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ABSTRACT 
The electrical resistivity changes of TaCggg and 

TaCo.80 have been measured at 21 K during irradiation with 
electrons of incident energies ranging from 2.5 to 0.25 
MeV : a non-zero production rate is observed, even at the 
lowest energies. The recovery of defects was followed up 
to 400 K for TaCn.99 and TiCn.97 irradiated with 2.25 MeV 
electrons and up to 160 K forTaCn.80 irradiated with 0.75 
MeV electrons. The results are compared to fast neutron 
radiation damage data. For TiCn.97 and TaCQ.99, the con
tributions of the different defects to the production 
rates and recovery spectra are tentatively separated, and 
a rough estimate of Frenkel pair resistivities is given. 

INTRODUCTION 
Low temperature radiation damage studies in compounds 

such as transition metal carbides MC-j_x are very interesting for several reasons : 
1) Fundamental information about point defects in crystals 
where the bonding is altogether metallic, covalent and 
ionic. 
2) Because of the very different masses and electronic 
structures of M and C atoms, one may hope to get large 
differences in the threshold energies and the recovery 
stages, and therefore to separate the contribution of dif
ferent types of radiation-induced point defects. 
3) It is possible to vary externally the concentration of 



one of the point defects : the carbon vacancy. 
4) Several refractory carbides such as UC and PuC, are 
potential nuclear reactor fuels ; the fundamental aspects 
of radiation damage in these compounds has not been mucli 
studied yet. 1 

Up to now, radiation effect studies in transition 
metal carbides have been mainly restricted to neutron 
irradiation at 100°C 2,3,4. Under these conditions, some 
of the induced defects (probably interstitials) are mobi
le ; so these experiments mainly concern agglomerates 
rather than isolated point defects. Nevertheless, Iseki 
et al 3 have observed in TiCg.62 irradiated with fast neu
trons a large annealing stagearound 600°C ; from the mea
sured migration energy (4.6 eV), this stage was assigned 
to free migration of titanium vacancies. Neutron irradia
tion was also observed to have little influence on the 
superconducting transition of NbC, compared to the case 
of the A-15 compounds 4. At least, we want to mention two 
irradiation experiments performed in an electron micro
scope : 
- the disordering of the V6C5 superstructure ^ (where C 
atoms and vacancies form ordered arrays on the f.c.c. 
metalloid sublattice). 
- the observation of voids in previously deformed single 
crystals of TiCo.93, irradiated at room temperature with 
100 keV electrons and annealed around 800-900°C 6. 
Both experiments show that the transfer of a carbon atom 
into a neighbour vacant site of the metalloid sublattice 
in a non-stoichiometric carbide MC-j-v needs a low energy ; 
the value found by Venablts and Lye 5 (5.4 eV), is near 
the carbon self-diffusion (migration) energy. 

In the present paper, we report low temperature elec
trical resistivity measurements obtained on titanium mono-
carbide TiCo.97 and tantalum monocarbides TaCn.99 and 
TaCo 80» which were irradiated with electrons at 21 K, and 
whicn were annealed after irradiation up to 400 K. The 
results v/ill be compared to fast neutron radiation damage 
experiments 7. 

EXPERIMENTAL 
Samples 

The polycrystalline samples were approximately 0.2 to 
0.3 mm thick, 2 mm wide, and from 5 to 25 mm long. They 
were prepared by M. Lequeux 8 by direct carburation at 
high temperature (2000*0 for TaC) of metal foils embedded 



3 
in graphite. TaCn on was obtained by annealing under va
cuum (5 days at 1730°C) partly carburated tantalum foils. 
The compositions were deduced from lattice parameter and 
electrical resistivity measurements, with an absolute 
accuracy of ±0.01 in x. For TaCo.99, the measured super
conducting temperature Tp = 9.7±0,2 K corresponds to 
crystals very close to the stoichiometric composition 9. 
The total metallic impurity content was typically 200 ppm 
weight, and the N and 0 contents about 20 and 60 ppm 
weight respectively. 
Irradiations and damage recovery 

The electron irradiation experiments were performed 
at 21 K in the VINKAC ^ low temperature irradiation fa
cility on the Van de Graaff electron accelerator at CEN 
Fontenay-aux-Roses. Doses and other experimental condi
tions are given in Table 1. The electron flux was measu
red directly on a Faraday cage placed behind the sample. 
The electron energy was corrected for the losses in hydro
gen, in the window of the cryostat and in the sample : 
the average loss was approximately 250 keV for all inci
dent energies (between 500 keV and 2.75 MeV). The spread 
of particle energy in the samples around the mean valu" 
was ±100 keV. The electrical resistivities of the samples 
were measured during the irradiation, indium providing 
extremely good ohmic contacts. 

