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Abstract

An experimental study on the neutron irradiation induced thermal properties and dimensional changes of various

carbon based materials has been carried using the High Flux Reactor (HFR) of Petten. The investigated materials

include: DUNLOP concept 1 and concept 2, SEPCARB N112, SEPCARB N312B, SEPCARB NS11 and RGTi (91)

graphite. The two irradiation temperatures are about 350°C and 800°C, and the neutron dose is about 0.3 dpa. This

paper presents the experimental results on the neutron induced dimensional, speci®c heat capacity and thermal con-

ductivity changes. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Carbon ®ber composites (CFCs) are considered as an

attractive choice for high heat ¯ux components in ex-

isting and forthcoming tokamaks, because of their low

atomic number leading to favorable plasma compati-

bility, and their excellent thermal shock resistance.

However, carbon materials have some disadvantages

such as high tritium uptake during plasma operation,

high chemical sputtering, radiation enhanced sublima-

tion (RES) at T > 1000°C and high rate of reaction with

water and oxygen at T > 1000°C. To improve the

properties of carbon materials, the tritium inventory

should be reduced, chemical erosion and RES have to be

suppressed to increase the resistance to water/oxygen at

elevated temperatures [1]. This can be done by using

silicon doped CFC. Moreover, the neutron irradiation

e�ects on the thermal conductivity of the CFC is a

crucial problem, leading to signi®cant decrease espe-

cially at low irradiation temperature (<600°C) [2±7].

In the framework of the European fusion R&D

programs, an extensive work on neutron e�ects is being

undertaken. This paper describes the results of the in-

vestigation on the thermal conductivity and dimensional

stability results of high conductivity CFCs, silicon doped

CFC and titanium doped graphite irradiated in the

neutron damage range of 0.30±0.35 displacement per

atom of graphite (dpa g), and at low (335°C) and me-

dium (775°C) irradiation temperatures.

2. Experimental

2.1. Materials

The investigated materials are four CFCs, one silicon

doped CFC and one titanium doped graphite:

Concept 1. 3D CFC constituted of long ®bers woven

in the plane, with ex-pitch ®bers (P120±P130) in x di-

rection and PAN ®bers in y direction; then there is a

needling giving an orientation of ®bers in the perpen-

dicular direction (z direction). The volume fraction

of the ®bers is 30%. The densi®cation is performed by

three cycles of chemical vapor in®ltration (CVI) of

pyrocarbon.

Concept 2. The same material as Dunlop, concept 1

but with a ®ber volume fraction of 38%. The densi®-

cation is operated by three cycles of CVI of pyrocarbon.

N112. 3D CFC constituted by an ex-PAN NO-

VOLTEX preform (®ber volume fraction about 30%)
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which is needled in the perpendicular direction (z). The

densi®cation is performed by chemical in®ltration of

pyrocarbon followed by a heat treatment at high tem-

perature. The last phase of densi®cation is treated by a

pitch impregnation at 1000 bars/1000°C followed by a

heat treatment at 2200°C.

N312B. 3D CFC constituted by a Novoltex preform,

with P25 ex-pitch ®bers in x direction and ex-PAN ®bers

in y direction. Then there is a needling which orientates

a percentage of ®bers in z direction. The volume fraction

of the ®bers is 35% (27% in x direction, 4% in y direction

and z direction). Then there is a densi®cation by chem-

ical in®ltration of pyrocarbon at 1000°C followed by a

heat treatment at 2800°C. The last phase of densi®cation

is made by chemical in®ltration of pyrocarbon at 1000°C

followed by a pitch impregnation at 1000 bars/1000°C.

NS11. 3D CFC N11 type, which has undergone a

®nal in®ltration of liquid silicon leading partly to the

formation of silicon carbide (10 at.% Si). The porosity of

this material is very low (1%).

RGTi (91). This material has been provided by the

D.V. Efremov Institute Team in St. Petersburg (Russia).

This recrystallized graphite is obtained by adding an

organic binder and 7 wt% of Ti into the charge which

serve as baking activator and carbon graphitization

catalyst during high-temperature thermomechanical

treatment. The adding of titanium reduces the chemical

sputtering of the graphite material [2].

