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Abstract

Due to their importance for tritium inventories in future DT fueled fusion machines, experimental data on H isotope

di�usion, absorption and retention in deep traps (Eb @ 4.3 eV) of graphites exposed to hydrogen at elevated temper-

atures have been reviewed. Deuterium retention was studied in edge- and basal-oriented pyrolytic graphite (PG) and

polycrystalline RG-Ti-91 damaged by irradiation with 200 keV carbon ions. Deuterium loading was done by soaking in

D2 gas at 1473 K, and the resulting D retention was measured by nuclear reaction analysis. The microstructure was

studied by cross-sectional TEM, SEM and micropro®lometry. The concentration of strong traps created by irradiation

and estimated by the amount of accumulated deuterium was shown to saturate with the damage above �1 dpa at about

1000 appm. In non-damaged and damaged graphites deuterium di�uses via porous grain boundaries and along basal

planes within crystallites, while its migration through the graphite lattice along the c direction was found to be neg-

ligible. Radiation modi®cations of PG retard deuterium di�usion and decrease the rate of its chemical erosion by a

factor of ®ve. The amount of deuterium accumulated in strong traps in graphites is mainly in¯uenced by their macro-

and microstructure, while the degree of graphitization seems to be less important. Derivations are made of the sus-

ceptibility of damaged graphites, in particular, CFCs to the retention of hydrogen isotopes in deep traps. Ó 1999

Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Due to low atomic number and excellent thermal

properties carbon [1], carbon-based materials and, in

particular, carbon-®ber composites (CFCs) [2] are suit-

able materials for plasma facing [3] and high heat ¯ux

components [4] in fusion reactors. Processes of interac-

tion between hydrogen isotopes (below called `hydro-

gen') and graphite are of great concern [5,6]. Among

them, hydrogen transport and retention in graphites

both before and after neutron irradiation are important

for ITER [7] and other future fusion machines.

The microstructure and physical properties of

graphites change drastically when damaged at low ir-

radiation temperatures (Tirr 6 573 K [8]), and di�er

basically from those of graphites which are undamaged

or are damaged at elevated temperatures [1,8±10]. In

addition, a wide spectra of traps for hydrogen are cre-

ated in graphites under irradiation at 300 K [11]. Sorp-

tion of hydrogen in damaged and non-damaged

graphites from hydrogen gas at high temperatures can

give information about hydrogen traps created by irra-

diation.

The fact that the nature of hydrogen solubility (un-

derstood as a measure of accumulated hydrogen) is re-

lated to the chemical interaction with C atoms was

known long ago [12,13]. Sites which are able to bind

hydrogen atoms are available not only in damaged [11],

but also in non-damaged graphites [14±16]. On the basis

of a strong correlation between hydrogen solubility and

the degree of graphitization, Atsumi et al. [17] made the

conclusion that the hydrogen adsorption and trapping

are related to defects in graphites. Redmond et al. [12]

concluded that at elevated temperatures adsorption of H
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atoms occurs on C atoms at the edge of crystallites. Also

Hoinkis considered only zig±zag and armchair faces of

graphite as a potential area for adsorption [14,15]. Based

on his experimental data and a phenomenological ap-

proach Hoinkis derived the adsorption enthalpy for

deuterium, DH @ )2.23 eV/D2 which corresponds to the

C±D bond energy, Eb @ 3.4 eV.

Hoinkis found that at 1173 K the dependence of the

amount of deuterium adsorbed in graphitic Matrix A3-3

on the gas pressure, pD2
, over the range 2.5±2.5 ´ 103 Pa

obeys a Langmuir isotherm [14]. A linear relationship

between the solubility and
p

pD2
in a pressure range 1±

100 kPa for 1573 K was derived for laminar pyrolytic

carbon in Ref. [13]. When investigating deuterium ad-

sorption in Isograph-88 (T 6 1173 K) within the pres-

sure range 5±95 kPa Atsumi et al. [18] observed a
p

pD2

dependence of the gas amount contributing to a domi-

nating thermal desorption peak. A similar in¯uence of

the hydrogen pressure in a range 5±20 kPa on the hy-

drogen trapping in neutron irradiated graphite was

documented in [19]. On the other hand, Redmond et al.

[12] found that the amount of adsorbed gas versus

pressure could be approximated by two lines over the

pressure range 13.3±1.33 ´ 105 Pa (at P 1358 K) sug-

gesting a very weak dependence at low pressures.

Moreover, Causey et al. [16] found that loading of

POCO AXF-5Q graphite (POCO) from D2/T2 atmo-

sphere at 1473 K gave a retention of 15 appm inde-

pendent of gas pressure over the range 0.66±66 Pa. A

conclusion was made that under the conditions speci®ed

the retention of D/T in POCO was determined by the

100% occupation of hydrogen in strong traps which are

present in as-manufactured graphite which have a

binding energy of 4.3 eV.

Generally, non-monotonic dependence of hydrogen

absorption on the loading pressure are attributed to the

presence of heterogeneities [12,20]. Kanashenko et al.

[21,22] used this idea just to show quantitatively why the

amount of hydrogen trapped in graphites during high

temperature sorption sometimes does [12±14,18,19], but

sometimes does not [16,18] show the dependence on the

loading gas pressure. Their model based on the Lan-

gmuir type adsorption includes not one, as in Ref. [14],

but two trap types: submicroscopic interstitial clusters

[8] (strong traps with adsorption enthalpy, DH�)4.4

eV/H2) and usual C atoms at the edge of crystallites

(DH�)2.3 eV/H2). The latter value DH was estimated

taking into account the relaxation of dangling sp2

bonds. For 1473 K such an approach results in an

equilibrium hydrogen retention which is weakly depen-

dent on the hydrogen pressure at pressures �1 kPa,

shows a much stronger dependence in a range of pres-

sures around 1 kPa and saturates at pressures �1 kPa.

Two plateaus of the sorption isotherm correspond to

complete ®lling of the two types of adsorption sites

characterized by their own concentrations and binding

energies. Such an approach removes an apparent con-

tradiction between the above experimental data. The

same formalism is applicable to irradiated graphites with

appropriate concentrations of the two types of traps

[22]. Remaining questions are probably due to uncer-

tainties in sorption kinetics determined by migration

characteristics of hydrogen in graphites.

In general, both H2 molecules and H atoms are able

to penetrate and migrate in graphites [6,23±25]. Migra-

tion of H atoms in graphite crystals is believed to occur

much easier along basal planes than along the c axis

even after severe radiation damage [24±27]. Grain

boundaries (GBs) can play a role of channels for rapid

hydrogen migration [27]. Anisotropic di�usion of hy-

drogen together with a wide variety of graphite micro-

structures and a possibility to activate di�erent

migration mechanisms are responsible for a great scatter

of hydrogen di�usion data in graphites [28]. An attempt

to single out the main di�usion channels and to describe

the whole variety of experimental data calculating an

e�ective di�usion coe�cient was made by Ashida et al.

[29]. Radiation damage even after low temperature ir-

radiation up to 10±12 dpa does not eliminate orientation

e�ects [6] of radiation-induced self-di�usion [30], di�u-

sion of tritium atoms [26] and in any case does not lead

to a full amorphization [31].

A series of experimental works was focused on the

investigation of hydrogen sorption in damaged graphites

at relatively high temperatures, that is hydrogen reten-

tion in strong traps [17,19,21,22,32±34]. A general

scheme of investigations was suggested in Ref. [32].

After production of radiation damage in graphites using

neutron or C ion irradiation, the specimens are soaked

in a D2 atmosphere at a temperature of 1473 K [16,28]

for a time period which is supposedly enough to attain

an equilibrium between the gas and material. If the

loading gas pressure is chosen in the range of the ®rst

plateau of the sorption isotherm (less than 0.1±1.0 Pa at

1473 K [21,22]) only strong traps become populated.

After cooling, the amount of deuterium in specimens is

determined by nuclear reaction analysis (NRA) or

thermal-desorption spectroscopy (TDS). In most

graphites, except HOPG [32,35], some CFCs [17,19,36]

and some special pyrolytic graphites [33,34], lattice

damage increases the retention of hydrogen isotopes up

to 1000±1500 appm. The main conclusions which follow

from these and related experiments are given below.