After the electron irradiations, it was possible, 
without taking the samples out from the hydrogen bath, to 
carry out 10 minutes isochronal recovery steps in a fur
nace at increasing temperatures. The sample was heated 
for 10 minutes at a temperature T r (with a stability of 1 K) in the furnace, then cooled to 21 K for the electri
cal resistivity measurements. 

RESULTS 
Damage rates (2.25 MeV electrons) 

For TiCo.97 and TaCn.99 irradiated with 2.25 MeV 
electrons, the resistivity versus dose dependences are 
not exactly linear, but show slight negative curvatures 
(as in the case of neutron irradiation at 21 K ' ) . For 
both samples, the irradiation temperatures, total doses 
A<t>t, total resistivity increases Apt and average damage rates Apt/A4>t are summarized in Table 1, where fast neutron irradiation data ? are given for comparison. 



4 
For TaCn.80» t n e AP versus A(j> curve showed a large 

negative curvature and depended strongly on the electron 
beam intensity ; this is due to the fact that the irra
diation at 21 K occurs within an annealing stage (see 
Fig. 2) ; therefore, no significance can be attributed 
to this curve. 

The most significant feature in the results reported 
in Table 1 is the difference in the damage rates Apt/A<f>t between TiC and TaC. Ap increases 10 times faster in TiC 
than in TaC in both the neutron and the electron irradia
tion. 
Table 1. Resistivity variations induced by fast neutron 

(f.n.) and 2.25 MeV electron irradiation in 
TiCo.97 a n ^ TaCg.gg» 
(In fef. 7, the electron incident energy pre
sented in Table 1 is the nominal value, 2.5 MeV; 
it had. not been corrected for the 0.25 MeV 
losses which have beer» taken into account in 
the present article). 

Compound Irradia T irra A*t Apt Apt/A<f>t 

x 1 0 1 8 
tion diation (particle 

Apt/A<f>t 

x 1 0 1 8 particle (K) /en ̂ (ufi-cm) 
Apt/A<f>t 

x 1 0 1 8 

f .r. 21 1.3 1 0 1 8 333 75 
T i C 0 . .97 electrons 21 8.4 1 0 1 8 10 1.2 

f .n. ~40 1.8 1 0 1 8 5.0 2.8 
T a C 0 . .99 electrons 21 5.6 1 0 1 8 0.8 0.14 

Electron energy dependence of the damage rate in TaC-
Thé damage rate due to electron irradiation at 21 K 

was measured in TaCn.99 and TaCo.80 ^ o r different electron 
incident energies, ranging from Ô.25 to 2.50 MeV (after 
correction for energy loss). Because of the ±100 keV width 
of the particle energy spectrum in the sample, and of the 
uncertainties on the measurement of the electron flux, the 
results must be considered only as semi-quantitative, 
especially for low energy electrons. Nevertheless, these 



results, presented on Fig. 1 for TaCQ^g in the form of 
a Ap/A<{» versus E curve, show that the'damage rate at 0.25 
MeV is not much lower than at 2.50 MeV ; no clear thres
hold energy appears form this curve. 

The results for TaCQgg are similar, but with larger 
uncertainties, due to thepresence of an annealing stage 
at the irradiation temperature 21 K. 

Recovery of defects 
On Fig. 2 are shown several recovery curves for 

electron irradiated tantalum carbides TaC]_ x : 
- for TaCo.99 irradiated with 2.25 MeV electrons 
(total dose 5.6 10^8 electrons/cm^) ; 

%19 

0.3.. 
4 Af/A<f)x10 

( Hft-cm/particle /cm* ) 

0,2 

0.1.. 

E(MeV) 
1 1 1 1 h-

00 0^ 1P 1,5 2p 2^ 

Fig. 1. Damage rate Ap/A<J> measured in TaCQ.99 irradiated 
with electrons of energy E. 
(The value for E » 2.25 MeV is somewhat higher 
than that given in Table 1 : this is due to the 
slight negative curvature of the Ap versus A4» 
curve ; here, the data correspond to the initial 
slope of these curves). 
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Fig. 2. Variations of the electrical resistivities Ap 
after recovery at a temperature T , normalized 
to the resistivity increase after electron 
irradiation Ap at 20 K. 
a : TaCn.99 irradiated with 2.25 MeV electrons 
b : TaCo!99 irradiated with 1.0 MeV electrons 
(after a*short preirradiation at 2.5 MeV follo
wed by an anneal at 400 K) . 

