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Abstract

The thermal conductivity degradation due to low-temperature neutron irradiation is studied and quantified in terms

of thermal resistance terms. Neutron irradiation is assumed to have no effect on umklapp scattering. A theoretical

model is presented to quantify the relative phonon-scattering effectiveness of the three dominant defect types produced

by neutron irradiation: point defects, dislocation loops and voids. Several commercial ceramics have been irradiated

with fission reactor fast neutrons at low temperatures to produce defects. Materials include silicon carbide, sapphire,

polycrystalline alumina, aluminum nitride, silicon nitride, beryllium oxide, and a carbon fiber composite. The neutron

dose corresponded to 0.001 and 0.01 displacements per atom (dpa) for a �60 �C irradiation and 0.01 and 0.1 dpa for a

�300 �C irradiation. Substantial thermal conductivity degradation occurred in all of the materials except BeO following

irradiation at 60 �C to a dose of only 0.001 dpa. The data are discussed in terms of the effective increase in thermal

resistance caused by the different irradiation conditions. Evidence for significant point defect mobility during irradia-

tion at 60 and 300 �C was obtained for all of the ceramics. The thermal stability of the radiation defects was investigated

by isochronal annealing up to 1050 �C.
� 2004 Elsevier B.V. All rights reserved.
1. Introduction and theory

Due to the low density of conduction band electrons

in most ceramic materials, the dominant carrier of ther-

mal energy is phonons. The lattice thermal conductivity

is given by [1,2]:

KðT Þ ¼ 1

3

Z
SðxÞv2ðxÞsðxÞdx; ð1Þ

where S(x)dx is the contribution to the lattice specific

heat in the frequency range dx at x, v is the phonon
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velocity and s(x) is the phonon relaxation time. If more

than one process is scattering phonons the effective value

of 1/s(x) is found by adding 1/si(x) for each scattering

process, i.e., [1,2]

1

sðxÞ ¼
X
i

1

siðxÞ
: ð2Þ

The radiation-induced defects to be considered here are,

point defect scattering (vacancies and impurity atoms),

extended three-dimensional defects (voids), and ex-

tended two-dimensional defects (dislocation loops and

grain boundaries). It is assumed that antisite defects

have a smaller effect on phonon scattering and are ig-

nored, though this requires further study. (For example,

Muto and Tanabe [3] describes significant swelling in
ed.
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SiC associated with antisite defects. It could be inferred

that this mechanism would contribute significant pho-

non scattering.) It is further assumed that interstitial de-

fects have sufficient mobility at the temperatures

considered (>30 �C) to aggregate into dish loops. Addi-

tionally, in evaluating Eq. (1), resistive intrinsic three-

phonon processes (umklapp) must be considered.

At low temperature, i.e., well below the Debye tem-

perature (hD) for a particular material, the temperature

dependence of the thermal resistance due to the various

scattering mechanisms varies widely, depending on the

frequency dependence of the relaxation time. At temper-

atures above approximately hD/3 (�50 �C for alumina,

�125 �C for SiC) however the thermal resistance for

all defects is independent of temperature and the thermal

resistance due to umklapp scattering is proportional to

temperature [1,2].

The room temperature thermal conductivities of

some non-irradiated ceramic materials can rival or ex-

ceed high conductivity metals such as pure copper

(�400 W/m K). Examples include pyrolytic graphite

(�1000 W/m K), silicon carbide (�490 W/m K), and

beryllium oxide (�240 W/m K). The key to achieving

high thermal conductivity in ceramics is to have a highly

perfect crystal with low impurities. While there is no way

to mitigate the thermal resistance due to umklapp scat-

tering, both the grain boundary and intrinsic defect scat-

tering terms can be significantly reduced by moving

towards single, �perfect� crystals. Indeed, the theoretical

conductivity near room temperature for �perfect� graph-
ite following Taylor�s analysis [4] is �2200 W/m K, sig-

nificantly above that measured in the best present-day

graphitic materials.