The thermal properties of these materials before ir-

radiation are given in Table 1.

2.2. Irradiation conditions

The irradiation experiments have been performed in

the High Flux Reactor (HFR), Petten, The Netherlands.

The details of the Paride D302-01 and Paride D302-02

irradiation conditions are given in Table 2. The Paride

D302-01 and Paride D302-02 experiments were irradi-

ated during two cycles in core position H2, and during

one cycle in core position F8, respectively [8].

3. Results

3.1. Dimensional changes

Dimensional measurements have been carried out

before and after irradiation using disks (£ � 12 mm,

h � 5 mm) and cylinders (£ � 5mm, h � 15 mm). Post-

irradiation measurements of the 6 materials (concept 1,

concept 2, N112, N312B, NS11, RGTi (91)) have been

realized in a glove box using micrometry. The grades

concept 1, concept 2, N312B and NS11 have been

measured in the x, y and z directions, when the grades

N112 and RGTi (91) have been measured in the parallel

and in the perpendicular directions. Dimensional change

(dL/L0) results of the di�erent materials are given in

Table 3. Dimensional changes of carbon based materials

irradiated at 775°C or 335°C in the range 0.31/0.35 dpa g

are very low independent of the irradiation temperatures

and the measured directions. Neutron irradiation in-

Table 1

Thermal properties of unirradiated materials

Materials Thermal conductivity

(W mÿ1 Kÿ1)

Coe�cient of average

linear thermal expan-

sion (20±800°C)

(10ÿ6 Kÿ1)

Speci®c heat capacity

(J Kÿ1 kgÿ1)
Density

(g/cm3)

25°C 800°C 25°C 800°C

Concept 1 x dir. 431 199 ÿ0.55 692 1791 1.89

y dir. 102 53 0.74

z dir. 76 37 3.51

Concept 2 x dir. 377 181 ÿ0.38 705 1823 1.88

y dir. 118 62 0.67

z dir. 76 41 2.75

N112 (//) dir 248 116 0.62 712 1821 1.99

(^) dir. 213 94 0.55

N312B x dir. 303 140 ÿ0.16 703 1793 1.92

y dir. 117 53 0.97

z dir. 122 53 1.57

NS11 x dir. 222 103 0.99 712 1671 2.13

y dir. 213 94 1.25

z dir. 174 77 2.25

RGTi (91) (//) dir 401 150 1.50 712 1793 2.21

(^) dir. 132 45 8.69
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duced dimensional changes (D) are presented by the

following equations:

· for concept 1, concept 2, N312B and NS11,

D � dL
L0

�x dir:�
���� ����� dL

L0

�y dir:�
���� ����� dL

L0

�z dir:�
���� ����;

· for N112 and RGTi (91),

D � 2
dL
L0

�==�
���� ����� dL

L0

�?�
���� ����:

If the D value is close to zero, the material exhibits a very

good dimensional stability (Table 4).

At an irradiation temperature of 335°C, NS11 and

N112 which were made of an ex-PAN Novoltex preform

and which undergone a needling in the perpendicular

direction, have the lowest D-values, hence the best di-

mensional stabilities. At an irradiation temperature of

775°C, NS11 and N312B have the lowest D-values. At

both irradiation temperatures, NS11 shows the best di-

mensional stability and RGTi (91) exhibits the worse

behaviour. Moreover, after irradiation at 775°C, N112

shows a shrinkage in both directions.

The N112 reference material has already been irra-

diated in the Macif irradiation, carried out in the Osiris

reactor, Saclay, France within the temperature range

390±430°C and the neutron damage range 0.41±0.85 dpa

g [6]. It has also been irradiated in the Ceram D217-17

irradiation, carried out in the HFR, Petten, The Neth-

erlands within the irradiation temperature range 800±

840°C and the neutron damage range 1.05±1.85 dpa g

[9]. These irradiation temperatures are very similar to

those of the present study. The dimensional changes of

N112 as a function of neutron damage are shown in

Fig. 1. It is seen, that the shrinkage in parallel and

perpendicular directions increases with neutron damage.

At a damage of 0.3 dpa g, N112 dimensional changes are

almost zero for both irradiation temperatures.