1. Initial microstructure is an important factor for D ac-

cumulation at strong traps in damaged graphites

[17,19,32±34,36]. Deuterium retention is lower in ma-

terials with a higher degree of graphitization

[17,19,36].

2. Strong traps are present at typical concentrations of

10±20 appm in all graphites in their original state

[16,28,34] and can be created by plastic deformation,

fracture [34] and irradiation.
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3. Irradiation temperature, having a great bearing upon

microstructure [8,9,31], in¯uences the amount of re-

tained deuterium [34].

4. Neutron radiation damage hinders the di�usivity of

hydrogen [19,37].

5. At lower temperatures and higher pressures the con-

centration of accumulated deuterium gets higher

[13,19] which is attributed by the authors of [21,22]

to the occupation of weaker traps (second plateau

at sorption isotherm).

6. Strong traps are considered to be dangling bonds of

C atoms [17,19,34] belonging to crystal edges [36]

and submicroscopic interstitial clusters [34] formed

in the course of radiation damage [8]. This agrees

with the presence of sp3 C±C bonds [33] and sp3-clus-

ters [10] in damaged graphites.

7. Provided strong traps for hydrogen are identi®ed

with those created at RT by neutron irradiation [38]

or a particles [31] one can expect their evolution in

a temperature range P 1773 K [38] and annealing

at 2023 K [31].

The role of initial microstructure in accumulation of

deuterium in damaged graphites is less well understood

[33]. What is the main reason for a very low sorption of

deuterium in BO HOPG [32]: a low concentration of

deep traps produced by C ion implantation, or a very

slow permeation of deuterium in the direction normal to

basal planes which could hinder in part the access of H

to deep traps created? What is the nature of the cor-

relation between the degree of graphitisation and the

resistance of damaged graphites to hydrogen accumu-

lation [17,19,36]?

In the present work we examine the in¯uence of the

graphite microstructure on the accumulation of hydro-

gen. Experiments similar to those in Refs. [33,34] were

done with specimens of EO and BO PG and RG-Ti-91

graphites having the microstructure well documented in

[31] and [39], respectively. We demonstrate a leading role

of structural factors in both damaged and non-damaged

graphites on the accessibility of deep traps by D atoms

under loading from D2 gas at 1473 K, while a degree of

graphitization seems to be of minor importance.

Graphite damaged by ion irradiation is found to be less

permeable for deuterium and more resistant to chemical

erosion than non-damaged graphite.

2. Experimental

The pyrolytic graphite (PG) used in this investigation

was produced by Le Carbone-Lorraine (France) and

had a turbostratic structure and a density of 2.19 g cmÿ3.

Plate-like samples with dimensions of 10 ´ 10 ´ 1 mm3

were cut parallel and perpendicular to the hexagonal c

axis, called EO (edge-oriented) and BO (basal-oriented),

respectively. Samples of well graphitized anisotropic

RG-Ti-91 graphite (below denoted as RGT) produced

by NIIGra®t (Russia) were also investigated. The RGT

samples were cut parallel and perpendicular to the

pressing axis, P. Individual grains in RGT are oriented

with their c axes predominantly parallel to the P direc-

tion [39] and samples cut in di�erent way were also

called EO and BO, respectively. After cutting all the

samples were mechanically polished using grinding pa-

pers and diamond paste and then ultrasonically cleaned

in acetone. Ref. [33] gives details of C ion implantation,

post-implantation loading with deuterium and subse-

quent determination of trapped deuterium by nuclear

reaction analysis and in Ref. [34] de®nitions are for-

mulated of deuterium concentrations determined in

di�erent parts of a specimen.

Radiation damage was produced at room tempera-

ture by 200 keV C ion implantation up to three ¯uences,

U1� 0.37 ´ 1020 ion mÿ2, U2� 1.83 ´ 1020 ion mÿ2 and

U3� 9.13 ´ 1020 ion mÿ2. According to TRIM [40] cal-

culations the mean projected range of 200 keV C ions in

graphite (q� 2.19 g cmÿ3) is Rp @400 nm, the maximum

range, Rmax @ 480 nm and the straggling, r @ 50 nm.

From TRIM calculations the mean damage levels in the

ion stopping range are Kt� 0.25, 1.30 and 6.45 dpa for

the three ¯uences. The pressure during irradiation was

about 5 ´ 10ÿ4 Pa.

Irradiated graphite samples were exposed at 1473 K

to ¯owing 99.97% pure D2 gas at a pressure of 0.66 Pa

for 1 h. After examination by di�erent methods (see

below) all PG samples were exposed to deuterium a

second time for 48 h under the same conditions.

Deuterium depth distributions were studied by NRA

using the 3He(D,p)a nuclear reaction. A beam of 3He

ions (@1.3 ´ 1.3 mm2) having energy up to 1.8 MeV was

directed onto the sample, and protons from nuclear re-

actions with D atoms present in the sample were

counted. The method of resonance depth pro®ling [41] is

used to determine the distribution of D within 4 lm of

the surface from measurements of proton yield versus
3He ion energy. An actual distribution of D atoms in the

irradiated part of a specimen was approximated by a

step-like three component depth pro®le characterized by

the following parameters: (1) a concentration of D at-

oms on the irradiated surface (area density), CD(S) (at/

m2), (2) a uniform concentration of D atoms within the

near-surface damaged region from 0 to R� 0.5 lm

(�Rmax) in the depth, CD(R) (appm), and (3) a uniform

concentration of D atoms beyond the damaged region

(in the bulk) within a depth range from R� 0.5±5 lm,

Cb
D (appm). In samples loaded with deuterium at 1473

K, D atoms are found not only in areas irradiated with

C ions, but also in areas shielded from C ion beam by

clamping springs [34]. The background deuterium dis-

tribution in these unirradiated regions was determined

assuming the same three component depth pro®le as for

the irradiated regions. The relevant concentration values
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were denoted by an additional `0' superscript to the

right, and namely: C0
D(S) ± the area density of D atoms

on the non-irradiated surface (at/m2), C0
D(R) ± the uni-

form concentration of D atoms (appm) in the near-

surface layer of 0.5 lm thick and C0b
D ± the uniform

concentration of D atoms (appm) in the bulk out of the

C ion irradiated area. For the sake of rapid comparison

of D atom amounts on the surface and in the bulk

C
�0�
D (S) values are also expressed in concentration units

(appm) using the following relation:

C�0�D �SR� � kC�0�D �S�; �2:1�
where k� 106(Nc R)ÿ1 (appm ´ m2/at.fract. ´ at.) is the

correlation factor, converting the D atom area density

(C
�0�
D (S) in units (at mÿ2)) into the ratio of the D atom

quantity on the surface to the number of C atoms un-

derlying this surface within a layer of the thickness,

R� 0.5 lm (C
�0�
D (SR) in units (appm)). Here Nc� 1029

m-3 is the volume density of C atoms. Let us point out

that in Ref. [34] for all graphites studied, the values

CD(R) appeared to be considerably higher than CD(SR),

and the authors discussed only the values C
�0�
D (R). In the

present work the values C
�0�
D (SR) for PG appeared to be

comparable with C
�0�
D (R), and both are discussed below.

Besides, the following notation is used: C
�0�
D (S + R) º

C
�0�
D (SR) + C

�0�
D (R).

The microstructure was studied in a Philips EM-430

TEM operated at 300 kV. TEM specimens were ob-

tained using both a planar thinning and cross-section

technique. The ®nal stage of specimen preparation was

performed by Ar ion milling in a Gatan 600 DuoMillTM.

The surface morphology was investigated in a Philips

SEM-525 equipped by a goniometer-stage and using

quantitative analysis of stereo-images produced by sec-

ondary electrons. The analysis procedure developed for

TEM stereo pair evaluation [42] was corrected for a

tilted SED position relative to the electron beam di-

rection. In addition, the surface pro®le measurements

were carried out in a Sloan Technology DekTak3 ST

system.