The sensitivity of thermal conductivity to point de-

fects makes this property acutely affected by low-tem-

perature neutron irradiation. Since the mobility of

point defects and the spontaneous point defect recombi-

nation volume in most ceramics are quite low as com-

pared to metals [5,6], fast neutron damage can produce

large populations of stable simple defects and defect

clusters in ceramics. These defects have been shown to

reduce the room temperature thermal conductivity by

orders of magnitude for graphite [4,7–19], silicon carbide

[20–25] and a range of other ceramics and glasses after

neutron irradiation near room temperature to doses

61 dpa.

Various parameters have been used in the literature

to categorize the change in thermal conductivity of irra-

diated ceramics. The most frequently used parameters

normalize to the non-irradiated thermal conductivity

at some temperature. Examples are the fractional

change in conductivity, (Kunirr � Kirr)/Kunirr, the residual

conductivity (Kirr/Kunirr), and the fractional change in

thermal resistance (Wirr � Wunirr)/Wunirr where W is

the thermal resistivity, 1/K. The subscripts �irr� and

�unirr� refer to the conductivity in the irradiated and
non-irradiated state, respectively. The fractional change

in thermal resistance has been widely used in the graph-

ite literature. Representing the thermal conductivity deg-

radation with these parameters provides a convenient

representation of a specific material�s thermal conductiv-

ity for a particular irradiation environment. However,

these parameters are not satisfactory for investigating

whether the same underlying physical processes are

responsible for the degradation in different grades of a

material. In addition, the radiation-induced thermal

resistance for different ceramic materials cannot be con-

veniently compared with this type of analysis.

In the following, a basic theory for the effect of var-

ious types of irradiation-induced defects is discussed.

Following this discussion, a simple parameter, defined

as the added thermal resistance caused by neutron irra-

diation (Wirr �Wunirr or D1/K), is used as a tool to

understand and compare the thermal conductivity deg-

radation of various ceramics.

1.1. Theory

The integral in Eq. (1) may be evaluated in order to

determine the effect of the various scattering mecha-

nisms on the thermal conductivity. At temperatures

above hD/3, S(x) = 3kBx
2/2p2v3 in the Debye approxi-

mation, where kB is Boltzmann�s constant.
The phonon relaxation time due to point defects is

given by [1,2] 1/sp = Ax4, where A is proportional to

the defect density. For vacancies, A = 9CvX/4pv
3, where

Cv is the vacancy concentration per atom and X is the

atomic volume. The intrinsic relaxation time is of the

form [1,2,26–28], 1/su = Bx2, where B is a parameter

which is proportional to temperature and is given by

[1,2]: B ¼ vT=aTmx2
D, where Tm is the melting tempera-

ture, a is a parameter on the order of the interatomic dis-

tance, T is the temperature, and xD is the Debye

frequency. Substituting these relaxation times into Eqs.

(1) and (2) the increase in thermal resistance due to point

defect scattering is found to be [27,28]:

D
1

K

� �
¼ 1

Kp

� 1

K i

¼ 1

K i

xD

xp

arctan
xD

xp

� �� ��1

� 1

 !
; ð3Þ

where Kp is the thermal conductivity with point defect

scattering, Ki is the thermal conductivity with intrinsic

scattering only, and xp is the frequency at which the

intrinsic relaxation time is equal to the point defect

relaxation time, x2
p ¼ B=A. There are two limiting cases

of Eq. (3), for weak vacancy scattering xp > xD, and the

inverse tangent function may be expanded to obtain,

D
1

K

� �
¼ 1

3K i

xD

xp

� �2

¼ 3pXxD

2kBv2
Cv: ð4Þ
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This expression is independent of temperature above

hD/3 and proportional to the point defect concentration.