3.2. Speci®c heat capacity

The speci®c heat capacities of the di�erent materials

have been measured before and after irradiation with a

di�erential scanning calorimeter Setaram DS 111 G. For

the samples irradiated at 335°C, the speci®c heat

capacities have been measured from room temperature

to 335°C (Table 5); those irradiated at 775°C have

been examined between room temperature and 800°C

(Table 6). The speci®c heat capacity changes at

350°C (�Cpi ÿ Cp0�=Cp0�350°C of various materials irradi-

ated at 335°C/0.31 dpa g range between ÿ0.9% and 2.3%

and the speci®c heat capacity changes at 800°C

(�Cpi ÿ Cp0�=Cp0�800°C are between ÿ3.4 % and 2.6% at

775°C/0.35 dpa g. The uncertainty of the Cp measure-

ments is about 2.5%; this indicates that there is no

neutron induced change in the speci®c heat capacity.

Generally, neutron irradiation induces a small increase

in speci®c heat capacity of graphite. Graphite speci®c

heat capacity increases up to 10% after irradiation at

30°C/1 dpa g [10] or after irradiation at 490°C/29 dpa g

[11]. Previous studies show that the speci®c heat capacity

at 800°C of N112 is increased by about 12% after irra-

diation at 1000°C/1.8 dpa g [7]. It is seen that neutron

damage of 0.3 dpa g is likely too low to induce any

change in the CFC speci®c heat capacity.

3.3. Thermal di�usivity

Thermal di�usivities before and after irradiation have

been measured by the laser ¯ash method using an ap-

paratus located in a glove box [12]. The thermal di�us-

ivity, D, of the sample is obtained with ParkerÕs method.

The samples are disks (diameter: 12 mm; thickness:

5 mm). The method consists in illuminating the front

face of these disks with a short heat pulse. The thermal

di�usivity D is deduced from the heat equation applied

to the thermal transient of the rear face, called the-

rmogram. The analysis of the thermograms according to

ParkerÕs method allows to solve the heat equation in 1D;

and in the total absence of heat exchange between the

sample and the furnace atmosphere, the following

equation can be used:

D � cL2

t1=2

;

where L is the thickness of the sample, t1=2 is the time

needed to reach 50% of the maximum temperature in-

crease Tmax, and c is 0.13878. In case that there are heat

losses by the front and rear faces of the disk, c is esti-

mated by a method proceeding from the CowanÕs
method [13]. In order to avoid annealing e�ects the

Table 2

Paride D302 irradiation conditions

Irradiation experiments Paride D302-01 Paride D302-02

Cumulative time (EFPD) 49.64 23.75

Temperature (°C) 335 775

/ (E > 0.1 MeV) (1021 cmÿ2) 0.301 0.372

Damage (dpa g) 0.31 0.35
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irradiated samples have been measured up to about their

irradiation temperatures (350°C or 800°C).

3.4. Thermal conductivity

The evaluation of the thermal conductivity of irra-

diated CFCs is performed using the following equation :

Ki � Diqicpi;

where Di is the thermal di�usivity after irradiation, cp i is

the speci®c heat capacity after irradiation and qi is the

measured density after irradiation according to the

damage level.

For the di�erent materials, the evaluation of qi versus

temperature is performed using the average linear ther-

mal expansion coe�cient (20±800°C) of the material in

the di�erent directions [6,7].

The ratios of the thermal conductivities in x or (//)

direction, after irradiation �Ki� to that of unirradiated

values �K0� are given in Table 7 for the materials irra-

diated at 335°C/0.31 dpa g and in Table 8 for those ir-

radiated at 775°C/0.35 dpa g.T
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Table 4

D-values of carbon-based materials after irradiation at 335°C

and 775°C

Materials D-values in %

Tirr: 335°C Tirr: 775°C

0.31 dpa g 0.35 dpa g

Concept 1 0.48 0.18

Concept 2 0.39 0.45

N112 0.21 0.28

N312B 0.61 0.14

NS11 0.25 0.12

RGTi (91) 0.78 0.93

Fig. 1. N112 dimensional changes as a function of the neutron

damage.
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3.4.1. Comparison of the di�erent materials

The thermal conductivity of the unirradiated mate-

rials in x or (//) direction, are ranked as follows:

concept 1 > concept 2 > RGTi �91� � N312B > N112

> NS11:

