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Abstract

Thermal conductivity and electrical resistivity of SiC materials is given for fast neutron fluences up to 7.7 · 1025 n/
cm2 at irradiation temperatures of 300, 500 and 800 �C. In situ radiation-induced conductivity is also measured for

ionizing dose rates up to �5 Gy/s (X-ray). Thermal conductivity degradation for CVD SiC is presented in detail

exhibiting a substantial reduction from the non-irradiated value of �370 W/mK. Thermal conductivity of irradiated

stoichiometric fiber, CVI SiC matrix composite is also given. A thermal defect resistance approach is used to analyze

this data yielding optimum irradiated thermal conductivity for SiC. Neutron irradiation has a permanent, but small

effect on electrical conductivity. In the absence of impurity doping effects the neutron damage tends to increase

resistivity by less than an order of magnitude. Those SiC materials with electrical resistivities less than �0.1 S/m un-

dergo little increase in conductivity due to ionizing irradiation, while more than a two order of magnitude increase in

electrical conductivity is measured for the highest resistivity form of SiC studied.

� 2004 Published by Elsevier B.V.
1. Introduction

Since the early studies of neutron irradiated SiC in

support of gas fission reactors, it was recognized that

simple defect clusters caused by neutron displacements

bring about significant, temperature-dependent swelling

and degradation in thermal conductivity [1]. Moreover,

neutron damage causes the creation of dangling bonds,

which combined with nuclear transmutation of do-

pants affect electrical conductivity. While swelling and

thermal conductivity of SiC composites have been the

subject of study for fusion application, their mechani-

cal property changes under irradiation have received

the most attention. However, a development program

has shown that near-stoichiometric SiC fiber compos-

ites exhibit very good mechanical property stability to

�8 dpa for temperatures as high as 800 �C [2]. Noting

that swelling and mechanical properties for ceramics

tend to saturate by this dose level, present results show
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promise at higher, fusion relevant doses. This positive

development is bringing about a shift in emphasis in

the research to address more design-driving questions

as discussed by Raffray et al. [3] and Giancarli et al.

[4].

This paper gives new information on two critical,

design-driving properties. Specifically, data and analysis

will be presented related to the limiting maximum

thermal conductivity and electrical resistivity to be

considered in relation to present day SiC/SiC blanket

and first wall design concepts. The importance of ther-

mal conductivity in this regard is widely understood and

is not blanket concept-specific. Electrical resistivity has

recently been highlighted regarding the potential need

for insulating coatings in lithium–lead or other blanket

designs using conductive coolants.
2. Experimental

Data was generated on various SiC materials for (1)

in situ electrical conductivity during exposure to ionizing

radiation, (2) post-neutron-irradiation electrical
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Fig. 1. Radiation enhanced conductivity of select monolithic

SiC.

Table 1

Properties of materials studied

Material Supplier Processing Density (g/cc) Room temp. electrical

conductivity (Xm)�1

CVD SiC Thermoelectron Chemically vapor

deposited (CVD)

3.1 162.0

Alpha SiC Carborundum

(Hexoloy)

Pressureless sintered 3.1 1.32· 10�4

Beta SiC Kyocera (SC-221) Hot pressed 3.0 Unknown

SiC fiber Nippon Carbon

(Nicalon)

Polymer precursor

continuous fiber

2.6 1· 10�1
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conductivity, and (3) post-neutron-irradiation thermal

conductivity. Physical properties of materials used for

the in situ electrical conductivity study are given in

Table 1. For the in situ measurements three monolithic

materials were machined into discs of 1 mm thickness

and approximately 20 mm in diameter. A three electrode

‘guard ring’ configuration with 50 nm of platinum and

>300 nm layer of gold deposited. A single tow of Nic-

alon fiber was suspended between two ceramic posts.

Sample resistance was found by measuring voltage drop

across known resistors in series with the specimens with

applied voltage (20 V/mm) well below breakdown for

these materials. The volume resistivity for the three

electrode system following Amey and Hamburger’s

analysis [5]. The Rensselaer L-band traveling wave

electron accelerator was used as the ionizion radiation

source whereby packets of 60 MeV electrons impact a

tantalum target yielding bremsstrahlung radiation.

