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Abstract

X-ray diffraction and electron paramagnetic resonance (EPR) methods have been used to study the reaction process in a system of 95 wt.
B,C +5wt.% TiQ,. The addition of TiQ to B,C was effective in accelerating the removal of carbon inclusions. Two types of reactions between
B,C and TiQ, starting at temperatures1173 K, took place: (a) gas-transport exchange and (b) diffusion of Ti atoms intg&&Bice. These
reactions modify the number and type of donor centers in @ Bhe dependence of EPR line width on the number of donor centergdn B
(from conditions of sample treatment) is a useful method for investigating the formation of powders and ceramics ba€ed on B
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction reaction “up to temperatures of sintering” is important in devel-
oping the technology of ceramics based on boron carbigz B
Reactive sintering of BC with the addition of different oxides In the present research, we shall discuss the evolution of

(Al203, TiO, ZrO,, etc.) is usually used for obtaining fully chemical interactions in a dispersed mixture g€BxTiO, dur-
dense (higher than 80% of the theoretical maximum) compositéag heat treatment by using electron paramagnetic resonance
[1-5]. Reactive sintering of the mixtures takes place at tem{EPR)-studies and X-ray analysis. We shall give special atten-
peratures of 2173—-2473 K. Reactions betweg@ Bnd oxides tion to determining the role of carbon inclusions in particles of
(forming AIB,, TiB», ZrB,) promotes densification of boride B4C in the formation of borides and to the reaction processes
ceramics during pressureless sintering as well as during hdtetween atoms of Ti with molecules 0f8.
pressing under pressure. For example, the proposed reaction In referencg8] it was concluded that for a typical EPR signal
between BC and TiQ to form TiB; is as follows[6]: with g =2.0028 the source is a type of radica@ with local
concentratiomVioc ~10'° + 2 x 10°°cm~3. The dependence of
4B4C(s) + 5TiOz(s) = 5TiBa(s) + 4CO(g)+ 6BO(9) (1)  EPR line width AB) on free carbon inclusions in48 was

) o ) for the first time demonstrated in referen®. For arbitrary
where (s) means solid and (g) means gas. Similar reaction mecﬂﬁfmperature, the EPR signal widthR) is expressed by the
anisms were confirmed by mass-spectrometry of the temperatu;grmu|a[8] :

dependence of the composition of a gas—vapor phase in mixtures

of B4C with different oxides other than TigJ7]. It is observed (T) = by F by T exp (—) @

that the most intensive out gassing of CO and BEQB takes A+ af(T)2 " 2 kT )

place in the range 1173-1573K]. Furthermore, formation of

the boride phases of metals takes place at temperatures of abdtRereaf(T) = (0.5pmzw?/ma)—m, andmy are the second
1773 K [2]. Observation of various (intermediate) products ofand the fourth moments for the static spectrum, which are typ-
reaction(1) at different temperatures (much lower than sinteringically determined by hyperfine and dipole—dipole interactions.
temperature) indicates a considerably more complex interphagds the density of jump states at low temperatutesis a cor-

interaction in such systems. Understanding the details of thelation frequency of the narrowing action of the spectrum. The
second term in Eq2) describes the broadening of the EPR line

with the temperature increa%e> 100 K and this is the contribu-
* Corresponding author. Tel.: +52 777 329 70 84; fax: +52 777 329 70 84. tion of the “Korringa mechanism’AE is the activation energy
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is proportional to the square of the concentration of electron (012)
donor centers and to the square of the exchange-interaction value
between the paramagnetic centers and free caffiprs
In our analysig10] the number of donor centers in boron
carbide was associated with the surface carbon inclusions. We
established that heat treatment (1 Hafrom 873 to 1973 K)
of boron carbide powders in low vacuurR £ 1 Pa) leads to
a decrease ihB. These data permit us to conclude that all the
changes found are due to the interaction of carbide powders with
oxygen from the working atmosphere. Comparing the number
of donor centers in BC with surface of carbon inclusions has
allowed the authors to determine the difference of the surface to
volume ratio §/V) between carbon inclusions located in super-
ficial layers and those carbon inclusions inside the particles of a (101)
powder[10].
As was noted above, in expressi(l) the factorb, can be
expanded as

