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Abstract
The diffusion coefficient of hydrogen in commercially supplied TiC powder
was measured at 773, 873 and 973 K by hydrogen absorption experiments. The
pre-exponential factor and activation energy were evaluated to be 10" m*s™ and 87+13

kJ-mol™, respectively.

1. Introduction

Carbides of group 4 and 5 metals have unique properties such as refractoriness,
extreme hardness and good resistance against chemical corrosion [1,2]. Hence,
systematic studies on the interactions between these carbides and hydrogen isotopes
may lead to the development of new functional materials for handling of hydrogen

isotopes. Indeed, the present authors have found that the intermediate layers of Nb
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carbides impfove high temperature stability of Pd coating prepared on Nb to form a
composite membrane for hydrogen separation [3,4]. Accumulation of data on hydrogen
diffusivity is important for material selection in this application. In addition, ZrC is a
potential candidate of coating material for fuel particles used in high temperature
gas-cooled reactors [5]. The data on diffusivity are necessary also in this application to
evaluate the rate of tritium release from fuel core to coolant He gas. The diffusivity of
hydrogen isotopes in the carbides, however, has been scarcely reported.

In the present study, the hydrogen absorption of commercially supplied TiC
powder was examined at 773, 873 and 973 K. The analysis of absorption curves
indicated that the rate of absorption was controlled by the diffusion process in the bulk.

The diffusion coefficient evaluated was in a rage from 6x10™"" to 1x10™"° m*s™.

2. Experimental
2.1. Specimen

Specimen used in the present study was powder of TiC supplied by Kojundo
Chemical Laboratory Co., Japan. The nominal purity of the specimen was 99%, and the
concentrations of metallic impurities measured by the supplier are summarized in
Table 1. The specimen power was analyzed by X-ray diffraction (XRD) before and after
hydrogen absorption experiments. The size distribution of powder particles were

examined with a scanning electron microscope (SEM).

Table I Concentrations of metallic impurities in TiC specimen.

Element Al Cr Fe Mn Ni

Conc. (mass%) 0.3 0.007 0.005 0.001 10.001
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The hydrogen absorption experiments were carried out at 773, 873 and 973 K
using a vacuum apparatus which was similar one used in the previous study [6]. The
specimen powder of 2 g was installed in a quartz tube attached to the apparatus and
heated in vacuum for degassing. Elevation of specimen temperature resulted in
significant release of gas whose mass number was 28, i. e. CO and/or N,. The specimen
temperature was raised gradually to keep the pressure in the apparatus lower than 10°
Pa. The degassing was stopped when the pressure in the apparatus became lower than
107 Pa at 1373 K. Then, hydrogen absorption was examined in a closed vacuum system,
in which the hydrogen absorption was indicated by pressure drop [6]. The initial
pressure of H, gas was adjusted to be 20-50 kPa, and the specimen temperature to be
773, 873 or 973 K. The absorption rate was too small at temperatures lower than 773 K,
while the pressure change by degassing from the specimen was not negligible at
temperatures higher than 973 K even after the degassing treatment in vacuum at 1373 K.

Hence, it was difficult to examine in a wider temperature range.

3. Results

3.1 Characteristics of Specimen Powder

Fig. 1 shows XRD patterns of powder particles before and after hydrogen
absorption tests. All peaks in these patterns could be assigned to TiC (NaCl structure)
and Si mixed with the specimen powder as standard reference material; na peaks of
other phases such as metallic Ti and Ti oxides were observed. The lattice parameter of

TiC was evaluated to be 0.4324 nm. This value of lattice parameter is slightly smaller

33



WL M - B R A - ARRIES - A3 LER

than that for high purity 1 ' - 1 T T 1
1500 |- H as-received |
] "
TiC (04328 nm)[12. It 5 ® TiC 1
g 1000 ©® O S
is known that oxygen g o ®
g O IS
=
. p = 500} -
and nitrogen present in
! e 3
O
TiC as impurities lower 0 e ll \ JL i )LL
; ; e

2000 L e after H, absorption 4
the lattice parameter [1]. I (with 1 mol% hydrogen) |
Fs0p ©® ® TiC |
The specimen used in the b
2 1000 | o 4
3
present study contained = i ®
500 |- *
these impurities at total l l l
LT N
20 40 60 80 100 120 140
concentration of 2 at% as 26/ deg

. Fig. 1 X-ray diffraction patters of TiC powder before (a)
described below. Thus

and after (b) hydrogen absorption experiments.
the slightly small lattice
parameter can be ascribed to the influence of these impurities. No noticeable difference
was observed between diffraction patterns before and after hydrogen absorption
experiments.
The concentrations of carbon, oxygen and nitrogen in the specimen powder

subjected to hydrogen absorption experiments were examined in Horiba Co., Japan;

carbon concentration was measured by combustion in O, gas flow and that of oxygen
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and nitrogen by fusion in Ar gas flow. The composition of the specimen powder thus

determined was TiCp 958:0.001N0.0172:0.000200.0219:0.0002 0 Ti(C,N,0)0.997:0.001. Namely, the

TiC specimen used was in carbon deficient type non-stoichiometric composition.