Neutron irradiation was carried out in the RB posi-

tion of the High Flux Isotope Reactor. The highest dose

irradiation (�7.7 dpa) was carried out in a thermocou-

ple-controlled capsule. All other samples utilized post-

irradiation SiC temperature monitors with an electrical

resistivity/isochronal annealing technique [6]. A dose

equivalent of 1 dpa ¼ 1� 1025 n/m2 (E > 0:1 MeV) is

assumed for data generated in this work and taken from

the literature. Electrical resistivity of neutron irradiated

samples was measured using a four-point probe tech-

nique. Thermal conductivity was measured using a

thermal flash technique assuming a room temperature

(Cp ¼ 667 J/kgK). Density was found by a density

gradient column technique following a bath in hydro-

fluoric acid to remove surface oxidation.
3. Results

The effect of ionizing dose rate on the conductivity of

monolithic SiC samples is shown in Fig. 1. The CVD

SiC (upper curve) was unchanged over the dose range

investigated (<5 Gy/s). Nicalon fiber shows a small in-

crease of �4% for a dose rate of 0.098 Gy/s which in-

creased to 10.5% at 4.73 Gy/s. The lower curves of the
figure exhibit the more pronounced radiation enhanced

conductivity of sintered a and b SiC. Specifically, the

Hexoloy ðaÞ SiC, with non-irradiated conductivity of

1.32· 10�4 S/m, increases linearly with dose to of

6.14· 10�4 S/m at 3.05 Gy/s. Kyocera SC-221 b SiC,

which possessed the highest initial resistivity, undergoes

the greatest increase in conductivity, increasing for both

the room temperature and 200 �C irradiations by more

than a factor of 30 in both cases between dose rates of

0.086 and 4.2 Gy/s.

The effect of neutron irradiation on post-irradiation

room temperature electrical conductivity of composites

and Rohm-Haas CVD SiC is given in Table 2.



Table 2

Effect of neutron irradiation on room temperature electrical conductivity of SiC materials

Fiber/interphase Conductivity

non-irradiated (S/m)

Irradiation condition Conductivity irradiated

(S/m)

Conductivity oxidized

(S/m)

Type S/Thin PyC 900 7.7 dpa/800 �C 433 479

Type S/Thick PyC 1700 7.7 dpa/800 �C 915 830

Type S/ML SiC 200 7.7 dpa/800 �C 22

Type S/Porous SiC 62 7.7 dpa/800 �C
Rohm-Haas CVD SiC 20 1.1 dpa/300 �C 10 –
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Fig. 2. Room temperature thermal conductivity (filled symbols)

and swelling (open symbols) of CVD SiC as a function of

neutron dose and irradiation temperature. Large filled symbols

are from Youngblood [17].
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Composite materials were unidirectional with conduc-

tivity measured in the direction of the fiber length. For

the pyrolitic carbon interface samples an 800 �C furnace

anneal in air for 8 h was performed to remove the car-

bon interface. By doing this the contribution of the

carbon interphase to the conductivity was eliminated,

though it is noted that the conductivity reduction may

not be entirely due to carbon as the electrical coupling

between fiber and matrix would have been affected in the

process. It is also noted that a strong dependence of

conductivity on measurement temperature exists for

both composite and monolithic SiC. As example, Nic-

alon Type S fiber/multilayer SiC interphase composite

increased in conductivity from 300 S/m at �20 �C to 590

S/m at 800 �C. Over the same temperature range Type S

fiber/(thin) pyrolitic graphite interphase composite in-

creased from 900 to 4800 S/m. Such behavior is typical

of semiconductors.

The effect of neutron irradiation on the ambient (�22

�C) thermal conductivity and density of Rohm-Haas

CVD SiC is given in Fig. 2 for irradiation temperatures

of 300, 500, and 800 �C. From the figure it is not clear

that saturation in thermal conductivity or density has

occurred for the 800 �C irradiation. While the data are

more limited for the lower temperature irradiation it

appears that both thermal conductivity and density are

near or at saturation at the highest doses. Specifically,

ambient thermal conductivity at the highest dose studied

for this high-purity fully dense material (3.203 g/cc) has

decreased from �380 (non-irradiated) to 23, 13, and 10

W/mK for 800 �C irradiation, for 800, 500, and 300 �C,
respectively. For identically irradiated 2-D plane weave

Type S, multilayer SiC interphase materials the thermal

conductivity appears to have saturated by a few dpa.