Tac 0.80 irradiated with 0.75 MeV electrons 

- for TaCo,99 irradiated with 1.0 MeV electrons (total 
dose 4.7 1018 el./cm2) after a short preirradiation at 
2.5 MeV (0.5 1018 el./cm2) followed by an anneal at 400 K; 
- for TaCo.RQ irradiated with 0.75 MeV electrons (total 
dose 3.2 10»8 el./cm2) ; for this sample, the rupture of 
a resistivity contact explains the interruption of the 
recovery curve at 160 K. 

The two TaCo.99 curves are similar, showing three 
well separated stages centred around 80, 170 and 280 K. 
But the stages are much narrower and the recovery at 
320 K nearly complete in the sample irradiated at 1.0 MeV. 
The TaCg.gO curve shows a continuous recovery starting 
at the irradiation temperature (21 K) and a large stage 
around 80 K. Such a continuous recovery is typical of 
disordered alloys. 

Fig. 3 shows the results for titanium carbide TiCo.97 
irradiated at 2.25 MeV, i.e. : 
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Fig. 3. Variations of the residual resistivities Ap r 

in TiCn.97 after recovery at a temperature T 
normalized to the resistivity increase after 
irradiation Ap , along with the derivatives 
of these curves. 

- the variations of the residual resistivity Ap r after 
recovery at a temperature T r, normalized to the resisti
vity increase after the irradiation, Ap ; 
- the derivatives of the previous curves for neutron and 
electron irradiations. 
These recovery spectra divide into two parts : many, not 
well defined, small stages between 100 and 230 K, and a 
large stage centred at 267 K. The main difference between 
the electron and neutron irradiations is in the intensity 
of this stage centred at 267 K, the recovery being much 
more important after electron irradiation. 

Comparing the recovr/y curves for TaCn go and TiCn.97 
(Figures 2 and 3), one sees that both compounds present 
an important stage between 200 and 300 K, but that the 
low temperature stage present in TaCn.qg is absent in 
TiCn.97. We also remark that the first substage observed 
around 50 K in TaCn.99 irradiated at 2.25 MeV, is much 
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less pronounced in the recovery curve of TaCn.99 irra
diated at 1.0 MeV (see Fig. 3). 

ELECTRON DISPLACEMENT CROSS-SECTIONS IN TaC 
In order to get an idea on the number of defects 

introduced by the irradiation, we need to know the displa
cement cross-sections for M and C atoms in MCi_ x, ô M a n <* 
a d O These displacement cross-sections, which depend on 
the incident electron energy E e, and on the threshold energies for displacement of metal and carbon atoms (E^ 
and E§) in MC]_ X, are defined in the same way as for a monoatomic crystal. But of course, one has to take into 
account the collisions between different types of atoms. 
This effect can be represented by some nij(Tj) functions 
which describe the mean number of atoms of type j displa
ced in a cascade by a primary i of energy Tj (i,j = M and/ 
or C). A calculation of these njj (Tj) functions has been 
made recently by Lesueur 11, with the two following hypo
thesis : 
i) the electronic stopping power is neglected ; 
ii) the law of nuclear collision cross-section between 
ions is of the type TjP T5 1 _P (Tj is the incident ion 
energy, T2 the transferred energy, which depends only on 
the type of the incident ion). 

We shall restrict here to the case of electron irra
diation in stoichiometric TaC (M = Ta, x = 0). In this 
case, the maximum .transferred energies with 2.5 MeV elec
trons are about TjJ = 100 eV for Ta and T£ = 1600 eV for 
C ; with E e = 0.5 MeV, it is about 10 eV for Ta and 140 eV for C. Therefore the hypothesis i) is entirely 
justified 12. For the hypothesis ii), the best values for 
p in the concerned energy range are p = 0.055 for Ta and 
0.3 for C 13. 