3. Experimental results

Visual and optical analysis of PG and RGT samples

after C ion irradiation and deuterium loading did not

change the irradiated surface noticeably if the exposure

time was as low as 1 h, while a subsequent exposure of

PG specimens for additional 48 h under the same con-

ditions led to signi®cant changes of the surface relief,

especially for EO PG samples. Non-irradiated areas of

the latter acquired the appearance of black suede, while

irradiated areas were more bright. The appearance of

BO specimens due to prolonged exposure in D2 changed

to a lesser extent. It was noted that in all the PG spec-

imens after 49 h in D2 the irradiated surface area pro-

truded over non-irradiated one and they were divided by

a step. Polishing traces were distinguishable in areas of

EO PG irradiated up to U�U2;3, while they were never

found in non-irradiated areas. This together with an

unusual behavior of CD(U) dependences for PG speci-

mens loaded for 49 h (Section 3.2) led us to subject these

specimens to a detailed analysis in SEM (Section 3.3),

by means of precision pro®lometry (Section 3.4) and by

cross-sectional TEM (Section 3.5).

The microstructure of PG and RGT both before and

after radiation damage by He ions at RT was studied in

detail in Refs. [31] and [39], respectively. In the following

section the main features of the virgin microstructure of

PG and new experimental results on its evolution due to

C ion implantation at 300 K, are presented.

3.1. Microstructure of PG before and after C ion

implantation at 300 K

In Fig. 1(a) an optical micrograph of a polished and

etched section of EO PG is presented (the etching was

done with He ions at 800 K). It is indicative of a stepwise

growth mode of PG. The microstructure of PG consists

of jet- or drop-like crystalline areas (grains) oriented

with their longer axes approximately normally to the

substrate. The grains are about 10 lm in diameter. They

consist of curved lamellae with mosaic microstructure

characterized by a wide scatter of c axes of constituent

subgrains around a longer axis of a particular grain.

Analysis of selected area di�raction patterns (SADPs)

allows us to estimate the angle at the apex of the scatter

angle cone, ac, as about 50±60° (see insert in Fig. 1(b)).

Thus, basal planes of BO PG specimens meet the pol-

ished surface plane of a section at an average angle, as

(see also a scheme in Fig. 10). Assuming the grain di-

ameter is 10 lm and the angle ac is 50±60° one can show

easily that as � 15±20�. Basal planes of adjacent grains

meet each other at angles of 60° forming grain bound-

aries (GBs). The latter are clearly visualized on TEM

micrographs made at low magni®cations (Fig. 1(b)).

Such a macroarchitecture of PG can lead to situations

when in EO PG specimens the matrix at some GBs faces

locally the surface with basal planes providing for local

preferential etching of GBs during ion thinning of TEM

specimens (see also [31]).

Fig. 2 presents TEM micrograph of a cross-sectional

specimen prepared from an EO PG sample irradiated

with C ions up to U2� 1.83 ´ 1020 ion mÿ2. The thick-

ness of a layer which has lost its di�raction contrast due

to radiation damage, d0, is P 450 nm which with an

accuracy of 5±6% coincides with Rmax of 200 keV C ions

in PG. In contrast to non-damaged matrix there are no

visible cavities within the damaged layer. Besides, ac-

cording to the analysis of selected area di�raction pat-

terns (cp. SADPs in Fig. 2) the damaged structure is

characterized by the mean lattice parameter in c direc-
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tion enlarged to P 0.382 nm as compared to 0.346 nm

in the virgin turbostratic PG matrix.

3.2. NRA data

All the data on deuterium concentrations on the

surface, CD(S), in the ion stopping range, CD(R), beyond

this range, Cb
D, and the sum, CD(S + R), for EO and BO

PG samples after C ion irradiation up to three ¯uences,

U1;2;3, and soaking into D2 gas for 1 h and 49 h are

presented in Table 1, in four vertical columns, respec-

tively. In the same columns the corresponding values of

D concentrations for non-damaged (U� 0) areas, C0
D(S),

C0
D(R), C0b

D and C0
D(S + R) are given. Table 2 presents

concentrations of deuterium retained in EO and BO

RGT, in both irradiated and non-irradiated areas, with

our earlier data for EO RGT [33] for comparison.

For convenience in comparison between D concen-

trations at di�erent distances from the surface, x, and at

di�erent ¯uences, U, the numerical data of Tables 1 and

2 are partly re¯ected in diagrams in Figs. 3 and 4, re-

spectively. Fig. 5(a) presents the dependences of the to-

tal amount of deuterium retained in the ion stopping

range and on the surface, CD(S + R), versus the ¯uence,

Fig. 1. Macrostructure of EO PG: (a) optical micrograph after etching the surface with He ions at 800 K; (b) TEM micrograph at low

magni®cation (tilt angle, u� 45°), in the insert is SADP from an area 6 lm in diameter (u� 0°).
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U, while Fig. 5(b) shows ¯uence dependences of the

amount of deuterium trapped solely within the ion

stopping range, CD(R).

3.2.1. Exposure time, s� 1 h

For U2;3 the values of CD(S + R) are 2±3 times and

the values CD(R) are 3±4 times higher for EO PG

compared to BO PG (Figs. 3 and 5). The values of

CD(S) are approximately the same for both types of PG

(cp. CD(SR) levels in Fig. 3), showing a tendency to grow

with U. At U 6 U2 they remain below and at U�U3

half as much again as the total area density of adsorp-

tion sites on the zig±zag and armchair faces of graphite,

NS @ 1.3 ´ 1019 mÿ2 [14] (Table 1). The value of C0
D(R)

Table 1

Mean deuterium concentrations on the surface, CD(S), in the ion stopping range, CD(R), beyond this range, Cb
D, and the sum

CD(S + R) in EO and BO PG irradiated with 200 keV C ions up to ¯uences / mean damage levels indicated and soaked thereafter in D2

atmosphere (pD2
� 0:66 Pa) at 1473 K for exposure times, s� 1 h and 49 h

Fluence, U (C-ion mÿ2)/

Mean damage level, K t

(dpa)

CD(S) (´1019 D mÿ2) CD(R) (appm) Cb
D (appm) CD(S + R) (appm)

EO PG,

s� 1 h

U� 0 / Non-damaged 0.36 � 0.05 115 � 10 6 � 1 185 � 20

U1� 0.37 E20 / 0.25 0.73 � 0.04 140 � 10 3 � 1 285 � 15

U2� 1.83 E20 / 1.30 0.66 � 0.12 760 � 30 0 � 2 895 � 55

U3� 9.13 E20 / 6.45 1.80 � 0.13 600 � 30 1 � 2 960 � 55

s� 49 h U� 0 / Non-damaged 0.27 � 0.13 265 � 30 38 � 2 320 � 55

U1� 0.37 E20 / 0.25 0.03 � 0.10 130 � 20 21 � 2 135 � 40

U2� 1.83 E20 / 1.30 0.50 � 0.08 100 � 20 19 � 2 200 � 35

U3� 9.13 E20 / 6.45 0.55 � 0.09 170 � 20 13 � 2 280 � 40

BO PG,

s� 1 h

U� 0 / Non-damaged 0.27 � 0.03 10 � 3 0.4 � 0.4 64 � 9

U1� 0.37 E20 / 0.25 0.48 � 0.05 90 � 10 0.6 � 1.0 185 � 20

U2� 1.83 E20 / 1.30 0.69 � 0.05 165 � 10 0.0 � 1.0 305 � 20

U3� 9.13 E20 / 6.45 1.70 � 0.15 190 � 35 0.5 � 0.3 530 � 65

s� 49 h U� 0 / Non-damaged 0.07 � 0.01 18 � 2 0.2 � 0.2 32 � 4

U1� 0.37 E20 / 0.25 0.08 � 0.02 55 � 5 1.1 � 0.3 70 � 10

U2� 1.83 E20 / 1.30 0.60 � 0.06 260 � 10 0.0 � 1.0 380 � 25

U3� 9.13 E20 / 6.45 0.71 � 0.09 330 � 20 1.9 � 1.5 470 � 40

Fig. 2. Cross-sectional view of the microstructure of EO PG sample implanted with 200 keV C ions at 300 K up to a ¯uence,

U2� 1.83 ´ 1020 ion mÿ2; IL ± implanted layer, VM ± virgin matrix; SADPs correspond to damaged and non-damaged specimen areas.
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for EO PG is more than one order of magnitude higher

than that for BO PG (Fig. 3(a) and (b)). Values of C0b
D

and Cb
D for BO PG are below the limit of detection

(about 1 appm), while for EO PG the value of C0b
D is

slightly above the limit of detection and the values for

Cb
D are at the limit of detection.