After irradiation at 335°C, the sequences are (Fig. 2):

concept 1 � RGTi �91� > N312B > concept 2 > N112

> NS11:

Concept 1 shows the best thermal conductivity before

and after irradiation. Nevertheless concept 2 which has a

higher thermal conductivity than N312B or RGTi (91)

before irradiation, shows a lower one after irradiation at

335°C/0.31 dpa g. Before and after irradiation, NS11

appears to be the material with the lowest thermal

conductivity. After irradiation at 775°C, the thermal

conductivities of the materials in x or (//) direction are

ranked as follows (Fig. 3):

concept 1 � concept 2 > RGTi �91� > N312B > N112

> NS11:

It is interesting to note that it is almost the same ranking

for the unirradiated materials. This means that the ma-

terials with the higher initial thermal conductivities keep

their advantages after irradiation.

3.4.2. E�ect of the irradiation temperature

The di�erent carbon based materials have been irra-

diated at the same neutron damage (�0.3 dpa g) and at

two di�erent irradiation temperatures (335°C and

775°C). For the di�erent materials taken in x or (//) di-

rection, it is interesting to compare their ratios �Ki=K0�Tirr

at these two irradiation temperatures (Table 9).

It is obvious that the thermal conductivity loss after

irradiation at 335°C is signi®cant. The normalized

thermal conductivities at 335°C range between 0.26

(concept 1) and 0.35 (RGTi (91)). After irradiation at

775°C, the thermal conductivity loss is much lower. The

normalized thermal conductivities at 775°C range be-

tween 0.62 (N112) and 0.70 (concept 1) except for NS11

which has a particularly lower value (0.51).

The NS11 material does not behave as we have ex-

pected. In previous work [7] we have shown that the

ratio �Ki=K0�Tirr
is higher for CFCs with low initial

thermal conductivity than for CFCs with higher initial

Table 5

Materials speci®c heat capacities before (Cp0) and after irradiation at 335°C/0.31 dpa g (Cp i)

Temperature

(°C)

Speci®c heat capacity (J Kÿ1 kgÿ1 )

Concept 1 Concept 2 N112 N312B NS11 RGTi (91)

Cp0 Cp i Cp0 Cp i Cp0 Cp i Cp0 Cp i Cp0 Cp i Cp0 Cp i

25 692 715 705 718 712 724 703 724 712 717 712 710

100 935 925 931 934 946 937 937 938 906 917 911 903

200 1177 1160 1172 1171 1187 1174 1175 1179 1112 1132 1139 1128

300 1352 1341 1354 1352 1366 1356 1350 1367 1268 1295 1318 1305

350 1423 1416 1428 1427 1438 1431 1421 1445 1331 1362 1391 1378

Table 6

Materials speci®c heat capacities before irradiation (Cp0) and after irradiation at 775°C/0.35 dpa g (Cp i)

Temperature

(°C)

Speci®c heat capacity (J Kÿ1 kgÿ1 )

Concept 1 Concept 2 N112 N312B NS11 RGTi(91)

Cp0 Cp i Cp0 Cp i Cp0 Cp i Cp0 Cp i Cp0 Cp i Cp0 Cp i

25 692 717 705 713 712 715 703 711 712 701 712 702

100 935 942 931 943 946 937 937 940 906 897 911 912

200 1177 1182 1172 1185 1187 1176 1175 1181 1112 1096 1139 1136

300 1352 1364 1354 1366 1366 1357 1350 1362 1268 1243 1318 1304

400 1484 1505 1493 1504 1502 1497 1483 1501 1387 1354 1457 1434

500 1587 1615 1603 1613 1608 1607 1586 1610 1481 1441 1568 1536

600 1669 1704 1691 1700 1693 1696 1669 1698 1557 1510 1657 1618

700 1736 1776 1763 1772 1763 1769 1737 1770 1619 1567 1731 1686

800 1791 1837 1823 1832 1821 1829 1793 1829 1671 1614 1793 1742
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thermal conductivity after irradiation in the temperature

range 600±1000°C.

