depo-
sition by ALD (Atomic Layer Deposition) and PNL
(Pulsed Nucleation Layer) techniques may also be
used to form tungsten nucleation layers. In industri-
al conditions, the evolution of the reduction process
of tungsten blue oxides ultrafine powder to tungsten
thin films under a counter-current flow of hydrogen
is described [21] by the following scheme: WO, ,, —
— WO, , - WO, — W. It was developed [22] the
HWALD (Hot Wire-Assisted ALD) to form W with
its filament heated up to 1700-2000 °C in the flow of
atomic hydrogen H generated by the dissociation of
molecular hydrogen H,, which reacted with WF, at
the substrate to deposit.

One of the practical and cheap methods is that me-
tallic tungsten is coated on the ceramic material us-
ing [23] the chemical solution deposition to fabricate
such films on the inner surface of alumina tubules.
This technique involves the preparation of tungsten
oxide layers from PTA (PeroxoTungstic Acid) pre-
cursor solution and their subsequent reduction to
tungsten in the presence of hydrogen. The suitability
of using W-matrix coating materials supersaturated
with B for stainless steel substrates was tested [24]

and all the W-B coated (including W-13 % B and
W-23 % B) materials are found to be nearly an order
of magnitude more resistant to material loss through
corrosion—wear compared to uncoated substrates.

As for the boron carbide-metal B,C-Me,
Me = Mo, W, Ni, etc., sandwich structures in gener-
al, they can be obtained by the boron carbide ceramic
metallization method [25], which comprises the fol-
lowing steps:

e mixing the metals powder, for example, 10—
40 wt.% of Mo, W and Ni, according to their weights
ratio, carrying out ball milling, and sieving through
300-mesh sieve;

e preparing paste by mixing the metal powder ob-
tained in the Step 1 with 5 wt.% ethylcellulose solu-
tion according to weight ratio of (100-120):30;

e printing the metalized paste obtained in the Step
2 on the 20-30 pum thick boron carbide ceramic part,
needing to be metalized, and drying it; and

e metalizing by putting the boron carbide ceram-
ic part dried in the Step 3 into a sintering furnace,
introducing hydrogen, keeping the temperature at
1650-1680 °C for 30-35 min, keeping the dew point
at 0—10 °C, and cooling along with the furnace.

The formed Mo—W-Ni proportioned metalized
layer alloy material to have thermal expansion close
to that of B,C. Then, the bonding strength is high, the
metalized stress is small, and due to the sub-pum metal
network structure, the metal is not prone to falling off
after being brazed.

A method of synthesizing B,C coatings of metal
substrates by using RF (Radio Frequency) plasma
source with an external magnetic field is described
in [26]. The nanohardness of coated steel surfaces is
found in the range of 14.0-16.6 GPa and the B,C coat-
ings with 1.73-3.89-times higher hardness than un-
coated (bare) steels serving as targets. This technique
seems useful also for B,C-coating of W substrates.

In this work, composites with multilayer mor-
phologies — W/B,C/W, W/B,C/W_B,, W B/B,C/
W,B,, etc. — in which boron carbide B,C layers
alternate with metallic tungsten W and/or tungsten
pentaboride W B, ones, are produced and investigat-
ed. The surface metallization of boron carbide crys-
tals or grains with tungsten (a) powder, (b) plate or
(¢) coating (formed by peroxpolytungstic acid aque-
ous solution treatment at 600 °C in hydrogen flow)
is done by SPS (Spark-Plasma Sintering) at tempera-
ture of 1300—1700 °C and pressure of 20—40 MPa for
6—10 min. Such layered composites are also obtained
by standard thermal sintering (at temperature of
1300-1500 °C in argon atmosphere or vacuum) of the
components bonded with organic compounds aque-
ous solutions containing 0.5—1.0 % boric acid. SEM
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Figure 1. B,C/W composite sandwich-like structures fabricated from tungsten plate and boron carbide powder: raw (a) monosandwich,
(b) polysandwich and (c¢) its sections, and (d) sandwich-like structure produced by SPS at 1500 °C

(Scanning Electron Microscopy) structural-morpho-
logical, XRD phase- and EDS (Energy Dispersive
Spectrometry) chemical-compositions analysis of ob-
tained samples has established that transition layers
of W_B, are formed on the B,C/W interfaces ensuring
the strong component-layers bonding.