In contrast to PG, the CD values are nearly the same

for EO versus BO RGT samples, and the surface con-

centrations of deuterium in both irradiated and non-ir-

radiated areas are negligible (Table 2, Fig. 4). This is in

full accord with our earlier data on EO RGT [33] (Ta-

ble 2). The absolute values C
�0�
D (S + R) for RGT are

comparable with those for EO PG, but the values CD(R)

at U2;3 are half as much again as those for EO PG

(Fig. 5(a) and (b)). The values of C0b
D and Cb

D, being

somewhat lower than the corresponding values for RGT

in Ref. [33], are approximately the same (10±11 appm)

for EO and BO RGT. Also, the values C0b
D are about two

times higher and Cb
D are much higher than those for EO

PG.

3.2.2. Exposure time, s� 49 h

The extension of exposure time in D2 gas by 48 h

drastically a�ected all the CD values of EO PG while

those of BO PG changed only moderately (Table 1 and

Fig. 5). For instance, for U�U2 U3, CD(R) increased by

a factor of about 1.6, whereas CD(R) for EO PG de-

creased greatly. At the same time, the values of C0b
D and

Cb
D showed a large increase for EO PG but did not

change for BO PG, (Table 1).

3.3. SEM data

Fig. 6 shows typical SEM micrographs of EO and

BO PG samples (after 49 h exposure at 1473 K in D2

gas) near the border between irradiated and non-irra-

diated areas. In all cases non-damaged regions are re-

cessed below damaged regions and a clear etching of

both is evident. For EO PG, in agreement with the data

of optical microscopy, the roughness of the irradiated

surface is much less pronounced compared to that of

non-irradiated one (Fig. 6(a)). Due to anisotropy, the

surface etching of BO PG specimens proceeds in a dif-

ferent way (Fig. 6(b)), and the di�erence between sur-

face relief of damaged and non-damaged regions

following the gas exposure is not so well-de®ned as in

the case of EO PG.

An attempt was made to measure the heights, Dh, of

steps between damaged and non-damaged regions by

means of analysis of stereo-pairs taken in SEM. Due to a

time consuming procedure this was done only for three

specimens: EO PG/U1, EO PG/U2 and BO PG/U3 along

directions normal to a border in question. The following

results were obtained: DhSM(EO PG/U1)� 0.60 � 0.15

lm, DhSM(EO PG/U2)� 0.75 � 0.10 lm and DhSM(BO

PG/U3)� 1.0 � 0.2 lm. To get more comprehensive in-

formation on the height of steps at the edge of non-

damaged and damaged areas a faster method of mi-

cropro®lometry was also used.

3.4. Dek Tak data

Examples of the surface microrelief measured

for three di�erent PG specimens in directions crossing

the edges of C ion beam spots are presented in Fig. 7.

The corresponding step heights, DhDT, are: DhDT

(EO PG/U2)� 0.70 � 0.05 lm (a), DhDT(BO PG/

U1)� 0.85 � 0.05 lm (b) and DhDT(BO PG/U3)�
0.75 � 0.05 lm (c). For ¯uences U2;3 the values DhDT for

EO and BO PG are approximately the same being with a

Table 2

Mean deuterium concentrations on the surface, CD(S), in the ion stopping range, CD(R), beyond this range, Cb
D, and the sum

CD(S + R) in EO and BO RGT irradiated with 200 keV C ions up to ¯uences/mean damage levels indicated and soaked thereafter into

D2 atmosphere (pD2
� 0:66 Pa) at 1473 K for the exposure time, s� 1 h with the corresponding data on EO RGT from Ref. [33]

Fluence, U (C-ion mÿ2)/

Mean damage level, K t

(dpa)

CD(S) (´1019 D mÿ2) CD(R) (appm) Cb
D (appm) CD(S + R) (appm)

EO RGT,

s� 1 h

U� 0 / Non-damaged 0.1 � 0.1 120 � 20 9.5 � 1.5 140 � 40

U1� 0.37 E20 / 0.25 0.0 � 0.1 400 � 20 13.0 � 2.0 400 � 40

U2� 1.83 E20 / 1.30 0.1 � 0.1 960 � 20 9.5 � 1.5 980 � 40

U3� 9.13 E20 / 6.45 0.0 � 0.1 1040 � 40 12.0 � 2.5 1040 � 60

s� 1 h [33] U� 0 / Non-damaged 0.05 � 0.08 165 � 20 13 � 1 175 � 35

U1� 0.37 E20 / 0.25 0.0 � 0.15 430 � 40 17 � 6 430 � 70

U2� 1.83 E20 / 1.30 0.40 � 0.15 1490 � 40 10 � 2 1570 � 70

U3� 9.13 E20 / 6.45 0.0 � 0.20 1470 � 50 18 � 3 1470 � 90

BO RGT,

s� 1 h

U� 0 / Non-damaged 0.1 � 0.05 100 � 10 7 � 1 120 � 20

U1� 0.37 E20 / 0.25 0.0 � 0.2 360 � 40 13 � 3 360 � 80

U2� 1.83 E20 / 1.30 0.1 � 0.1 920 � 20 9 � 1 940 � 40

U3� 9.13 E20 / 6.45 0.0 � 0.2 1180 � 40 11 � 4 1180 � 80
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high degree of con®dence between 0.7 and 0.8 lm. The

scatter of DhDT values for U�U1 is higher, but all the

available data are within a range from 0.4 to 0.9 lm.

Comparison of DhSM data obtained by means of SEM

stereo-pair evaluation with those using Dek Tak system,

DhDT, shows good agreement.

It is evident that the considered steps cannot be

caused solely by swelling of the C ion implanted layer.

Assuming the radiation induced increase of c lattice

parameter, Dc/c � 0.1 (Section 3.1) a maximal protru-

sion in the case of BO PG cannot exceed Dhirr � Rmax

Dc/c � 50 nm much smaller than the experimentally

measured heights, Dhexp, mentioned above. Thus, one

has to attribute the formation of these steps to a carbon

chemical erosion (gasi®cation) proceeding noticeably

slower in regions modi®ed by the ion irradiation.

3.5. TEM data

The microstructure evolution of radiation modi®ed

layers on PG after extended exposure in D2 gas was

investigated in TEM using cross sections. Results are

illustrated in Figs. 8 and 9 where micrographs of cross

sections of EO PG/U2 and BO PG/U3 specimens, re-

spectively, are presented. The appearance of radiation-

modi®ed layers on EO PG imaged in bright (a) and dark

Fig. 3. Diagrams of deuterium depth distributions in EO PG (a) and BO PG (b) in areas non-irradiated and irradiated with 200 keV C

ions up to ¯uences, U1� 0.37 ´ 1020 ion mÿ2, U2� 1.83 ´ 1020 ion mÿ2 and U3� 9.13 ´ 1020 ion mÿ2 after soaking into D2 gas at 1473

K and pD2
� 0:66 Pa for 1 h.

V.N. Chernikov et al. / Journal of Nuclear Materials 264 (1999) 180±197 187



(b) ®elds (Fig. 8) implies a reduction in their thickness

and considerable changes of microstructure after the

exposure in D2 (comparing with Fig. 2). Qualitatively

such an appearance is characteristic of all C ion im-

planted EO PG specimens held in deuterium for 49 h.