, (002)
-— C.n
b2 ~ <ZN1> s I“_J i

1 1 1 1 L
-
whereN; is the concentration of the donor centers of various 20° 24° 28° 20

natures. That is to say that EPR line width (see &) can .
serve as a sensitive indicator of either reduction or increase |
the number of donor centers, irrespective of their nature. Such an

approach was used in the present research to consider the me(ég'rbide samples (seig. 1) and its intensity increases quite

anisms of chemical interaction in a system Q{B+xTiO,. In linearly with increasing concentration of free carbon as graphite,

this case the reduction of carbon inclusions will promote Narompared with the diffraction line (1.0 1) of boron carbide. This

_rowing of the EPR signal. At the same time, entry of Ti atomsIinearity holds quite satisfactorily up to 5% of free cartjaf].
into the lattice structure of BC should lead to an increase of the X-ray data Fig. 2) show that carbon inclusions in the,@

number of donor centers and promote the widening of the EPIBOWder begin to decrease Bt~1173K. This decrease of car-

(003)

ig. 1. X-ray diffraction pattern of initial BC powder. Line (00 2) is labeled
Cin and corresponds to a graphite phase of carbon inclusions.

line or signal. bon depends on both the air pressure in the thermal treatment
. chamber (see curves 1 and 2 or curves 3 affiigd 1) and on the
2. Experimental procedure presence of Ti@in the samples (see curves 1 and 3 or curves 2

Boron cgrbide powders were obtained by thgrmal reductior{i1 ndAA's’i'?:g[el)épR line of nearly Lorentzian shape withactor
of B,O3 using carbon af; =2023K duringg=4h in a hydro- -5 0028+ 0.0002 was recorded for all samplesig. 3.
gen medium (chemical reagents from Baku, Azerbaijan). Thene amplitude 4) and linewidth (A\B—the distance between
specific surface of the powders wép=1.1nf g~*. Homoge-  eyireme points of the absorption line derivative) of the EPR sig-

nous powders and also a mixture of 95wt.% akBrSWL.% 5| depend both on the conditions of sample treatment and on the
TiO2 (free filling, height 2 mm) powders were heated for 1 h at

T; from 873 to 1973 K, in low vacuum with pressus=1 Pa
andP; =2 Pa. f o0l £
Measurements of EPR spectra were made using Radiopan ® -
X-range radiospectrometer model SE/X 2547 (Poznan, Poland) § 1,54
over the temperature range 77—350 K. The phase composition of £

the powders was determined from an X-ray diffractometer (PW § 1.04 ]
1720, Eindhoven, the Netherlands, Cu Kne). 5
o
5 0,5-
3. Experimental results 2
S 0,0 4
. . . . . o YV
Via X-ray diffraction it was determined that boron carbide E , ‘ . _ . ' . '
B4C was the main product of the thermal reductimng( 1). 400 800 1200 1600 2000
The amount of free carbon (a graphite phase) in samples was Temperature of treatment, K

measured via X-'ra)-/, using the method descrlbed_ In re,ferencl—qg. 2. The dependence of free carbon concentration in the sanyilsEBrves
[11] and shown inFig. 2. Authors[11] found that diffraction 1 and 2) and 95wt.% of B + 5 wt.% Ti0» (curves 3 and 4) on the temperature
line (0 02) of graphite is present in the spectra of typical bororof samples treatment. 1, B; =1 Pa; 2, 4P, =2 Pa.
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250 The change oA B(T;) in samples of 95 wt.% of BC + 5wt.%
1 of TiO2 mixture has a more complex character (curves 3 and 4,
200 Fig. 4). Starting at7; =1173K in these samples reduction also

is observed, but the character of the reduction is sharper, than in
samples of clean BC. AB(T)) is at its minimal value after heat
treatment af; = 1373 K. Further increase if results in a sharp
and intensified widening of the EPR linaB(T;) (curves 3 and

4, Fig. 4).
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o
1

4. Discussion

The acceleration of the process of removal of carbon inclu-
sions from the BC particles with addition of Ti@ is most
probably caused by oxygen formed by dissociation of 2TiO
Removal of included carbon inf& mixed with a powder of
TiO, is accelerated by oxygen dissociated from ZiOne of
the possible reactions of the dissociation of Tifight be:

Intensity, arb. un.
o
" 1

a
o
1

-100

-150 N(T|OZ) g N(T|02—x) + Nxo(g) (3)