OBTAINING OF RAW SANDWICH-
LIKE STRUCTURES

We have developed some new methods for obtain-
ing the raw B,C/W sandwich-like structures. As
a tungsten source, tungsten powder and plate are
used. Initial tungsten powder is obtained by dis-
solving tungsten scrap in 15-25 % solution of hy-
drogen peroxide. PTA is obtained by filtering and
drying the solution. By its reducing with hydrogen
at 500-600 °C for 4 h, it is obtained the tungsten
powder. Both commercial boron carbide and tung-
sten pentaboride powders, and boron carbide ma-
trix ceramic powders previously synthesized by au-
thors from available inexpensive reagents, are used
to prepare these sandwiches.

Here is described the synthesis method for
PTA. 5.0 g of tungsten powder is slowly dissolved
in 40 ml of 20-25 % H,O,. The H,O, solution is
added to the tungsten powder in 3 portions during
2 h (Note: The reaction is very exothermic!). Then,
15 ml of hydrogen peroxide solution is added to the
reaction mixture again and stirred at room tempera-
ture for 5 h. The solution is left for 12 h and then fil-
tered. A yellowish transparent solution is obtained.
Excess H,O, is decomposed using a platinum spi-
ral and the solution is evaporated under vacuum.
An orange crystalline substance containing 85.4 %
tungsten oxide WO, is obtained. The sample is
heated at 600 °C for 4 h.

As for other liquid-charge chemical synthesis
methods that also are used here, they are described
elsewhere [27-31]. These methods, previously de-
veloped for multi-component B,C-matrix ceramics
containing W compounds, have been modified for the
purpose of obtaining B,C-W layered composites.
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The manufacturing technology of B,C-W layered
composite and corresponding (poly)sandwiches is il-
lustrated in Figure 1. First, a paste of boron carbide is
prepared using ethylcellulose 1 % solution for binding
material, which also contains 0.5-1.0 % boric acid.
Tungsten plate discs and B,C wet (partially dried)
powder are then placed alternately in the press-form.
After pressing (at 5-10 atm) of the composite, the raw
product is dried at room temperature and further pro-
cessed by SPS at temperature of 1300-1700 °C and
pressure of 20-40 MPa for 6-10 min. The thickness
of the plates and the neutron absorbing material layers
placed between them, as well as the total number of
layers are variable.

The powder filling placed between the plates
can be composite, consisting of several compo-
nents. For example, it can be enriched with bo-
ron, tungsten, tungsten borides, etc. Some of the
sandwiches we made contain 10-30 wt.% W and
W _B.. Figures 2-4 show diffrectograms of initial
powders. In the boron carbide commercial pow-
der diffractogram, there are visible 3 intense B,C
peaks at 20 = 23.5, 34.8 and 37.7°. In addition,
there are also detected the traces of B,.C, C ,BO,
and C BO, phases. Diffractogram of mixture of
boron carbide and tungsten powders shows only 2
of 5 known peaks of W (40.4, 58.4, 73.3, 86.9 and
100.8°): 20 = 40.4 and 58.4°. In addition to B,C and
W phases, there are also detected the traces of WB,,
W.0,,, WO, and WO,. Peaks of W B, phase visible
in the diffractogram of mixture of boron carbide
and tungsten pentaboride powders are placed at
20 =25.5,35.3,39.9 and 52.7°. In this case, besides
main components B,C and W_B,, there is detected a
number of trace phases: W, WB,, WB,, WC, WO,,
W.0,, WO, W0, 6 WO,and C BO,.