Based on TEM measurements of several cross sections

of EO PG implanted up to U�U2;3 the thickness of

remaining radiation modi®ed layers, d, was estimated as

300 � 50 nm, while for specimens implanted to U�U1

we found d� 200 � 50 nm. In contrast to radiation

modi®ed layers of EO PG just after C ion irradiation,

the implanted layers after a long D2 exposure are very

friable, especially in their upper part, and contain a very

high volume density of thin and extended lenticular and

band-like cavities. Some wide ori®ces reach the under-

lying non-damaged carbon matrix (Fig. 8, the left-hand

side in a,b). The exposure in D2 gas has practically no

in¯uence on the c parameter of damaged carbon.

The microstructure of ion implanted BO PG after

exposure in D2 for 49 h di�ers considerably from that of

EO PG for all ¯uences (Fig. 9). Radiation modi®ed

layers near the surface are not friable, but contain not

numerous, separate and, by all appearance, closed len-

ticular cavities. For all ¯uences the thicknesses of layers

remaining after exposure to D2 are roughly the same as

for EO PG samples. Parameters of empty cavities are

reminiscent of those of He ®lled bubbles in BO PG

implanted with 40 keV He ions up to U� 1.2 ´ 1021 He

mÿ2 [31]. In contrast to those in EO PG (Fig. 2), the

original lenticular cavities in BO PG could not be

completely cured during irradiation because of the lack

of compressive stresses in the direction normal to basal

planes [31].

Based on the step heights, Dhexp (DhSM and DhDT),

measured at the edge of ion beam spots and taking into

account the thicknesses d, estimated by TEM, of dam-

aged layers remaining on the surface of ion implanted

PG specimens after a long exposure in D2 one can

evaluate more precisely the depth of PG gasi®cation of

non-irradiated graphite

Dh0 � Dhexp � d0 ÿ d; �3:1�
where d0 is taken equal to Rmax(200 keV C�). Substi-

tuting numerical data one gets readily Dh0 � 1.0 � 0.1

lm. This implies the rate of gasi®cation of non-dam-

aged PG under conditions speci®ed is about 20 nm hÿ1,

while that for damaged PG falls inside the limits

3.5±5.5 nm hÿ1.

4. Discussion

High concentrations CD(R) after post-irradiation

loading with hydrogen in damaged graphites reported in

Ref. [17,19,32±34] and in this work cannot be explained

by adsorption on inner surfaces available in virgin

graphites. This implies that radiation defects created in

the bulk during ion implantation are, even if partly,

accessible by H atoms at high temperatures. One of the

main e�ects on graphite by radiation damage at 300 K is

the reduction of the crystalline size [39,43,44]. But these

newly created intercrystalline sub-boundaries are not

Fig. 4. Diagram of deuterium depth distributions in EO RGT in areas non-irradiated and irradiated with 200 keV C ions up to

¯uences, U1� 0.37 ´ 1020 ion mÿ2, U2� 1.83 ´ 1020 ion mÿ2 and U3� 9.13 ´ 1020 ion mÿ2 after subsequent soaking into D2 gas at 1473

K and pD2
� 0:66 Pa for 1 h.
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easy paths for hydrogen di�usion [19,37], probably for

the lack of intrinsic free volume. On the other hand,

migration of hydrogen along normal (sub)GBs should

be considered.

In the following we discuss processes of deuterium

retention, migration and chemical erosion in both

damaged and non-damaged graphites. Ungraphitized

turbostratic PG (deposition temperature is well below

graphitization temperature) was used as a highly an-

isotropic material. Due to original cavities throughout

its volume, it has a relatively low value of closed po-

rosity, DV/V @ 5 ´ 10ÿ3 [31] with a corresponding spe-

ci®c inner surface area, St @ 2.4 m2 gÿ1 (derived on the

basis of cavity parameters in [31] with the use of relation

in [45]), and no noticeable free volume is related to its

GBs [31]. On the other hand, RGT was chosen which is

also an anisotropic, but well graphitized material accu-

mulating a great deal of porosity in GBs [39].

Changes in microstructure of graphites from C ion

irradiation (Sections 3.1 and 3.5) are similar to those

observed from He ion irradiation at 300 K [31,39].

Atomic displacements induce swelling due to formation

of submicroscopic interstitial clusters, and a corre-

sponding c parameter increase. This results in curing of

original cavities which is signi®cantly facilitated in EO

PG compared to BO PG specimens by strong com-

pressive stresses in the direction of c axis. Submicro-

scopic clusters are immobile interstitial atom groups

containing 2±6 atoms which are not able to grow [8].

According to [34], dangling bonds of C atoms belonging

to these clusters are primarily responsible for D atom

capturing in deep traps. Indeed, in contrast to dangling

bonds at crystal edges or dislocation loops (pointed out

as location sites of deep traps in [22,28]), the probability

of their mutual relaxation (see e.g. [21]) is minimal.

Strengthening of the matrix in c direction is supposed to

Fig. 5. Deuterium concentrations, CD(S + R) (a) and CD(R) (b) in di�erently oriented PG and RGT specimens versus the ¯uence, U, of

C ions. The data of C0
D(S + R) and C0

D(R) for U� 0 are shown as well.
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be a result of interlayer bonding via the same submi-

croscopic clusters [31,39]. The anisotropy of the PG

lattice was shown to remain even after implantation with

ions other than C� up to more than 10 dpa [31]. In the

following discussion, it is assumed as a ®rst approxi-

mation, that layers with deuterium concentrations close

Fig. 6. SEM micrographs (in secondary electrons) of di�erently oriented PG specimens at the edge of areas irradiated with 200 keV C

ions (on top) after exposure at 1473 K in D2 gas for 49 h: (a) EO PG, U�U2, tilt angle, u� 25°; (b) BO PG, U�U3, u� 20°. Tilt axis is

roughly parallel to the edge of irradiated areas.

Fig. 7. Surface pro®les of PG specimens near the edge of regions irradiated with C ions (to the right hand side) after exposure in D2 gas

at 1473 K for 49 h: (a) EO PG, U�U2, (b) BO PG, U�U1, (c) BO PG, U�U3. Height axes are calibrated in units of k�A� 0.1 lm.
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to saturation (100% ®lling of deep traps) are formed

behind a D atom di�usion front which propagates

through the graphite matrix.

4.1. Exposure time, s� 1 h

4.1.1. EO and BO PG

The most striking e�ect in Section 3.2.1 is a 3±4 fold

di�erence between CD(R) values for EO and BO PG at

U2;3 (Fig. 5(b)). Bearing in mind that C ions create in

both EO and BO PG approximately the same spatial

distribution of defects (in particular, deep traps) and the

subsequent soaking in D2 does not signi®cantly change

the microstructure of graphite, the observed di�erence in

CD(R) is unambiguously attributed to the di�erence in

accessibility of radiation induced deep traps by D atoms

migrating from the surface into the bulk of di�erently

oriented PG specimens. Assuming that D atoms di�use

Fig. 9. Cross-sectional view of the microstructure of BO PG sample implanted with 200 keV C ions up to a ¯uence, U�U3 and exposed

to D2 gas at 1473 K for 49 h. SADP refers to a selected area of 0.5 lm in diameter.

Fig. 8. Cross-sectional view of the microstructure of EO PG sample implanted with 200 keV C ions up to a ¯uence, U�U2 and exposed

to D2 gas at 1473 K for 49 h: (a) bright ®eld; SADP refers to a selected area of 0.5 lm in diameter and covers partly a virgin matrix; (b)

dark ®eld imaged in 002 re¯ection. Note a very friable microstructure in the upper part of a layer modi®ed by irradiation.
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along but not through basal planes and taking into ac-

count that basal planes in BO PG specimens intersect

the surface plane at an average angle as @ 15±20° (Sec-

tion 3.1, Fig. 10), one gets readily that the average

penetration depth of D atoms into the bulk of BO PG is

at least (Sin as)
ÿ1 @ 3±4 times less than that for EO PG.

This agrees quite well with the experimentally observed

di�erence of corresponding CD(R) values and implies

that the di�usion of deuterium through basal planes

proceeds with a much lower di�usion coe�cient than

along basal planes. Derived from independent experi-

mental results, this deduction agrees well with conclu-

sions on the anisotropy of hydrogen isotope di�usion in

a graphite lattice made previously in Refs. [26,27].