So in our case, a displacement cross-section o^j 
(i = C, M) will be written (for example in the case 
i s C) as a generalization of the formula of Oen 14 ; 

°lc 
fTS 'T C 

m e 
°C (V nCC ) d TC + 

m e 
aM nMC d T M 

where of is Mott's differential cross-section for a colli
sion between the electron of energy E e and the atom i, with an energy T^ transferred to i ; vj is the probabili
ty for a stable displacement of atom i, with, in a one 



step model : v^ = 0 for Tj < E^ and 1 for Tj > E\. In the 
above formula, the dependence of the o| and ny with T^ 
Tp and E e have not been explicitely written. tt the displacement cross-section of carbon atoms, O^Q , there are 
therefore three contributions : 
1) The primary displacement term (V(>) which is the same 
as in o monoatomic target. 
2) The cascades originated by carbon atoms, which can be 
considered as the equivalent of the modified Kinchin and 
Pease contribution (*w) ^ . 
3) The cascades originated by metal atoms, which is a 
completely new term (n^) compared with monoatomic tar
gets. 

In the present case (i = C in TaC), the influence 
of these collisions between different types of atoms is 
important ; this can be seen on Fig. 4 which represents 
the displacement cross-sections of C in TaC with and 
without taking into account the collisions between diffe-
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Fig. 4. Calculated displacement cross-section for C 
in TaC as a function of electron energy : 
[1]: Taking into account the Ta-C collisions 
with the three contributions defined in the text, 
a • contribution 1 ; b = contributions 1) +2) ; 
c « contributions 1) +2) +3). 
[2] : Without taking into account the Ta-C colli
sions : a » primary cross-section ; b = total 
cross-section (primary + cascade). 
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Fig. 5. Total calculated displacement cross-sections 

of C and Ta atoms by electrons in TaCn.gg for 
different threshold energies. 
a 'dTa : °S( 



rent types of atoms, as a function of the electron 
energy for a threshold energy EC = 4 eV. 

The displacement cross-section for the metal atom, 
oÇj^, may be written similarly to O%Q ; but in the case 
of* o § T a in TaC, contributions 2 and 3 are negligible. 

On Fig. 5 are shown the calculated tocal displace
ment cross-sections O^Q and O|T_ in TaC, for different 
threshold energies.of carbon and metal atoms (the 
threshold energy E^ of one type of atom i, does not in
fluence trs cross-section oÇ. for the other type of atom 
j, even ii one takes into account the collisions between 
i and j atoms * ' ) . One may see on Fig. 5b that C^Q shows 
a minimum around 0.5 MeV if E^ is smaller than 10 eV ; 
this minimum is qualitatively observed on Fig. 1 which 
represents the defect production rate in TaC for. diffe
rent incident electron energies. On the other hand, no 
abrupt change of slope is observed on Fig. 1, which would 
correspond to the tantalum displacement threshold energy : 
this suggests, when comparing to Fig. 5a, that EÏ a is 
larger than 30 eV. 

From these displacement cross-section calculations, 
using the threshold energies suggested above (EC - 5 eV, 
Ejf = 40 eV), the final atomic concentrations of defects 
ot each atom at the end of the electron irradiations re
ported in Table 1 (with E = 2.25 eV), are found of the 
order of 10" 3 to 10~ 4. 

DISCUSSION 

The general behaviour of TiCpgy a m * Ta**i-x d u r i n g 
irradiation as well as during recovery is very similar to 
that of a monoatomic metal 1". This, together with a con
sideration of the high conduction electron densities in 
these compounds justifies the hypothesis used for the cal
culation of the number of defects made above : mainly that 
they are produced as in metals only through nuclear 
collisions and not via electronic excitations as in ionic 
crystals. So it seems reasonable to consider (in matter 
of irradiation) carbides as diatomic metals. However, a 
greater number of recovery stages may be expected since 
there are two kinds of vacancies and interstitials, which 
will give rise to their own recovery stages. Moreover, 
their interaction will introduce new phenomena in the same 
way as impurities do in metals. 



Obviously, the prcsc.it results are not sufficient 
to make any precise determination of the Frcnkel pair 
resistivities, or to attribute definitely any of the re
covery stages to a specific defect. However, they allow 
to state the following points : 

1) The stages observed in our recovery experiments 
are very probably related to the migration of intersti-
tials. 
This is because, from the available self-diffusion data 
in transition metal monocarbides 17,18, the migration 
energies for carbon and metal vacancies are estimated to 
be about 4 to 5 eV ; this gives for vacancies migration 
stages in a recovery spectrum at temperatures much higher 
than those studied here. 