Reactions such g&) and(3) can occur both in zones of contact
-200] between particles BC and TiQ and as a result of gas-transport
reactions. A small amount of TigX5 wt.%) mixed into a sample
i —— , of B4C facilitates the oxidation of included carbon throughout
-6 -4 2 0 2 4 6 the entire sample volume. We have also established that the TiO
Magnetic field B-Bo, mT dissociation process is accelerated by increasing #@iB a
Fig. 3. The observed EPR-spectra (room temperature) for samples of gfan B Mixture of (1—x) B4C +xTiO2. So after heat treatment of a
(spectra 1, 2 and 4) and in mixtures of 95wt.% afBr5wt.% TiQ, (spectra3  clean powder of TiQ at 7, =1873 K X-ray analysis shows the
ands). 1, initial BC; 2, 3al; =1373K,P1 = 1Pa;4,5al, =1873K,P1=1Pa.  principal phase is rutile with traces of dissociation products of
TiO2 (TizOs and TpOs). In the 5wt.% BC+95wt.% TiQ
temperature of measuremehtg. 4 shows the changes of EPR samples after heat treatmentfat 1873 K the principal phase
line width in samples of clean4& and in mixtures of 95wt.% of s Ti,O3. These data show that gas-transport reactions;af B
B4C + 5wt.% TiG which depend on temperature of processing,oxidation and TiQ dissociation have exchanged character. For
air pressure in the thermal treatment chamber (see curves 1 apgample,
2 or curves 3 and 4&ig. 4) and on the presence of T30n the ) i
samples (see curves 1 and 3 or curves 2 afdgt 4). TiO2(S) + CO(g)+ BO(g) — TiOz_.(S)+ COx(g) + BO(q)
In clean B,C samples the consequent reductionAd$(T;) and

with increasingr, is observed and thought to be caused by oxi-B,C(s)+ CO,(g) + BO2(g) — B,C,(s)+ 2CO(g)+ 2BO(g)

dation of carbon inclusions. The reduction®B(T;) increases C.(s)+ C BO C. -(s)+ 3CO BO
with increasing air pressure in the chamber (curves 1 and 2, n(8)+ CO2(Q) + BO2AQ) > Cu2(S)+ @+ BO(0) 4

-250

Fig. 4).
o9 Note that included carbon can be completely eliminated from
superficial layers and from the interior spaces of particles of
] B4C by heat treatmenfff ~1173-1973K) in low vacuurf8].
24 We observed formation of a phase %iB samples 50 wt.%
= 20; B4C+50wt.% TiQ only after heat treatment of mixtures at
= T, > 1873 K.
= 164 The EPR line width reduction in samples of clean powders of
3 ' B4C after heat treatment, depending on experimental conditions
£ 124 (Fig. 4, curves 1 and 2) was discussed by us eaighO] and is
| = caused by reduction of the quantity of carbon inclusions in the
0.8 powders. Superficial atoms of carbon in the inclusions play the
' . , . ' | role of the donor centers for4€. It is natural to attribute the
400 800 1200 1600 2000 acceleration ofA B(T,) reduction to the acceleration of the oxi-

Temperature of treatment, K dation of included carbon in mixed powder samples of 95wt.%

Fig. 4. The dependence of the EPR signal line width (room temperature) in thg"'c +5wt.% TiQ, heat treated in a rangg = 1173-1373K

samples BC (curves 1 and 2) and 95wt.% ofB +5wt.% Ti0, (curves 3and ~ (Fig. 4, curves 3 and 4). Subsequef} ¥ 1373 K) growth of
4) on the temperature of samples treatment. P;3;1Pa; 2, 4P, =2 Pa. AB(T;) (Fig. 4, curves 3 and 4) is caused by invasion (diffusion)
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of atoms of Ti into superficial defective layers of the particlesatoms into the lattice of BC. These reactions modify the num-
of B4C. Such atoms play the role of new donor centers. For théer and type of donor centers in thg® The dependence of the
considered system it is possible to define that the general nunPR-line width on the number of donor centers ifCB(from

ber of the donor centers in a sample, depending on temperatucenditions of sample treatment) is a useful method for investi-
(Ty) and pressureR|) of processing, is the sum of the number of gating the formation of powders and ceramics based & B
donor centersNpc) contributed both by carbon inclusiongd)

and by the number of diffusing atoms Ti{}: Acknowledgment
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