If deep traps within the ion range in EO PG im-

planted to U2;3 are assumed to be saturated with deu-

terium it implies that the mean depth of D atom advance

and trapping in deep traps in BO PG is not in excess of

x�R ´ Sin(as) @ 140 nm.

In the situation where the traps are strong and are

®lled by propagation of a D atom di�usion front into

the matrix, the thickness of the saturated layer behind

the front is

x � �Deff t�1=2
; �4:1�

where

Deff � 2DmCm=Ct; �4:2�
Dm is the di�usivity of the mobile or untrapped D, Cm is

the concentration of mobile D at the surface determined

in our case by equilibrium with the gas i.e. the solubility,

and Ct is the concentration of traps. The e�ective dif-

fusion coe�cient, Deff , of deuterium in BO PG at 1473

K can thus be estimated to be DBO
eff @ 5 ´ 10ÿ18 m2 sÿ1

which is two orders of magnitude less than Deff (1473 K)

for laminar carbon in Ref. [13]. The fact that this value is

two orders of magnitude smaller than the value reported

in Ref. [13] may be due to a larger trap concentration

from the C ion irradiation in our material, since Deff is

inversely proportional to the trap concentration

(Eq. (4.2)). An additional reason for such a di�erence in

di�usion coe�cients might be a lower density and more

porous microstructure of laminar carbon (q� 1.89 g/

cm3) used in [31] compared to the PG (q� 2.19 g/cm3)

used here.

Comparison of deuterium concentrations retained in

non-damaged areas of EO and BO PG specimens (cp.

C0
D(R) in Fig. 3(a) and (b)) does not contradict the

above conclusion that D atom migration depends

strongly on crystallographic orientation. A higher value

C0
D(R) for EO PG is caused, ®rst, by a greater penetra-

tion depth of D atoms and also by more lattice defor-

mation, compared to BO PG, created near the surface

during specimen polishing [31] (see Section 1).

A decrease of CD(R) in EO PG by about 20% when

increasing U from U2 to U3 can be a consequence of

growing disorder within the C ion implanted layer which

makes the implanted layer less permeable for D atoms.

In BO PG such an e�ect is not observed because within

the estimated range of D atom penetration (�140 nm)

the mean damage level is about four times lower than

that around Rp� 400 nm [40]. Besides, if high com-

pressive stresses due to lattice damage play a role in the

suppression of D di�usivity in EO PG, such a factor is

practically absent in BO specimens [31].

Whereas the values of C0b
D and Cb

D for BO PG are

negligible, the corresponding values for EO PG are non-

zero (Table 1). In contrast to C0
D(R), their comparison

gives more correct and convincing arguments in favor of

the orientation dependence of deuterium di�usion into

graphite lattice. Based on the fact that C0b
D in EO PG is

6 � 1 appm to a depth of at least 4 lm, a rough esti-

mation of a minimum e�ective di�usion coe�cient of D

atoms along basal planes yields DEO
eff �5 ´ 10ÿ15 m2 sÿ1.

The di�erence between C0b
D and Cb

D for EO PG is an

indication that radiation damage in the near-surface

layers retards transport of deuterium through them.

This is in agreement with a conclusion made in Refs.

[37,19]. In addition to the in¯uence of traps on D dif-

fusion discussed above, curing of original cavities which

short-circuit the near-surface layers in original EO PG

and, build up of compressive stresses, may also in¯uence

D transport in graphite. The same e�ects occur for a

longer exposure time as well (see Section 4.2.2).

The values CD(S) for specimens irradiated up to

¯uences U1;2;3 and for non-irradiated specimens are

practically the same for EO and BO PG (Fig. 3(a) and

(b)). It means that the activity of the outer surface to

hydrogen adsorption on di�erently oriented specimens is

Fig. 10. Schematic presentation of a mechanically polished BO

PG sample in cross section before (a) and after (b) chemical

erosion in D2 gas for 49 h. Curved lines denote as-grown piles

of basal planes (cp. with Fig. 1(a)). Dashed line in (b) denotes

an original position of the surface.
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practically the same. CD(S) values that are relatively

high, show a tendency to increase with U and at U3 are

even higher than the maximal area density of adsorption

sites on smooth surfaces of EO PG, NS @ 1.3 ´ 1019 mÿ2.

This surface D might not all be bound in strong traps

(non-relaxed dangling C bonds), since trap sites on the

surface are still accessible to D at lower temperatures

where D could be retained by weaker traps, associated

with relaxed C bonds (with Eb < 4.3 eV), during cooling

(see Section 1). Data of the present study and unpub-

lished results of [33] allow us to conclude that after D2

exposure at high temperatures deuterium concentration

on the surface of well graphitized materials (RGT, PO-

CO) is noticeably smaller than on the surface of non-

graphitized ones (PG, USB-15, PGI). The origin of this

di�erence is not yet clear.

4.1.2. EO and BO RGT

Experimental data on all the CD values including

those in non-damaged areas are practically the same for

EO and BO RGT, respectively (Table 2, Fig. 5). This is

stipulated by porous GBs which play a role of channels

for rapid migration of deuterium into the bulk followed

by a slower interplanar di�usion of D atoms into inte-

rior of individual (sub)grains and, in this way, obliter-

ates all the di�erences between di�erently oriented RGT

specimens. Against this background, the role of crys-

tallite boundaries as deuterium conductors in PG seems

to be negligible, which is reasonable taking into account

di�erent microstructure of GBs in PG and RGT (see

introduction to Section 4).

Absolute values of CD(R) and Cb
D for RGT are no-

ticeably higher than those for EO PG. This seems to be

natural taking into account the above role of GBs in

RGT. Another possible reason for this observation is a

less e�cient hindering of D atom migration within a

damaged RGT due to a stress relaxation at the expense

of a great deal of porosity present in its GBs [39] (Sec-

tion 4.1.1). The equality of C0b
D and Cb

D in RGT is an-

other argument for the absence of retardation of

deuterium migration through the ion stopping range.

4.2. Exposure time, s� 49 h

4.2.1. Carbon chemical erosion (gasi®cation)

From the lower values of CD(R) for BO PG com-

pared to EO PG after 1 h gas exposure we inferred that

D did not di�use all the way through the damaged zone

in BO PG due to kinetically limited transport. To test

this hypothesis, the EO and BO PG samples were ex-

posed to D2 gas for an additional 48 h (1473 K,

pD2
� 0:66 Pa). For kinetically limited D uptake the

longer loading time should result in deeper permeation

of D into the material and hence higher values of CD(R)

in the irradiated BO PG. NRA analysis showed that for

U�U2 U3, CD(R) increased by a factor of about 1.6,

whereas CD(R) for EO PG decreased greatly. A change

in the visual appearance of specimens after prolonged

exposure in D2 led us to closely examine their surface

microstructure (Sections 3.3±3.5, Figs. 6±9). It was

found that removal of material from the surface by

gasi®cation of carbon took place with rates of 20 nm hÿ1

for non-damaged carbon and about 4 nm hÿ1 for dam-

aged carbon. The ®ve fold di�erence in removal rates

implies that radiation modi®cation of graphite gives rise

to a noticeable increase of resistance towards gasi®ca-

tion.

In general, at high temperatures and hydrogen pres-

sures of 1 Pa, graphite reacts with hydrogen yielding

under equilibrium acetylene and methane, but in negli-

gible quantities [14]. On the other hand, we used for gas

loading not a constant D2 volume, but a constant gas

¯ow which continuously displaced the equilibrium be-

tween deuterocarbons and deuterium providing for a

constant rate of deuterocarbon formation and surface

chemical erosion. Besides, we used deuterium with a

purity 99.97% without any further puri®cation, and

some erosion due to carbon oxidation and hydrogena-

tion could be a reason for an additional erosion of

graphite [46]. Anyway, it does not change the conclusion

concerning the e�ect of radiation modi®cation of

graphite on its resistance towards gasi®cation. It seems

to have similar roots with the e�ect of radiation-induced

strengthening of PG in the c direction [31,39] and, hence,

with the presence of submicroscopic interstitial clusters

[8].