By a similar method, sandwich composites can
be obtained from tungsten and boron carbide pow-
der pastes. In this case, the tungsten powder paste is
placed in the mold and pressed with a punch so that
the paste does not come out. Then they are added with
wet powder of the neutron absorbing (composite) ma-




NEUTRON SHIELD MATERIALS BASED ON BORON CARBIDE-TUNGSTEN MULTILAYER COMPOSITES

2384

7000 | i ﬂ

6000

h
=
=
=

=+=—i 3.7948
25712

Intensity, imp/s
o
=
=
=

tad
=
=
=

Y
2000 SR

1.7612

30818
418703

=401
N 8084 T
5179

1000 T T

" 12,3048

Sy

T S L N N 5. L.

b=
4
7
I

0 A TN ot eV g a /i X ; \ . A y F AN
10 15 20 25 30 35 40 45 50 55 20, deg

Figure 2. Boron carbide commercial powder diffractogram
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Figure 3. Diffractogram of mixture of boron carbide and tungsten powders

terial and pressed again. An image of the resulting graphite foil is placed with a certain amount of com-

section is shown in Figure 5. mercial W powder and pressed with a punch. Boron
In the next step, these intermediate products should ~carbide powder is added on top of the tungsten pow-
compacted using a sintering method. der, which is also pressed with a punch to smooth the

DETAILS OF SINTERING METHODS surfacg of the d.ep0s1jced powder. Thls surfage is cov-
ered with graphite foil and a graphite punch is placed

used to obtain the sandwich-like B,C/W composites o top. The pressform is placed in the SPS equipment
are given below. chamber, and, after its vacuuming, the powder is

For the SPS compacting of W and B,C powders, pressed at 3050 MPa at temperature 1500—1700 °C
the 12 mm diameter graphite press-form lined with  for 10 min holding time. Pulsed AC (Alternating Cur-
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Figure 4. Diffractogram of mixture of boron carbide and tungsten pentaboride powders
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Figure 5. Sandwich made of tungsten (thin) and boron carbide
(thick) powder paste layers

rent) mode with pulse duration of 5 us and pause of
1 us is used to sinter these ceramics. The sample heat-
ing rate reaches 100200 °C/min. They are cooled
in vacuum. Sandwich-like B,C/W composites are
obtained, where the boundary layer between compo-
nents is well observable.

As for the SPS compacting of W foil and B,C
powder, for its conducting a tungsten disk of
12 mm diameter and thickness of 1-2 mm is placed
on a graphite press-form of the same diameter lined
with graphite foil and poured with boron carbide
powder on top, and pressed with a punch to smooth
the surface of the poured powder. Then, the surface
is covered with graphite foil and a graphite punch
is placed on its top. Sintering is carried out similar-
ly to the described above. The samples are cooled
in vacuum. Sandwich-like B,C/W composites are
obtained, where the boundary layer between two
components is formed.

The following technological and measuring equip-
ment and devices have been used for realization of
above described processes.

To grind the powders there is used planetary mill
Pulverisette 7 Premium Line with grinding cup and
balls made from WC—Co hard alloy. For the ultra-
sound treatment and homogenization of suspensions
is used an ultrasonic cleaner (45 kHz) and JY92-1IDN
Touch Screen Ultrasonic Homogenizer (20-25 kHz,
900 W). Compaction of powder samples or simulta-
neous synthesis and compaction are carried out by

using the SPS equipment manufactured at the Geor-
gian Technical University (with an ability to operate
in DC, pulsed DC and pulsed AC modes). Thermal
treatment (< 1500 °C) of simples is implemented in
high-temperature vacuum furnace Kejia.

X-Ray XRD patterns are obtained with DRON-
3M (CuK, Ni filter, 2°/min) and XZG-4 (CuK,
L = 1.5418 A) diffractometers. Morphology and mi-
crostructure of the powders are studied with SEM
JEOL-JSM 6510 LV equipped with energy Disper-
sive Micro-X-Ray Spectral Analyzer X-MaxN (Ox-
ford Instruments). Particles size of the powders are
determined by the Scherrer method and also by pho-
ton correlation nanoparticle size analyzer Winner
802 DLS and Malvern Instruments Mastersizer. The
specific surface area of the composite powder is mea-
sured on a Micromeritics Gemini VII Instrument.