In the case of strong point defect scattering, xp < xD,

Eq. (3) becomes

D
1

K

� �
vac

¼ 2

pK i

xD

xp

� p
2

� �

¼ 6p1=2

kB

1

xD

X
aTm

� �1=2

ðCvT Þ1=2 �
2p2

kB

v2

aTmx3
D

T :

ð5Þ

From this expression it is seen that the increase in ther-

mal resistance at a particular temperature will increase

as the square root of point defect concentration in this

limit.

Planar defects in the form of dislocation loops have a

relaxation time of the form [29], 1/sloop = Cx2 where in

terms of material parameters C = (24ph2R2/v)nloop,

where h is the thickness of the loop, R is the radius of

the loop and nloop is the density of loops per unit vol-

ume. The increase in thermal resistance is given by

D
1

K

� �
loop

¼ K i

C
B
¼ 24ph2R2

v
nloop: ð6Þ

Thus the increase in thermal resistance due to scattering

by dislocation loops is proportional to loop density and

is independent of the temperature hD/30. It is noted that

the loops are transparent to phonons of frequency less

than approximately 0.2xD and so only phonons of fre-

quency greater than this will be scattered by loops. How-

ever this is in the region in which point defect scattering

becomes important and the processes will compete. For

vacancy concentrations greater than approximately

0.001 atomic fraction, point defect scattering will domi-

nate at room temperature and scattering by loops will

become unimportant.

The extended defects to be considered here are irradi-

ation-induced voids. The relaxation for these imperfec-

tions is given by [27,30], 1/sext = D = N(pr2)v, where N

is the number of defects per unit volume and r is the ra-

dius of the defect. Using this relaxation time the increase

in thermal resistance due to scattering by voids is [27]:

D
1

K

� �
void

¼ 1

K i

1� xE

xD

arctan
xD

xE

� �� ��1

� 1

 !
; ð7Þ

where xE is the frequency at which the scattering by

voids is equal to the intrinsic scattering, x2
E ¼ D=B.

For any expected defect concentration, N, the phonon

mean free path due to scattering by voids will be much

greater than the interatomic distance and so xE < xD.

For example, for the case of alumina at 130 �C, xE is

equal to xD when Npr2 = 4.8 · 108 m�1. For voids with

a radius of 10 nm this corresponds to a density of

N = 1 · 1024 m�3 yielding a volume fraction of 6.4,

clearly an impossibility. Using xE < xD Eq. (6) becomes
D
1

K

� �
void

¼ p3v
kBx2

D

ðBDÞ1=2

¼ p7=2

kB

v2

x3
DT

1=2
m a1=2

rN 1=2T 1=2; ð8Þ

which shows that the increase in thermal resistance due

to voids is proportional to the square root of both tem-

perature and defect concentration. Section 4 points out

that for the irradiation conditions of this study

(�60 �C) void formation is not expected in the investi-

gated ceramic materials.

The increase in defect resistance in terms of material

parameters, defect size, and defect density is given by

Eqs. (5), (6), and (8) for vacancies, dislocation loops,

and voids, respectively. Eq. (2) suggests that thermal

resistances due to each scattering mechanism may sim-

ply be added and that the combined effect will be given

by adding these expressions. This however is true only in

the case in which three-phonon normal scattering dom-

inates, the so-called Ziman limit. In the case of irradi-

ated materials normal processes will not dominate, and

a better approximation for combining separate defect

terms is to add the corresponding reductions in thermal

conductivity. Thus in general if the effects of the individ-

ual scattering mechanisms are to be combined the result-

ing increase in thermal resistance is given by

D
1

K

� �
total

¼ 1

K i

(
1� 1� xp

xD

tan�1 xD

xp

� ��

� xE

xD

tan�1 xD

xE

� �
� C

Bþ C

� ���1

� 1

)
:

ð9Þ
2. Experimental procedure

Twelve commercial ceramic materials were selected

for this irradiation study and are listed in Table 1 along

with their room temperature physical properties. Of

importance is that for some of the materials (SiC and

Al2O3) different ceramic grades are used to obtain differ-

ent non-irradiated thermal conductivities for nominally

equivalent base materials. A further description of some

of these materials is given elsewhere [31]. All materials

were machined into cylinders of 6 mm diameter. The

length of the samples varied from 3 mm to 10 mm

depending on their non-irradiated thermal conduc-

tivities, with the longer lengths corresponding to the

higher-conductivity materials. Samples were irradiated

in the HT-3 position of the HFIR Hydraulic Tube facil-

ity at a fast and thermal neutron flux of 7.8 · 1018 n/

m2 s (E > 0.1 MeV) and 2.2 · 1019 n/m2 s, respectively.

For all samples, a dose equivalent of 1 displacement

per atom (dpa) = 1 · 1025 n/m2 (E > 0.1 MeV) was used,



Table 1

Non-irradiated room temperature properties of the ceramics used in this study

Density, g/cc (%td) Specific heat, J/kg K K(vendor), W/m K K(measured), W/m K

Morton CVD SiC 3.203 (99.6) 620 320 246

Carborundum Hexoloy-SA SiC 3.08 (95.7) 620 125.6 105

GE siliconized SiC 2.93 (91.1) 620 91

Coors AD-94 Al2O3 3.61 (90.7) 880 18.0 18

Coors AD-998 Al2O3 3.89 (97.7) 880 29.4 31

Wesgo AL-998 Al2O3 3.90 (98.0) 880 29.3 32

Crystal systems sapphire 3.98 (100) 880 40 42

Cercom single crystal MgAl2O4 3.58 (99.4) 880 �14 19

Cercom aluminum nitride 3.25 (99.7) 1050 115 111

Cercom hot-pressed silicon nitride 3.3 (95.9) 680 �29 36

Brush-Wellman 995 BeO 2.85 (94.7) 1047 251 239

Mitsubishi-Kasei MFC C/C composite 1.93 718 555 520
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which is the calculated relationship for these low-atom-

ic-mass ceramics assuming a sublattice-averaged dis-

placement energy of 40 eV [32,33]. The irradiation

doses were equivalent to 0.001 dpa and 0.01 dpa for

the 60 �C irradiations, and 0.01 and 0.1 dpa for the

300 �C irradiations. In addition to the point defect accu-

mulation due to fast neutrons, the production of helium

from the 9Be(n/a) reaction will produce additional Kth

degradation in BeO due to the recoiling atoms and

transmutation products. However, due to the low level

of helium generation in this study, 1 and 10 appm for

0.01 and 0.1 dpa in BeO, respectively, this process is

ignored.

A low-temperature perforated rabbit capsule was

used to irradiate the samples in contact with the coolant

water (�60 �C). A second rabbit capsule design was used

to irradiate at elevated temperatures where the samples

were in contact with a graphite sleeve which was slid in-

side an aluminum capsule and sealed in a helium cover

gas. The outside of the aluminum capsule was in contact

with the coolant water and the heat generated by the

�45 W/g nuclear heating was conducted across the

�0.25 mm machined gap between the graphite sleeve

and the inside of the aluminum tube, thus achieving a

calculated temperature of �300 �C. A single perforated

rabbit capsule containing only chemically vapor depos-

ited (CVD) SiC and Coors AD-94 alumina was also irra-

diated to �2.6 dpa.