Due to gasi®cation the thickness of radiation modi-

®ed layers is reduced for 49 h D2 exposure by 200±300

nm, approximately equally for EO and BO specimens

(Section 3.5). However, microstructural changes di�er

considerably between di�erently oriented specimens

which shows that the crystalline anisotropy still persists

after irradiation (see Section 1).

4.2.2. EO PG

Radiation modi®ed layers on EO PG specimens ex-

posed to D2 for 49 h are extremely friable (Fig. 8). We

failed to make rigorous determination of the open po-

rosity in such layers, but tentatively, based on rough

estimates, this value in upper parts of the layers reaches

P 50%. So, the experimentally measured values CD(R)

for EO PG (Fig. 5(b)) re¯ect mean deuterium concen-

trations in radiation modi®ed layers which are very fri-

able and thinner compared to those after 1 h exposure.

To get true values of deuterium concentration within the

remaining portion of the damaged layer after erosion, a

correction factor, k0, has to be introduced for the dis-

crepancy between the thickness of the NRA analysis

range, R, and a thickness of deuterium rich layer, d0,
corrected for its porosity (d0 < d), and namely: k0 @ R/d0.
Such estimates based on experimental values CD(R)|U2;3

roughly correlate with deuterium concentrations at sat-
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uration, that is with CD(R)|U2;3 values for EO PG ex-

posed in D2 for 1 h. In other words, a concentration of

deep traps created by ion irradiation does not decrease

noticeably in the matrix of radiation modi®ed graphite

during annealing at 1473 K for 48 h which is in accord

with a high thermal stability of deep traps (see Section 1).

The value C0
D(R) as a measure of deep trap concen-

tration near the surface of non-damaged EO specimen

(Table 1) seems to be anomalously high. This e�ect is

related to a surface relief which develops more intense

and deeply (up to a depth of >R) during gasi®cation in

non-damaged regions compared to that in damaged re-

gions. The latter follows from TEM observations and is

noticeable in SEM (cp. upper and lower parts in

Fig. 6(a)). Thus, after gasi®cation the near-surface lay-

ers of non-irradiated EO carbon present a very large

surface area for adsorption of D atoms. The same would

apply to weaker traps at the surface which might be

®lled during cool-down.

C0
D(R) was shown to be unsuitable for identi®cation

with the background deep trap concentration in PG. For

characterization of the latter the only reliable values are

C0b
D and Cb

D. While the value C0b
D @ 38 appm (Table 1) is

still in¯uenced by the surface relief due to gasi®cation,

the values Cb
D for U2;3 with the mean value Cb

D @ 16

appm seem to be representative for the background deep

trap concentration, that is in the bulk of as-received PG.

This value is comparable with Cb
D values for RGT and

POCO determined in [34].

With the minimum e�ective di�usivity of D along

basal planes of DEO
eff (1473 K) @ 5 ´ 10ÿ15 m2 sÿ1 (Sec-

tion 4.1.1), D should be present in EO specimens to

depths of at least 30 lm after exposure to D2 for 49 h.

4.2.3. BO PG

A cross-sectional view of a C ion implanted BO PG

sample is shown in Fig. 9. Fig. 10 presents schematically

the microstructure of a mechanically polished BO PG

specimen in cross section before (a) and after (b) gas-

i®cation. This scheme for a non-damaged area is also

applicable for a damaged region (with a lesser thickness

of gasi®ed layer). The construction of this schema is

based on the results of optical microscopy (Section 3.1,

Fig. 1(a)) and analysis of BO PG specimens after D2

exposure in SEM (Section 3.3, Fig. 6(b)). Gasi®cation of

a mechanically polished surface proceeds by attacking

edge C atoms and further chemical etching of newly

created BO surfaces. The selectivity in attacking edge C

atoms holds for both hydrogenation and oxidation [46].

The process converts a uniformly polished plane surface

(Fig. 10(a)) into a curved and etched one (Fig. 10(b))

having one peculiarity: most of the surface area faces the

environment with basal planes stretching to a great de-

gree continuously. Etching craters up to some tenths of a

micron deep are permanently available on curved

(sub)grain surfaces and provide for their further gasi®-

cation. In the following discussion, experimental data on

CD in BO PG are explained assuming that deuterium

permeability in the c direction is negligible (see Sec-

tion 4.1.1).

The values CD(R) for U�U2;3 relating to the expo-

sure time, s� 49 h are a factor of 1.7 higher than those

for s� 1 h (Table 1, Fig. 5(b)). This seems to be a

combined result of losses of previously trapped deute-

rium through gasi®cation and further accumulation of

D atoms at strong traps in the remaining damaged layer

by migration along basal planes. Taking into account a

correction procedure in Section 4.2.2 the above values

CD(R) were shown to indicate that for additional 48 h

the mean thickness of a deuterium containing layer

(within the remaining portion of the damaged layer on

BO PG) has increased from x @ 140 nm at s� 1 h

(Section 4.1.1) to x P 240 nm. In the BO specimen

implanted to U�U1 a competition between deuterium

accumulation and removal led after s� 49 h to a re-

duced amount of retained gas compared to that after

s� 1 h, presumably due to a higher gasi®cation rate of a

less damaged matrix (Section 4.2.1).

In spite of the fact that the background concentration

of deep traps in PG is 16 appm (Section 4.2.2) the values

C0b
D and Cb

D remained in all BO specimens after the ex-

posure for 49 h at a level of detection limit of NRA

method (Table 1). This is a strong evidence in favor of

both an extremely low sorption through basally oriented

perfect surface areas and negligible permeability of basal

planes in PG for D atoms at 1473 K.

The value C0
D(S + R) for 49 h is two times less than

that for s� 1 h which indicates that the number of near-

surface traps in unirradiated BO PG has decreased due

to gasi®cation of material damaged by mechanical de-

formation during sample preparation. The non-zero C0
D

value suggests that the surface of BO specimens sub-

jected to a long exposure in D2 is not free of such defects

as chemically etched craters (Fig. 10(b)). These craters

provide for not only rapid gasi®cation of carbon, but

also for its saturation up to a certain depth with deu-

terium.

4.3. General remarks on hydrogen sorption at elevated

temperatures

Some authors ignore signi®cant intercrystalline

sorption and solution of deuterium in graphites [12,14]

and, hence, give little attention to processes of inter-

crystalline di�usion of D atoms. The results of the

present work relating to PG argue directly in favor of

these e�ects. Indeed, if the main paths of deuterium in-

ward migration were (sub)GBs, interconnected pores,

channels etc., one could expect in EO PG the lower or,

at least, the same permeability and retention of D atoms

as in BO PG, due to high compressive stresses and full

curing of original pores in the former [31]. In fact, the
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opposite is the case, which points out, ®rst, a negligible

role of any inner surfaces or closed porosity for deute-

rium transport in PG. Secondly, the di�erences in the

sorption kinetics of deuterium in EO and BO PG spec-

imens must result from the di�erent lattice orientation of

individual (sub)grains relative to the sorption surface in

them. In other words, we have to assume transgranular

di�usion (followed by trapping in defects) of D atoms in

PG, which proceeds much easier in directions along

basal planes than normal to them. This e�ect seems to be

of general importance (see also [26,27,30]), but is most

commonly obscured by a short-circuiting role of porous

GBs in polycrystalline graphites, as occurs for example

in RGT, where no di�erences in sorption kinetics have

been observed between EO and BO specimens.

It is believed that crystallite boundaries in HOPG, as

well as in carbon ®bers (for CFC manufacturing [47]),

are even more perfect than those in PG and, hence, are

even more resistant towards hydrogen penetration.

Then, one can understand the origin of very low deu-

terium concentrations measured in deep traps of BO

HOPG [32] taking into account, in addition to a strong

anisotropy of D migration, a high perfection of BO

surfaces produced by cleavage of HOPG and a relatively

short time of soaking into D2 gas (3 h). Low tritium

concentrations in BO HOPG were found also in [35], in

spite of a contribution to the total gas retention of weak

traps [22,35].