Fig. 2 shows SEM
micrograph of the specimen
powder. Majority of particles
was in a range of size 1 to
10 um. The size of ca. 200
particles was  measured
randomly, and the average
value of particle size was

evaluated to be 4 um.

3.2 Hydrogen Absorption

by TiC

Typical example of
absorption curves obtained at

873 K is shown in Fig. 3. The

Fig. 2 SEM image of TiC specimen powder.
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Fig. 3  Typical hydrogen absorption curve obtained

at 873 K.

initial and equilibrium pressure of H, in this absorption experiment were 45.3 and 43
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kPa, respectively. This extent of pressure reduction corresponded to H concentration in
TiC of 1 mol% ([H]/[TiC] = 0.01).

The rate-limiting step of hydrogen absorption was evaluated by plotting
(dP/dt)/(dP/df)| -y against C(£)/C., where P is the hydrogen pressure, ¢ is time, C(¢) is
average hydrogen concentration in TiC at ¢, and C, is the concentration in equilibrium.
If the dissociation at the surface is the rate-limiting step, -(dP/df) is described as

follows:

RT

dp anT_{_AOLP;_Aer(t)Z}—V—, M

dt  dt v \J2mMRT

where n is the amount.of gas in the reaction chamber, R is gas constant, T is the
temperature of gas, V' is the volume of reaction chamber, 4 is the total surface areg of
TiC, k; is the rate constant for recombinative release of hydrogen on TiC surface, & is
the sticking coefficient, M is the molar mass of hydrogen molecule. Since the initial

concentration of hydrogen in TiC is negligibly small, -(dP/df)| —, can be expressed as

AP, e o
_Aofi RT where P; is the initial pressure of H,. In equilibrium, the sticking and
2AMRT 'V .

oo

Aermzwhere P is equilibrium
2aMRT

desorption flux are balanced, and hence
pressure. Under the present conditions, the extent of pressure change during absorption

experiment was small. By assuming P = P; = P, one would obtain from Eq. (1)

dP.  dP

(G Nmo =1-(CO/C)?. @
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If a first order surface reaction process, such as dissolution of adatom into subsurface, is
the rate-limiting step, similar approach easily gives

EDIE) oy =1-CO/Ca 3)
Namely, rather simple correlation would be obtained between (dP/df)/ (dP/df) |- and
C(t)/Cy for the surface-limited absorption. On the other hand, in the case of
diffusion-limited absorption, -(dP/df) is proportional to the concentration gadient of
hydrogen near the surfaces of TiC particles. Hence, -(dP/df) should decrease sharply in
the initial stage of absorption with increasing penetration depth of hydrogen, i.e.
increasing C(f)/C. According to calculation based on the diffusion model in a sphere at
constant surface concentration [7], -(dP/d¢) should decrease by factor 10 when C(¢)/Cq
increases from 0.022 to 0.22. These values of C(t)/C, correspond to Dt/a* = 5%x10™ and
5x107?, respectively, where D is the diffusion coefficient and a is the radius of sphere.
The absorption curve shown in Fig. 3 is replotted in the above-mentioned manner in
Fig. 4. The change in (dP/d¢)/ (dP/df)|, - with C(t)/C, clearly shows the characteristics
of diffusion-limited absorption.

The diffusion coefficient of hydrogen D in TiC was evaluated by fitting the

solution of diffusion equation to the absorption curves by assuming that the powder

particles are spheres whose diameter is 4 pm for simplicity. The surface concentration
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of hydrogen was assumed to be constant during the absorption since the extent of

- pressure change was small as mentioned above. Under such conditions, the amount of

38

absorbed hydrogen at ¢, M,, is described as

M 6 = 1 2.2, 2
—=1-— Y —exp(-Dn“z“t/a“) [7]. 4)
Moo 7[2 n=1n2

Fig. 5 shows the results of fitting for absorption curve obtained at 873 K as an example.

The experimentally-obtained absorption curves was well reproduced at D = 2x107'¢

The diffusion coefficient thus evaluated was plotted against reciprocal

temperature in Fig. 6. .
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Masuda [8] = concluded curve obtained at 873 K.

that the rate-limiting step
14

10_ 2 b T & T ¥ T ¥ 1 b2 T 4
of absorption was the o [ 4
E
E - Activation energy 1
dissolution process of < 100 . 87 + 13 kJ-mol’’ .
2 g S, ]
adatoms into TiC layer § W
5 10t T
and not the diffusion k: -]
:‘: 4
Q
through TiC because the 10" L X