Thermal conductivity was measured perpendicular and

parallel to the 2-D weave. For the case of Type S/mul-

tilayer SiC with �40% fiber volume fraction and �15%

void the room temperature thermal conductivity thru-

thickness was �12 W/mK and �20 parallel to the lay-

up. At 300 and 500 �C irradiation the room temperature

conductivity for this composite was reduced to �2 W/

mK perpendicular, and � 5 parallel. For the 800 �C
irradiation the thermal conductivities were slightly

higher (3 and 6 W/mK, respectively).
4. Discussion

4.1. Electrical resisitivity

Transient increase in electrical conductivity of insu-

lating solids is well understood being studied for a range

of materials [7]. This radiation-induced conductivity

(RIC), has been studied specifically for alumina and

sapphire window applications for the fusion program

[8]. In short, any irradiation which imparts sufficient

energy to excite the valence electrons may produce RIC,
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which is a transient phenomenon. This temporary in-

crease in conductivity is described as r ¼ r0 þ KRd,

where r0 is the base conductivity, R is the ionizing dose

rate, and K and d are constants depending on irradiation

conditions and material. Typically, d is somewhere be-

tween 0.5 and unity (for oxide ceramics) and is related to

electron trapping and has been shown to have a weak

temperature dependence [9]. The proportionality con-

stant K is both material and temperature dependent and

described [7] as K being proportional to e0l=atNtEp

where e0, l, and Ep are the electronic charge, summed

mobility of electron and holes, and the band gap. The

terms Nt and at are the trap density and recombination

rate. The highly resistive Kyocera b SiC of Fig. 1

exhibits a significant RIC, with K ¼ 1:25� 10�6 (S s/

Gym) and d of 0.9. While the value of d is consistent

with the oxide ceramics, the K value is substantially

higher than the 10�12–10�9 (S s/Gym) levels seen in the

oxide insulators. Furthermore, the more conductive

Hexoloy materials (d of 0.5) has an even greater differ-

ence with K ¼ 2:27� 10�3 (S s/Gym). It is noted that

the Kyocera material has substantial non-SiC ‘glassy

phases’ formed by sintering binders which typically in-

crease resistivity. However, as the materials increase in

conductivity essentially no RIC was noted indicating

that the Fermi level for the higher conductivity materials

induced greater thermally stimulated electrons as com-

pared to the ionized electron contribution.

Several competing factors contribute to the change in

the as-irradiated (permanent) conductivity change in

SiC. For example, nuclear transmutation doping will

occur, increasing donor concentration through the
30Si(n,c)31Si and subsequent b-decay to (n-type donor)
31P. Additionally, 20% of the 290 wppm intrinsic (p-

type) boron present in the commercial Rohm-Haas

CVD SiC is removed during reactor irradiation due to

the 10B(n,a)7Li reaction. The result of change in doping

level in the CVD SiC is to effectively increase resistivity.

At the same time, elastic collisions between high-energy

neutrons and the lattice produce simple point defects,

increasing the dangling bond density, decreasing con-

ductivity. Upon annealing dangling bonds are removed

and the material resitivity increases substantially [10].

Results shown in Table 2 clearly indicate an increase in

resistivity for both CVD SiC and composite materials

following neutron irradiation.

Due to the level of immaturity in fusion reactor SiC/

SiC blanket designs an absolute upper limit on electrical

conductivity for SiC composite does not exist. A value of

500 S/m has been suggested to be acceptable [11] based

on analysis of the European TAURO design. Further-

more, Scholz et al. [12] calculated the magnetohydrody-

namic pressure increase (hence pumping power increase)

for the lithium cooled, SiC/SiC TAURO blanket to be

about a factor of two for a conductivity of 500 S/m at 750

�C. This value of conductivity was assumed based on the
commercial Cerasep SiC composite, which increases in

conductivity by �60% from room temperature to 750 �C
[12]. Composites in the present study showed similar

magnitude increase in conductivity with temperature and

the permanent effect of irradiation is seen to decrease

conductivity therefore can be ignored. The in situ radi-

ation-induced conductivity (Fig. 1) also appears not to be

an issue. This conclusion can be drawn by extrapolated

Fig. 1 data to fusion relevant dose levels (�104 Gy/s). It is

noted that RIC for oxide ceramics has been shown to be

linear over such a dose range, therefore extrapolation is

considered appropriate. In this case the electrical con-

ductivity is still well under the 500 S/m value.