At long exposure times in hydrogen the gasi®cation

of graphites seems to proceed in a steady state mode. In

this case the rates of gasi®cation ± of 20 and 4.5 nm hÿ1

for non-damaged and damaged PG, respectively, may

appear somewhat lower for BO PG and higher for EO

PG due to di�erent area densities of edge C atoms

(Fig. 10(b)) [46]. Nevertheless, based on the assumption

of a negligible permeability of basal planes for D atoms

and taking into account that GBs in PG are poor deu-

terium conductors, the penetration of deuterium into the

bulk of EO PG is expected to be much more e�cient

compared to BO PG. Moreover, in BO PG the depth to

which deuterium will be able to advance is expected to

be limited by the height of surface discontinuities (cra-

ters of chemical erosion).

Many CFCs consist of carbon ®ber bundles (tens of

vol.%) and highly graphitized carbon matrix formed by

carbon deposition onto the bundle preform [47,45]. Such

a carbon matrix and the individual ®bers (except at the

ends) are con®ned and, hence, face surroundings and

adjacent inner pores with basal planes [49,50]. This,

combined with anisotropic sorption of D, may be the

reason for low retention of deuterium observed in many

CFCs and for the very low tritium sorption in neutron

irradiated CFCs FMI 222 and MKC-1 PH in Ref. [36]

rather than considerations of a high degree of their

graphitization o�ered by the authors. Besides, generally,

carbon ®ber refer to non-graphitizable materials [48].

On the other hand, an e�ective transport of hydrogen

along carbon ®bers, accompanied by its accumulation in

deep traps, will occur in ®bers facing a gas or plasma

volume with their ends. So, 1D-CFCs with a volume

fraction of ®ber bundles up to �80% and a highest

thermal conductivity along bundle axis [49] (comparable

to that of EO PG along basal planes) are expected to be

very vulnerable in respect to hydrogen accumulation.

Experimental data in Ref. [28] on high temperature tri-

tium retention in CFC BF Goodrich 2D Weave sub-

jected to plasma irradiation (E� 100 eV, U� 2 ´ 1024

ion mÿ2, pgas� 0.66 Pa, sample orientation was not

quoted) do not di�er too much from those in POCO.

According to our view, in general, hydrogen accumula-

tion in CFCs depends primarily on their macro- and

microstructure and the way of hydrogen loading, par-

ticularly the orientation of the ®bers at the exposed

surfaces.

The amount of deuterium accumulated in the ion

range of RGT for 1 h is higher than that for EO PG and

the more so for BO PG at all ¯uences (cp. CD(R) in

Figs. 3 and 4). The same holds also if surface deuterium

is taken into account and CD(S + R) values are con-

sidered (Fig. 5(a)). A commonly held point of view, that

more highly graphitized materials retain less D [17,36],

predicts behavior opposite to our observations that PG,

a non-graphitized material retains less D than RGT

which is highly graphitized (c @ 0.330 nm [39]). More-

over, previous studies show that D retention is lower in

other non-graphitized pyrolytic graphites, namely USB-

15 (B doped) before [50] and after irradiation [33] and

irradiated PGI [33], than in RGT and POCO which are

more highly graphitized. Our work provides direct evi-

dence of highly anisotropic deuterium di�usion in the

graphite lattice and the important role of GBs for deu-

terium penetration into the bulk. The hindered transport

of deuterium in the c direction together with the

spherulite microstructure of USB-15 and PGI and the

nature of boundaries between crystalline areas therein

[51,33], can account for the low deuterium retention in

these materials. The presence of boron in USB-15 may

also contribute to its extremely low deuterium retention

[33]. These results seriously call into question the widely

accepted general assumption that the degree of graph-

itization is the principle factor determining hydrogen

retention in graphites.

5. Summary of results and conclusions

NRA was used to examine the retention of deuterium

in EO and BO PG (q� 2.19 g cmÿ3) and polycrystalline

highly textured EO and BO RGT specimens after irra-

diation with 200 keV C ions up to mean damage levels

0.25, 1.30 and 6.45 dpa. Deuterium loading was done by

exposure to D2 gas at 1473 K and a pressure 0.66 Pa for
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1 h and 49 h. The surface relief and the microstructure of

near-surface layers were studied in SEM, by micropro-

®lometry and cross-sectional TEM. In this way the ac-

cessibility of deep traps by D atoms in the course of

deuterium sorption was examined.

After exposure to D2 gas D atoms are trapped in the

bulk of EO PG signi®cantly deeper than in BO samples

which holds for both non-irradiated and irradiated

specimen areas. Whereas in EO PG D atoms are present

at distances of 4 lm from the surface already after 1 h

exposure (Cb
D @ 6 appm), they cannot be found in BO

PG at distances �0.5 lm even after exposure in D2 for

49 h. At the same time, the accumulation of deuterium

in polycrystalline RGT was independent of specimen

orientation. The concentration of deep traps in the ion

range saturates at a level of 1000 appm in agreement

with the literature data [32±34].

The above and some other experimental results point

out that under conditions speci®ed D atoms are mobile

along basal planes, while the latter are practically im-

permeable for D atoms in the c direction. This is in

accord with a conclusion made by Saeki [26]. Inter-

crystalline boundaries in PG are very poor conductors

of D atoms, while porous (sub)grain boundaries in RGT

are channels for rapid deuterium (also in the form of D2

molecules) migration from which D atoms penetrate

suitably oriented adjacent grains and migrate into their

bulk along basal planes.

Direct evidence is found on retardation of deuterium

di�usion in a graphite matrix damaged by irradiation

which agrees with conclusions made in Refs. [19,37].

Chemical erosion (gasi®cation) of PG is noticeable after

exposure in ¯owing D2 gas (99.97% purity) for 49 h.

Radiation modi®cation of graphite provides for ap-

proximately ®ve fold decrease of its gasi®cation rate

compared to a non-damaged carbon. The anisotropy of

both damaged and non-damaged PG manifests itself by

the appearance due to chemical erosion of surface relief

which di�ers remarkably for EO and BO specimens. The

near-surface layers in EO PG are distinguished from

those in BO PG by a heavy friability and deeply devel-

oped open porosity.

In the course of deuterium loading from D2 gas,

carbon gasi®cation does not prevent the di�usion of D

atoms deep into the bulk of EO PG specimens with the

di�usion coe�cient, DEO(1473 K) P 5 ´ 10ÿ15 m2/s,

which is close, for the chosen temperature, to the best ®t

value in [28] (2 ´ 10ÿ14 m2/s. Under the same conditions

D atoms may be presumed to penetrate BO PG speci-

mens, but not further than up to a depth equal to the

mean height of craters of chemical etching (of tenths of a

micron). So, one expects a limited accumulation of

deuterium (including capturing at deep traps) in the bulk

of BO PG specimens subjected to a long exposure in D2

gas. Tentatively, a limited retention of deuterium in deep

traps is also expected for materials in which crystallites

or crystalline areas face the environment with basal

planes and are tightly bound one with another. Some

types of carbon ®bers for reinforcement of CFCs, CFC

matrix produced by carbon vapor deposition (CVD) and

pyrolytic graphites consisting of tangential microspher-

ulites (e.g. USB-15) are examples of such materials.

The background deuterium concentration occupying

deep traps in as-received PG was found to be �16 appm

which is comparable with the values in well graphitized

RGT. A relation between the amount of retained gas

and a degree of graphitization was noticed only for

deuterium chemisorbed on the outer surface and bound

there presumably in non-deep (relaxed) traps. Analysis

of experimental data of the present and other works

relating to deuterium retention in well graphitized and

non-graphitized carbon materials implies the following.

Deuterium retention in the bulk of both non-damaged

and damaged graphites is mainly determined by their

macro- and microstructure (mean grain size, porosity,

the state of intercrystalline boundaries, texture etc.) and

deuterium loading conditions, but only to minor extent

by a degree of their graphitization.
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