CURRENT DEVELOPMENTS

Such layered composites also can be obtained by
standard thermal sintering at temperature of 1300—
1500 °C in argon atmosphere or vacuum from the
components bonded with aqueous solutions of some
organic compounds containing 0.5-1.0 % boric acid.

Now we are developing this new technology for
making sandwiches, which will not use the SPS meth-
od, but will take the product of required profile under
pressure and then sinter/consolidate it using tradition-
al pressureless methods. In this case, it is necessary
to use binders to form a raw product. Encouraging
preliminary results have been obtained using organic
polymer solutions for binding material.

In this approach, expensive finely dispersed com-
mercial powders can be replaced by the commercially
available reagents. Boron carbide and multicompo-
nent powders of its composites should be received.
Several reports have been already published on this
issue. Here, these methods are used by us to obtain
neutron capture materials. Their essence is briefly de-
scribed below.

Target composites are obtained using inexpensive
reagent: boric acid, tungsten, titanium and zirconium
oxides, metal salts, and organic compounds, which
represent a source of carbidizing amorphous carbon,
as well as reductants. For example, preceramic pre-
cursors are obtained by pyrolysis of a paste made from
ammonium paratungstate, zirconium oxide, cobalt ac-
etate, sucrose and amorphous boron at 100-200 °C.

(N H4)|0 (HzW] 104])‘4]’[20 20 =200 °C WO:;_X— C0304— 600 —1000 °C B4C, WC-Co
—Co(CH3C00); -4H,0 — CoO-CoWO4—C — Z1B,, W;Bg,
—CioH00y1 —ZrOy—a-B —Z10;-a-B a-B, C, (m)ZrO»

Figure 6. General scheme of obtaining preceramic precursors from mixture of zirconium(I'V) oxide-ammonium paratungstenate—co-

balt(Il) acetate tetrahydrate—amorphous boron—sucrose
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Figure 8. XRD pattern of composite obtained from preceramic
precursors by SPS method at 1550 °C

General scheme of this example route is present-
ed in Figure 6. The component phases (B,C, ZrB,,
W B, and Co) are obtained by simple technology at
relatively moderate temperatures: 800-1000 °C. So
far, 1000 °C was the lowest temperature, at which the
W B, phase formation was detected.

It is experimentally established that the start-
ing compounds undergo the certain transformations
upon gradual heating to 1000 °C (Figure 7). Raw
products are made from preceramic precursors, and

SEl  20kV WD15mm SS60 X2,700 5 pm

Figure 9. SEM micrograph of simple obtained from preceramic
precursors by SPS method at 1700 °C

Figure 10. Raw sandwich made from preceramic precursor paste
obtained from zirconium oxide-ammonium paratungstenate—co-
balt acetate tetrahydrate—amorphous boron—sucrose system

neutron-capturing sandwiches are obtained by their
annealing. It is important that composites containing
boron carbide, tungsten boride and zirconium boride
are obtained in a single technological process. Tung-
sten carbide and zirconium diboride (Figure 8), which
are boron carbide particle growth inhibitors, are ob-

Figure 11. EDS mapping of (@) all elements in B,C/W composite, and separately (b) B, (¢) C and (¢) W atoms distributions in B,C and

W phases contact regions, respectively
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Figure 12. SEM images of fracture surfaces of B,C-W composite obtained by SPS from B,C and W powders at 1600 °C in magnifi-
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Figure 13. XRD pattern of B,C-W,B, composite obtained from B,C-W,B.~W sandwich composite after selectively removing of me-
tallic tungsten layer by treatment with hydrogen peroxide 30% solution, where peaks corresponding to B,C and W B, component- and

W trace-phases are shown separately

tained as intermediate products and contribute to bo-
ron carbide sintering.