4.2. Thermal conductivity

Due to a low density of valence band electrons,

thermal conductivity of ceramic materials is based on

phonon transport. For each ceramic the ease of con-

ducting heat can be described by the strength of the

individual contributors to phonon scattering: grain

boundary scattering ð1=KgbÞ, phonon–phonon interac-

tion (or umklapp scattering 1=Ku), and defect scattering

ð1=Kd:Þ Because scattering for each of these elements

occurs at differing phonon frequencies and can be con-

sidered separable, the summed thermal resistance for a

material can be simply described as the summation of

the individual elements; i.e., 1=K ¼ 1=Kgb þ 1=Ku þ 1=
Kd. The effect of irradiation on ceramics at low homol-

ogous temperature is to produce simple defects and de-

fect clusters that very effectively scatter phonons. For

ceramics processed for high thermal conductivity the

irradiation-induced defect scattering quickly dominates

with saturation thermal conductivity typically achieved

by a few dpa. Moreover, as the irradiation-induced de-

fect scattering exceeds the phonon–phonon scattering,

the temperature dependence of thermal conductivity is

much reduced or effectively eliminated. It is noted that

the 300 and 500 �C irradiation of this study yielded

constant thermal conductivity values as measured from

room temperature to the irradiation temperature.

However, the 800 �C irradiated material has slightly

lower thermal conductivity as measured at 800 �C
compared room temperature value indicating that pho-

non scattering was still competing. It is also noted (cf.

Fig. 2) that the 800 �C irradiation does not indicate

saturation conductivity and that a (small) temperature

dependence of thermal conductivity remains. Even so,

the room temperature thermal conductivity for all three

irradiation temperatures is quite close to the conduc-

tivity measured at the irradiation temperature. Referring

to the 800 �C values of swelling in Fig. 2 it is noted that

saturation must be close in that the swelling values are

approaching the 500 �C swelling values and the 600 �C
saturation swelling data generated using single ion

irradiation [13].
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Given the assumption of separability, and further

assuming that irradiation-induced defects dominate

intrinsic defects ð1=KdÞ, an irradiation-induced defect

resistance term can be defined: 1=Krd ¼ 1=Kirr�
ð1=Ku þ 1=KgbÞ ¼ 1=Kirr � 1=Knon-irr. This thermal defect

resistance term is the material response to irradiation in

the absence grain boundary alteration or other factors

such as internal cracking. It has been shown [14] that for

doses where the defect scattering dominates the umklapp

scattering, the defect resistance is proportional to the

square root of the vacancy defect concentration. As this

term is independent of starting thermal conductivity, if it

is assumed that the surviving vacancy clusters in a

material type (e.g. CVD SiC) are independent of

intrinsic defects or impurities, the thermal defect resis-

tance term as a function of temperature can be applied

to any CVD SiC to estimate the final irradiated thermal

conductivity.

Fig. 3 gives a compilation of thermal defect resistance

for highly irradiated, near fully dense high-purity CVD

SiC. Using data from this study, Price [15], Senor [16],

and Youngblood [17]. The published data for siliconized

and hot pressed materials were omitted due to the

presence of sintering aids that potentially alter grain

boundary scattering upon irradiation. Error bars were

calculated based on information provided by the au-

thors, or assumed. Room temperature thermal conduc-

tivities (given in legend) of 288 W/mK were assumed

[18] for the work of Youngblood [17] and Senor [16].
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(open symbols) of irradiated CVD SiC. The plot includes data

from Refs. [15–17].
However, error in this assumption would not have had

significant effect on calculated thermal resistance due to

the high starting thermal conductivities.

It is interesting to note that if the thermal defect

resistance data of this study is normalized to swelling

(i.e. ð1=KrdÞ/%swell) and plotted as a function of irra-

diation temperature, a constant value is obtained. This

implies that over the temperature range of this study

(300–800 �C) the defects that govern thermal conduc-

tivity and swelling are the same and do not change over

this temperature range. This will likely not be the case

for irradiation temperatures >800 �C as the micro-

structure becomes dominated by interstitial loops.