Neutron irradiation induces a displacement of car-

bon atoms from their initial positions in the lattice to

interstitial positions between two graphite planes. Thus,

large dislocation loops or defect clusters are created es-

pecially at low irradiation temperatures (<450°C). The

low irradiation temperature (335°C) avoids the anneal-

ing of these defects and slows down the propagation of

the phonons along the graphite planes. Therefore, there

is a bene®cial e�ect of high irradiation temperature, al-

lowing an annealing e�ect. The carbon atoms displaced

from their lattice sites can return to their initial posi-

tions.

These results con®rm that the normalized thermal

conductivity temperature increases with irradiation

temperature between 300°C and 1000°C [6].

3.4.3. Comparison of this study with previous work

N112 CFC has been used as a reference material

because it has been irradiated in several irradiation ex-

periments, particularly in the Macif irradiation at

390°C/0.52 dpa g and at 430°C/0.85 dpa g [14]. So it is

interesting to compare the normalized thermal conduc-

tivity results of N112 irradiated in Paride D302 and in

Macif, at irradiation temperatures ranging between

335°C and 430°C and neutron damages ranging from

0.31 to 0.85 dpa g.

We observe that the ratios (Ki/K0) in both directions

are almost the same after irradiation at 430°C/0.85 dpa

g, 390°C/0.52 dpa g and 335°C/0.31 dpa g (Table 10).

This means that the decrease in the irradiation temper-

ature from 430°C to 335°C leads to the same e�ect on

the thermal conductivity that the increase in neutron

damage from 0.31 to 0.85 dpa g. The thermal conduc-

tivity loss under neutron irradiation depends strongly on

the irradiation temperature and weakly on the neutron

damage. The results have shown that the thermal con-

ductivity of A05 CFC at 600°C is a logarithmic function

of neutron damage, in a wide range of damage (from

9� 10ÿ4 to 1.8 dpa g) [7].

Birch and Brocklehurst [15] have shown that the fast

neutron e�ects are allowed for the equivalent tempera-

ture concept which may be expressed as follows: if the

two irradiations are performed at di�erent levels of fast

neutron ¯uxes /i and /j, to produce identical damage,

the absolute irradiation temperatures Ti, Tj must be

related by the expression:

1

Ti
ÿ 1

Tj
� k

E
ln

/j

/i
;

where k is BoltzmannÕs constant and E is the activation

energy of the damage species assumed in practice to be

represented by a unique value. If we apply this relation

in our case, using N112 data (Table 11), of which the

normalized thermal conductivity is constant, we can

draw a curve,

1

Ti
ÿ 1

Tj
� f ln

/j

/i

� �
:

Fig. 2. Thermal conductivity of the materials as a function of

temperature after irradiation at 335°C/0.31 dpa g.

Fig. 3. Thermal conductivity of the materials as a function of

the temperature after irradiation at 775°C/0.35 dpa g.

Table 9

Normalized thermal conductivities in x or (//) direction at the irradiation temperature ��Ki=K0�Tirr
� as a function of the irradiation

temperature (Tirr)

Irradiation

temperature (°C)

��Ki=K0�Tirr
�

Concept 1 Concept 2 N112 N312B NS11 RGTi (91)

335 0.26 0.27 0.31 0.31 0.29 0.35

775 0.70 0.67 0.62 0.63 0.51 0.65
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(Fig. 4). So, using a linear ®t, it is possible to determine

the ratio k/E, therefore the activation energy of the

damage species is 0.45 eV.

Snead and Burchell [16] have shown that the thermal

conductivity of graphite-based materials can be written

as a summation of the thermal resistance due to the

scattering mechanisms:

K�x; T � � b�x� 1

Ku

�
� 1

KGB

� 1

Ki

�ÿ1

;

where b(x) is a coe�cient depending on the orientation

with respect to the basal plane. b(x) is constant with

temperature. 1=Ku de®nes the phonon±phonon scatter-

ing e�ect and dominates at higher temperatures. 1=KGB

de®nes the grain boundary phonon scattering which

dominates at low temperatures and becomes insigni®-

cant above a few hundred degrees Celsius. 1=Ki is the

thermal resistance due to phonon scattering by defects.