2) The defects created by electron irradiation in 
TaCj_ x (E e ̂  2.5 MeV), and at least the first large reco
very stage observed in Fig. 2 around 80 K, are mainly due 
to carbon defects. 
This was already suggested from the comparison made 
above of Fig. 1 and 5, and from the displacement energy 
of carbon atoms (5.4 eV) measured by Venables and Lye 5 

in V5C5. Indeed, the non-zero production rate observed 
at electron energies as low as 0.25 Mc.V cannot be due to 
tantalum defects : it would mean an E^ a < 5 eV, which 
seems unreasonable (E*J =30 eV in the isomorphous compound 
SmS 1 9 , and Ej a = 32 eV in pure tantalum metal 1 6 ) . Ke 
attribute tentatively the large stage observed around 
80 K to the free migration of carbon interstitial s 

3) It is difficult to give an answer about the pre
sence of Ta defects in TaC irradiated with high energy 
electrons. 
The increase of production rate with incident electron 
energy above 1.5 MeV (see Fig. 1) can be as well attribu
ted to the carbon displacement cross-section variation 
(see Fig. 5a) as to the appearance of displaced tantalum 
with a high threshold energy (EÏa * 40 to 60 eV, see 
Fig. 5b). The similarity of the recovery curves of TaCn.gg 
irradiated with 2.25 and 1.0 MeV suggest that Ta defects 
are negligible ; but the 1.0 MeV curve should be consi
dered with caution because of the preliminary short irra
diation at 2.5 MeV, even if followed by an anneal at 
400 K. 

4) On the cont;?ry, in TiCn 97» Ap (induced by fast 
neutrons or 2.25 MeV electrons) is probably mainly due to 
titanium defects, carbon interstitials being probably 
mobile at 20 K, and carbon vacancies already present 
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in t>e proportion of 3 t. 
This is deduced from the absence of low temperature 
(T < 150 K) recovery stages such as in TaC-|_x, and from the similarity of the TiCn 97 recovery curves with those 
of isomorphous SmS and YS li,l9 ; indeed the latter both 
show only high temperature (160-250 K) recovery stages. 
In the case of SmS, threshold energy determinations at 
20 K show that the sulfur atom is mobile at 20 K, which 
means that the observed stages are due to metal defects^. 
Therefore, we suggest that in TiCo.97 the recovery 
stage centred around 270 K is due to the migration of 
titanium interstitials ; the migration of titanium va
cancies occurs probably in the high temperature (8 70 K) 
stage observed by Iseki et al 3 i n neutron irradiated specimens. 

In principle, the points discussed above lead to an 
estimation of the titanium Frenkel pair resistivity pï 1 

in TiCo,97 and of the carbon Frenkel pair resistivity in 
TaCo.99 (in the latter case from the production rate 
in the range 0.5-1.0 MeV). We obtain from the relation 
Ap = oÇ. Pc the following values per atomic percent 

Ti Frenkel pair : 100 < Pp < 500 ufi-cm in TiC Q g 7 and 
1 <pp < 10 yfi-cm in TaC 0 9g. The value of pp in TaC is 
consistent with the specific resistivity for a 1 % atomic 
concentration of carbon vacancies (6 yfi -cm 20) a n cj i s 0f the same order of magnitude as the specific Frenkel pair 
resistivities in monoatcmic metals with similar conduc
tion electron densities 16, The Frenkel pair resistivity 
in TiCo.97 is much larger than in TaCp^gg ; a similar 
difference is observed for the specific resistivities of 
carbon vacancies associated to non-stoichiometry 20 j 
this could be explained by the difference in the conduc
tion electron density which is 30 times smaller in TiC 
than in TaC, TiC behaving somewhat as a semi-metal 20, 

The experiments presented in this paper have brought 
two puzzling results : 
- The non-zero production rate of defects in TaCn.80 a t 

an energy (0.75 MeV) where only carbon displacements are 
thought to occur. These defects anneal largely at low 
temperature (T < 100 KJ and therefore are thought to be 
carbon interstitials ; the stability of these intersti
tials in the presence of 20 % carbon vacancies is sur
prising. 
- The different behaviour of carbon interstitials in 
TiCn.97 and TaC}_x, suggesting mobility in the irradiation conditions (21 K) in the fiTst case but not in the 



second. 
It is only a systematic study of production rates 

and recovery stages for different compositions MC-j_x and incident electron energies (including experiments below 
21 K) that will allow to understand these behaviours. 
Nevertheless, the explanations remain probably in the 
existence of complex defects (not simple metal and carbon 
Frenkel pairs) ; the interactions between metal and carbon 
defects play probably an important role. Because of the 
lighter mass of Ti compared to Ta, the number of metal 
defects is much larger in TiCo.97 than in TaCn.99 irra
diated with electrons of energies E e ^ 2.25 MeV, and this might affect differently the mobility of the carbon in
terstitial. 
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