From Fig. 3 the density decrease (driven by interstitial

defect strain) upon irradiation for this work and that of

Price [15] were measured in similar fashion and are in

good agreement. However, while the thermal defect

resistance data is consistent for this work and the work of

Youngblood [17] and Senor [16], the Price [15] data is

somewhat higher. Assuming no experimental error, this

suggests there may be a difference in the vacancy complex

formation for the lower density, lower conductivity

material of Price [15]. Though not discussed by the au-

thors, it is possible that the lower density of Price’s

material may have been due to excess atomic silicon. Also

plotted in Fig. 3 is the ideal, or maximum saturated

thermal conductivity band, as a function of irradiation

temperature. This band has simply inverted the thermal

defect resistance data from this study as well as the data

of Youngblood [17] and Senor [16] (all Morton/Rohm-

Haas CVD SiC). This is therefore the thermal conduc-

tivity dominated solely by the irradiation-induced va-

cancy clusters, and the room temperature thermal

conductivity can be assumed to be near the thermal

conductivity measured at the irradiation temperature. It

is seen that irradiated saturation thermal conductivity

increases from a value of �7 W/mK at 200 �C to 20–27

W/mK for 1000 �C irradiation. The wide range at the

elevated temperature may be due to a non-saturated

value of thermal conductivity for the present work and

that of Youngblood [17] which was in the dose range of 4–

8 dpa as compared to that of Senor [16] taken as�26 dpa.

A saturation value closer to 20 W/mK is therefore likely.

Required thermal conductivity for fusion reactor

design is somewhat different for the recent design studies

and dependent on the design and the area of application

(i.e. divertor, first wall, blanket, or magnet structure).

However, the TAURO, DREAM, and ARIES designs

[3] have assumed through thickness values of thermal

conductivity of 15, 15–60, and 20 W/mK at �1000 �C,
respectively. The present plane weave Type S fiber, CVI

SiC composite irradiated in HFIR in the range of 2–4

dpa yields thru-thickness room temperature conductiv-

ity in the range of 2–3 W/mK in the irradiation tem-

perature range of 300–800 �C where similarly infiltrated

Sylramic fiber composite resulted in room temperature
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conductivity of �5 W/mK [17]. There are several com-

posites which match or exceed the non-irradiated con-

ductivity of the material of this study, and further

improvement will occur by adopting processing using

higher crystallinity fibers, higher processing tempera-

tures leading to lower vacancy concentration, lower

matrix void fraction, and optimization of the fiber/ma-

trix interphase for reduced boundary scattering. How-

ever, the optimum thermal conductivity cannot exceed

that given in Fig. 3, and given the intrinsic need for the

fiber/matrix interface and the microcracking of com-

posite materials, the conductivity will necessarily be

lower than depicted in Fig. 3. For these reasons the

thermal conductivities assumed in the present SiC/SiC

core design appear overly optimistic.
5. Conclusions

(1) Electrical conductivity of SiC composites is a

function of initial processing choices of fiber, matrix and

interphase. Fabrication of composites with substantially

lower conductivity than the 500 S/m TAURO assumed

upper allowed limit should not pose a problem. Mate-

rials in this study manufactured with the radiation-sta-

ble Type S Nicalon and ICVI SiC matrix infiltration

gave room temperature electrical conductivity ranging

from 60 to 1700 S/m, depending on interphase chosen,

though the matrix conductivity may have been different.

The effect of temperature on conductivity, as has been

shown previously for Cerasep SiC, increases by less than

a factor of two. At this level of conductivity the material

is about four orders of magnitude higher than where

radiation-induced conductivity would become of con-

cern for fusion blankets. Neutron displacement damage

will also alter electrical resistivity, though this will de-

crease the resistivity of the material and therefore im-

prove MHD performance. This permanent reduction

was seen to be about a factor of two for the materials in

this study.

(2) The thermal conductivity for very high-purity

CVD SiC has been used as a model to calculate the

material-dependent thermal defect resistance for SiC.

Using irradiated data in this paper at 300, 500 and 800

�C, along with data on similar material from the litera-
ture, a formalism for describing thermal conductivity

reduction based on the assumption of separability of

phonon-scattering centers has been adopted. Using this

formalism the maximum saturation thermal conductiv-

ity for SiC is given to be �7 W/mK for 200 �C
increasing to �20–27 W/mK for 1000 �C irradiation.

Due to the intrinsic internal interfaces of composite

materials the as-irradiated thermal conductivity will be

less than these values. The conclusion of this analysis is

that present day assumptions for the thermal conduc-

tivity of SiC/SiC composites in fusion reactor designs are

overly optimistic.
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