It is interesting to note that the grains size of the
composite are small, ranges within 0.5-2.0 pm (Fig-
ure 9) and practically does not change during anneal-
ing at 1700 °C. Raw sandwiches are obtained from
similar preceramic powders (Figure 10). And by
mixing them, B,C-ZrB,-W,B, composite is formed,
which is a promising material for neutron capture
composites.

Preceramic precursors containing titanium and co-
balt and boron carbide matrix ceramics are obtained
in the same way. It is established that these sandwich-
es do not undergo exfoliation at the contact boundary
of metal and boron carbides and, due to the physi-
cal-chemical processes taking place during the com-
ponents sintering, are materials of high strength and
hardness. From the EDS mapping images (Figure 11),
it can be seen that at the phase boundary between
tungsten and boron carbide (Figure 12) the diffusion
of tungsten in the boron carbide layer and the forma-
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tion of tungsten pentaboride take place (Figure 13).
This phase is not detected after the tungsten layer se-
lective removal.

CONCLUSIONS

The favorable properties of tungsten borides for
shielding the spherical tokamak fusion power plant
central HTS (High-Temperature Superconductor)
core have been modelled [32] to minimize the pow-
er deposition into the cooled HTS core and to keep
its radiation damage to acceptable levels by limiting
the neutron and gamma fluxes. The shield materials
compared are W.B, WB, W_B, and WB, along with a
reactively sintered boride B ,,,C, 1, Cr; 1,.F€057.W ) 2000
monolithic W and WC. Five shield thicknesses be-
tween 253 and 670 mm (corresponding to plasma ma-
jor radii between 1400 and 2200 mm) are considered.
W B, gives the most favorable results with reduction
factor of > 10 in neutron flux and gamma energy depo-
sition as compared to monolithic W. In particular, the
W, B, monolithic shields are found to have even better
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performance than layered water-cooled ones, which is
advantage from the safety perspective due to the risks
associated with radio-activation of oxygen in wa-
ter-cooled shields. The naturally occurring boron '°B
isotope 20% fraction gives much lower energy depo-
sitions than the 0% fraction, but the improvement
largely saturates beyond 40 %. The performance of
W,B; is unrivalled by other monolithic shielding ma-
terials. This would be due to its trigonal crystal struc-
ture giving '°B higher atomic density compared with
other borides and, therefore, having just high enough
content of '°B to maintain a constant neutron energy
spectrum across the shield.

Alternatively, effective radiation shields can be
fabricated from tungsten composites with other boron
compounds. For example, the tungsten—hexagonal
boron nitride core—shell W(@h-BN nanoparticles have
been synthesized [33] by arc core discharge from tung-
sten atoms and borazine. The h-BN coats around the
We-nanoparticles surface improving in this way their
oxidation resistance. The fabricated 20 wt.% W@h-
BN/BP-epoxy composite exhibits thermal neutron
and gamma-ray shielding with absorption and attenu-
ation coefficients of 3.51 and 0.357 cm™!, respectively.
These core—shell nanosystems can effectively shield
not only the secondary y rays emitted by thermal neu-
trons capture process of '°B, but the primary vy rays as
well. The W@h-BN-based materials can be utilized
in space or extreme environments, where radiation
shielding is critical for human activities.

Sandwich-structures of °B-enriched layers pre-
pared by PLD (Pulsed Laser Deposition) serve [34]
for development of novel neutron detectors showcas-
ing improved efficiency, sensitivity and discrimina-
tion against y background signals arisen from envi-
ronment or neutron field.

In this work, the '"B-based neutron capturing
sandwich and multilayer structures are obtained using
powder mixtures of compositions B,C, B,C-W and
B,C-W,B.. It is established that tungsten pentaboride
phase is formed at the contact boundary between
tungsten and boron carbide interfaces, which ensures
component-layers strong bonding.
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