The room temperature thermal diffusivity of the sam-

ples was measured with a custom-built xenon thermal

flash apparatus. The pulse length and maximum power

output of the xenon flash lamp are 0.8 ms and

4800 W s, respectively. With the exception of the dark

gray silicon carbide and C/C samples, all materials were

coated with a thin film of graphite on the front and rear

surfaces in order to make the samples opaque to the Xe

flash lamp. Following the thermal flash on the front sur-

face, the rear surface temperature was measured by the

infrared signal using an InSb detector, and the diffusivity
was calculated following Clark and Taylor�s analysis

[34]. Density and thickness values corresponding to the

non-irradiated or irradiated condition were used for

the non-irradiated and irradiated measurements, respec-

tively. For the thermal diffusivity calculations, the den-

sity was calculated from dry weight and physical

dimension measurements. Some specimen densities were

also obtained with density gradient columns using mix-

tures of tetrabromoethane–methylene iodide or ethylene

bromide–bromoform [35]. The accuracy of the density

measurement was better than 0.001 g/cc based on re-

peated measurements and consistent for duplicate sam-

ples. Silicon carbide samples were immersed in

hydrofluoric acid for a period greater than 24 h to re-

move any surface silica prior to measurement. The only

materials which exhibited significant (>0.1%) swelling

due to irradiation were the 2.6 dpa, 60 �C Coors AD94

alumina and CVD silicon carbide samples. It is noted

that for this irradiation, amorphization of the periphery

of the CVD SiC sample occurred leading to a 9.62%

swelling. Further study of this sample, as well as single

crystal SiC which was amorphized by high dose neutron

irradiation at 60 �C is given elsewhere [36,37]. Thermal

diffusivity data from this 2.6 dpa irradiated sample cor-

responds to an amorphous shell around an �2.8 mm

crystalline core and is therefore a measurement of a het-

erogeneous sample.

The thickness of the samples was chosen to minimize

the parasitic heat loss to the sample holder in the ther-

mal flash apparatus. As the thermal conductivity gener-

ally decreases significantly with irradiation, the sample

thickness was chosen as the minimum thickness that

yielded acceptable non-irradiated values. For the low

thermal conductivity materials such as spinel and alu-

mina, the thickness was 3 mm, while the thickness of

the high thermal conductivity BeO, CVD SiC, and car-

bon fiber composite (CFC) was 10 mm.

The room temperature thermal conductivity (K) was

calculated using the measured thermal diffusivity (a),



Fig. 1. Thermal conductivity vs. neutron dose for several

different grades of Al2O3 irradiated at either 60 �C or 300 �C.
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measured density (q), and the vendor�s or handbook

[38,39] specific heat (Cp) as follows:

K ¼ aqCp: ð10Þ

The thermal diffusivity of every specimen was measured

before and after irradiation. The conversion from ther-

mal diffusivity to thermal conductivity used the assump-

tion that the specific heat remained unchanged with

irradiation. This common assumption is known to be

valid for graphite [7]. Furthermore, it is well established

that the specific heat is not changed by a crystalline to

amorphous transformation; for example the specific heat

of glass and the crystalline forms of SiO2 (quartz, crys-

tobalite, and tridymite) are identical [39]. Table 1 gives

the non-irradiated density and specific heat values used

to convert the thermal diffusivity measurements to ther-

mal conductivity. The last two columns of Table 1 give

the manufacturers� quoted values for thermal conducti-

vity and the non-irradiated specimen measurements ob-

tained in this study. General agreement was found

between the two columns with the exception of the Mor-

ton (now Rohm-Haas) CVD SiC material where a 23%

discrepancy in conductivity values occurred. This is

thought to be a batch to batch variation in the Morton

product. Such variation in different lots of Morton CVD

SiC has been previously observed by the authors. Some-

what smaller discrepancies were also observed for the

Carborundum Hexoloy-SA SiC (�16% low), the Mitsu-

bishi MFC C/C composite (�5%) and Cercom alumi-

num nitride (�4%). Measurements with the thermal

diffusivity apparatus performed on a standard graphite

specimen produced results within �1% of the calibrated

standard value.

Post-irradiation isochronal anneals were carried out

in air at 100 �C and 200 �C. Annealing above 200 �C
was carried out in flowing argon to a maximum temper-

ature of 1050 �C. The annealing period was 1 h at each

temperature. A furnace excursion occurred during the

450 �C anneal in which the sample temperature reached

500 �C for 5 min. For sufficiently rapid annealing kinet-

ics, it may be more appropriate to represent this data as

annealed at 500 �C. However, given that these kinetics

are unknown, the annealing temperature of 450 �C is

assumed.