1.00 1.05 1.10 1.15 1.20 1.25 1.30

1
value  of  activation 1000/T/K

Fig. 6  Arrhenius plot of diffusion coefficient of
energy was significantly

hydrogen in TiC.
higher than that for

hydrogen diffusion in TiH,. These authors believed that the activation energy of
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hydrogen diffusion in TiC is comparable to that in TiH, because the arrangements of Ti
atoms in these materials are similar to each other. In TiH,, hydrogen occupies
tetrahedral sites of fcc structure formed by Ti atoms. On the other hand, carbon in TiC
occupies octahedral sites. It is known that stoichiometric TiC does not react with
hydrogen [1,9-11]: the presence of carbon vacancies is essential for dissolution of
hydrogen in TiC. Results of neutron-diffraction analysis on Ti carbohydrides [12] and
combination study of X-ray and neutron diffraction methods on TiCg4sDogo [13]
showed that majority of hydrogen isotopes in TiC,., occupied octahedral sites (carbon
vacancy) and only minor portion was found in tetrahedral sites. Hence, the activation
energy of hydrogen diffusion in TiC could be signiﬁcaqtly different from that in TiHs.
In our opinion, the possibility of diffusion-limited absorption could not be ruled out in
their study [8]; the difference between the present value of activation energy of
diffusion (87+13 kJ'mol™) and their apparent activation energy (114 kJ'mol™) is not
very large.

If majority of hydrogen forms cluster with carbon vacancy (occupation of
octahedral site itself or that of tetrahedral site adjacent to the vacancy), the
concentration of hydrogen possible to be accommodated in TiC should have an upper

limit determined by the concentration of carbon vacancy. Indeed, the equilibrium
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concentration of hydrogen in the present TiC specimen showed very weak dependence
on H, pressure ([H]/[TiC] o P — p' )- Namely, the increase. of [H]/[TiC] with P
tended to cease at the value around 1x1072. This value of [H)/[TiC] is comparable to but
slightly higher than the concentration of carbon vacancy evaluated by the chemical
analysis (2-4x107). The concentrations of oxygen and nitrogen may be overestimated
due to pick up of these impurities during the transportation of specimen in air. The
mechanism underlying this discrepancy, however, has not been fully understood. The
details of pressure dependence will be reported as a separate paper.

The activation energy for the self-diffusion of carbon in TiC has been reported
to be 208 — 460 kJ-mol'[14]. Namely, the presently obtained value of activation energy
for hydrogen diffusion is radically smaller than that of carbon. This clear difference
indicates that hydrogen does not migrate as a cluster with carbon vacancy. The
experiments for the specimen with larger extent of carbon deficiency (i.e. large x in
TiCy.y) is currently under preparation to get better understanding of the mechanism of

hydrogen diffusion.

4. Conclusions
The diffusion coefficient of hydrogen in commercially supplied TiC powder

was measured at 773, 873 and 973 K. The value obtained was expressed as
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10'”><exp(—87i13 kJ-mol'/RT) [mz-s']]. Although carbon vacancies appeared to play a
key role in hydrogen accommodation in TiC, the presently obtained value of activation

energy for hydrogen diffusion was radically smaller than that of carbon in TiC.

Aéknowledgements

This study was supported in part by a Grant-in-Aid for Scientists Research (C)
of Ministry of Education, Culture, Sports, Science and Technology of Japan, No.
17560613. The authors express their sincere thanks to Professor A. Pisarev for his

indispensable advice in the evaluation of rate limiting step of hydrogen absorption.

References

[1] E. K. Storms, The Refractory Carbides, Academic Press, New York, NY, USA,
1967.

(2] H. O. Pierson, Handbook of Refractory Carbides and Nitrides, Noyes
Publications, Westwood, NJ, USA, 1996.

[3] Y. Hatano, K. Ishiyama, H. Homma and K. Watanabe, Int. J. Hydrogen Energy,
32 (2007) 615-619.

[4] Y. Hatano, K. Ishiyama, H. Homma and K. Watanabe, J. Alloys & Compounds,
in press.

[5] K. Minato, T. Ogawa, K. Fukuda, H. Nabielek, H. Sekino, Y. Nozawa and L
Takahashi, J. Nucl. Mater., 224 (1995) 85-92.

[6] R. Hayakawa, Y. Hatano, A. Pisarev, K. Watanabe, Phys. Scr.,, T108 (2004)
38-41.

[7] J. Crank, The Mathematics of Diffusion, 2nd ed., Oxford University Press,



[13]

[14]

TiC DK FR DYLZEL)

Oxford, UK, 1975, p. 89-93.

Y. Fujita and K. Masuda, Z. Metallkde., Bd. 74 (1983) 434-439.

H. Goretzki, H. Bittner and H. Nowotny, Mh. Chem., Bd. 95 (1964) 1521-1526.
K. Yvon, H. Nowotny and R. Kieffer, Mh. Chem., Bd. 98 (1967) 2165-2172.

G. W. Samsonow and W. W. Morosow, Mh. Chem., Bd. 102 (1971) 1667-1678.
I. S. Latergaus, V. T. Em, 1. Karimov, D. Ya. Khvatinskaya and D. K.
Dolukhanyan, Inorg. Mater. 20 (10) (1984) 1420-1423.

G. Renaudin, K. Yvon, S. K. Dolukhanyan, N. N. Aghajanyan, V. Sh. Shekhtman,
J. Alloys & Compounds, 356-357 (2003) 120-127.

G. V. Samsonov and I. M. Vinitskii, Handbook of Refractory Compounds

(English Ed.), IFI/Plenum, New York, NY, USA, 1980, p. 222.

43