Neutron irradiation induces various types of stable

defects depending on the irradiation temperature. Using

many references on the thermal conductivity taken at

the irradiation temperature of graphites and CFCs,

Snead and Burchell have evolved an algorithm which

gives the normalized thermal conductivity at the irradi-

ation temperature as a function of the irradiation tem-

perature and of the neutron damage in dpa, T in °C:

Ki

K0

� �
Tirr

� ÿM�Tirr� log�dpa� � S�Tirr�;

Fig. 4. N112 irradiation temperature and neutron ¯ux equiv-

alence for the irradiation conditions listed in Table 11.

Fig. 5. N112 (//) normalized thermal conductivity at 0.3 dpa g

as a function of the irradiation temperature.

Table 10

N112 normalized thermal conductivities (Ki/K0) in (//) and (^) directions after irradiation at di�erent conditions

Tmeasur: (°C) Normalized thermal conductivity(Ki/K0)

(//) direction (^) direction

Tirr: 335°C Tirr: 390°C Tirr: 430°C Tirr: 335°C Tirr: 390°C Tirr: 430°C

0.31 dpa g 0.52 dpa g 0.85 dpa g 0.31 dpa g 0.52 dpa g 0.85 dpa g

100 0.22 0.22 0.18 0.23 0.24 0.22

350 0.31 0.34 0.31 0.32 0.36 0.35

Table 11

N112 irradiation conditions

Irradiation experiments Paride D302 Macif Macif

Reactor HFR Osiris Osiris

Irradiation temperature (°C) 335 390 430

Damage (dpa g) 0.31 0.52 0.85

Cumulative time (EFPD) 49.6 63.3 63.3

Fluence (E > 0.1 MeV) (1021 cmÿ2) 0.30 0.69 1.12

Flux (E > 0.1 MeV) (1014 cmÿ2 sÿ1) 0.62 1.26 2.05
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where

M�Tirr� � 0:25ÿ 0:00017 � Tirr; S�Tirr� � 0:000683 � Tirr:

This algorithm is accurate within the temperature

range 300±1200°C. The comparison of the Snead algo-

rithm with the Paride D302 and Macif [14] results for

N112 (//) in the damage range of about 0.3 dpa g is given

in Fig. 5. The normalized thermal conductivities of

N112 (//) irradiated at 335°C, 775°C (Paride D302 re-

sults) and 385°C (Macif results) show a good agreement

between experimental and calculated values.

4. Conclusion

In the present study, an experimental investigation of

neutron irradiation e�ects on the dimensional, heat ca-

pacity and thermal conductivity changes of carbon

based materials has been performed. The following

conclusions can be drawn:

1. In the damage range of 0.3 dpa g and at 335°C or

775°C, the dimensional changes of the studied CFCs,

silicon doped CFC and RGTi (91) graphite are very

low. Moreover, it appears that NS11 silicon doped

CFC presents the best dimensional stability at both

irradiation temperatures.

2. A neutron damage of 0.3 dpa g is likely too weak, to

induce any change in the CFC speci®c heat capacity.

3. If the studied materials are ranked with their thermal

conductivities, there is almost the same ranking be-

fore and after irradiation at 775°C. However, concept

2 which has a higher K0 than N312B or RGTi (91) be-

fore irradiation shows a lower thermal conductivity

after irradiation at 335°C/0.31 dpa g.

4. After irradiation at low temperature (6 335°C),

the thermal conductivity loss is signi®cant for all

the studied materials �0:26 < �Ki=K0�350°C < 0:35�.
The normalized thermal conductivities at 775°C

range between 0.62 (N112) and 0.70 (concept 1) ex-

cept for NS11 which shows the lowest value

��Ki=K0�775°C � 0:51�. As it was expected these results

con®rm that the ratio �Ki=K0�Tirr
increases with irradi-

ation temperature between 350°C and 1000°C.

5. The thermal conductivity loss depends strongly on

the irradiation temperature and weakly on the neu-

tron damage. It has been established that irradiation

experiments at 335°C/0.31 dpa g, 390°C/0.52 dpa g.

and 430°C/0.85 dpa g lead to the same degradation

in the thermal conductivity. The calculated activation

energy of the damage species is about 0.45 eV.

6. The results of this study are in good agreement with

the proposed algorithm from Snead et al. [16].
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