Error bars have been generated based on the variabil-

ity of the data both within a measurement series and

from repeating each measurement series. In general,

the thermal diffusivity measurements were found to be

reproducible within 4% for most samples. A series of

at least 10 flash lamp �shots� were taken for each sample

mounting and the typical standard error within this set

of measurements was as high as 5%. For samples which

suffered large decreases in thermal conductivity follow-

ing irradiation, the measurement error (likely due to in-

creased conduction to the sample holder) tended to

increase as the thermal pulse transit time increased.
These higher loss samples were remounted, measured

three or four separate times and the data for each run

were compared and used in the error analysis. Individual

errors based on the reproducibility of remounted speci-

mens were used for the error analysis of samples with

significant variability. Due to the low conductivity of

the 2.6 dpa irradiated CVD SiC sample there was much

higher heat loss to the sample holder, which decreased

the reliability of the data. The reproducibility was

�20% in this sample.

Thermal diffusivity data were not obtained for most

of the MgAl2O4 spinel specimens due to an unexpected

(corrosive) reaction with a MacorTM machinable glass

specimen located next to the spinel specimen in each

of the irradiation capsules. Accurate data could only

be obtained for the spinel sample which was irradiated

to 0.01 dpa at 60 �C.
3. Experimental results

3.1. Thermal conductivity

Fig. 1 shows the thermal conductivity degradation

for sapphire and the polycrystalline alumina specimens.

For all specimens and both irradiation temperatures a

decrease in thermal conductivity with increasing dose

is observed, with the �300 �C irradiation exhibiting less

degradation than the �60 �C irradiation. The relatively

high conductivity sapphire shows a larger absolute deg-

radation in thermal conductivity compared to the poly-

crystalline samples. The middle curve of this plot is

labeled 99.8% alumina refers to both the Coors AD-

998 and Wesgo AL-998 polycrystalline material of

99.8% nominal purity which exhibited nearly identical
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behavior. From Table 1 it is seen that both materials are

�98% of theoretical density. The lower curve in Fig. 1 is

for the lower nominal purity (94%), lower density (also

94%) Coors AD-94 alumina. The absolute reduction in

thermal conductivity for this material was relatively

small compared to the higher purity grades of alumina.

Due to the small difference in irradiated and non-irradi-

ated diffusivities of AD-94 alumina, the associated error

in calculating the defect resistance was relatively large

and this was compounded by a higher experimental

error due to greater parasitic heat loss in the thermal

diffusivity measurement.

Fig. 2 gives the thermal conductivity degradation of

the different grades of silicon carbide as a function of flu-

ence. Data trends were similar to that observed for the

alumina materials although the magnitude of the

changes was larger. In particular, the thermal conducti-

vity degradation was lower at the higher irradiation tem-

perature, and the relative degradation was largest for the

highest purity material. The upper curve shows the high

conductivity Morton CVD SiC degrading from 245 W/

m K to approximately 30 W/m K for the 60 �C,
0.01 dpa irradiation. The general electric siliconized

SiC material degraded less in absolute terms but ap-

proaches essentially the same as-irradiated value as the

CVD SiC at this irradiation condition. The Carborun-

dum HexoloyTM material gives similar degradation as

the siliconized SiC.

The highest fluence data point of Fig. 2 corresponds

to the 2.6 dpa irradiation of Morton CVD SiC. Due to

the very low conductivity of the irradiated sample, mea-

sured as 3.8 W/m K, or �1.6% of original conductivity,

the conduction to the sample holder in the measurement

became significant and the curve-fitting routine for the
Fig. 2. Thermal conductivity vs. neutron dose for several

different grades of SiC irradiated at either 60 �C or 300 �C.
IR temperature measurement produces a large uncer-

tainty. This specimen exhibited a 9.62% volumetric

expansion (i.e., decrease in density), and X-ray and

TEM diffraction analysis indicated that the material

has become amorphous at the periphery (at a radius

>�1 mm). A subsequent measurement [40] on fully

amorphous SiC has yielded a thermal conductivity of

3.6 W/m K.

The thermal conductivity degradation for silicon ni-

tride and aluminum nitride are shown in Fig. 3. It is seen

that the aluminum nitride thermal conductivity has de-

creased by more than 70 W/m K following the 60 �C,
0.01 dpa irradiation while the silicon nitride has only de-

creased by about 23 W/m K. In all conditions the silicon

nitride has a lower thermal conductivity than that of the

aluminum nitride, and in both materials the thermal

conductivity values following irradiation to 0.01 dpa at

300 �C were greater than the corresponding 60 �C irradi-

ation values.

Fig. 4 gives the thermal conductivity degradation for

beryllium oxide for both the 60 �C and 300 �C irradia-

tions. Again, the specimens irradiated at the higher tem-

perature exhibited less degradation in thermal

conductivity. There was no 0.001 dpa, 300 �C irradiated

specimen, so the intercept with the non-irradiated con-

ductivity for the 300 �C data set is shown as a dotted

line. However, it is expected that the conductivity of

BeO specimens irradiated at 300 �C would be higher

than the 60 �C data line at any given dose up to

0.1 dpa. The fractional degradation in the thermal con-

ductivity of the BeO specimens was less than that ob-

served in most of the other ceramic specimens. For

example, the BeO thermal conductivity following irradi-

ation to 0.01 dpa at 60 �C was �70% of the non-irradi-
Fig. 3. Thermal conductivity vs. neutron dose for polycrystal-

line Si3N4 and AlN irradiated at either 60 �C or 300 �C.



Fig. 4. Thermal conductivity vs. neutron dose for high-

conductivity polycrystalline BeO irradiated at either 60 �C or

300 �C.
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ated value whereas the corresponding value for CVD

SiC (with an non-irradiated conductivity similar to

BeO) was only �12% of the initial thermal conductivity.

Fig. 5 gives the thermal conductivity reduction for

the Mitsubishi-Kasei one dimensional carbon fiber com-

posite (MFC-1PH). The data presented in this paper are

for the thermal conductivity in the high conductivity

direction. The thermal conductivity of this material

is extremely anisotropic being �520 W/m K in the

high conductivity (parallel to fiber) direction and

�40 W/m K perpendicular to the fiber direction. The

room temperature conductivity decreased to �10% of
Fig. 5. Thermal conductivity vs. neutron dose for a high-

conductivity carbon fiber composite irradiated at either 60 �C
or 300 �C.
the non-irradiated value after irradiation at 60 �C to a

dose of only 0.01 dpa. The degradation was less rapid

for irradiation at 300 �C, although the conductivity de-

creased to �10% of the non-irradiated value after a dose

of 1 dpa. A carbon fiber composite specimen was not

irradiated in the 0.01 dpa, 300 �C capsule.

3.2. Thermal resistance

In the following plots, error bars for the defect resis-

tance data refer to a combination of the uncertainty

within a series of measurements for the non-irradiated

and irradiated thermal diffusivities. Error bars refer to

±1-standard error resulting from the difference of two

data sets with individual uncertainties (Eq. (5)).

The defect resistances for the sapphire and polycrys-

talline alumina specimens irradiated at 60 �C to 0.001

and 0.01 dpa are given in Fig. 6. It is clear from Fig. 6

that all of the grades of alumina have similar induced de-

fect resistances at each of the two dose levels studied. A

further significant aspect of Fig. 6 is that the defect resis-

tance of all grades of alumina exhibited sublinear dose

dependence. Specifically, the defect resistance increased

by a factor of �2.5 as the dose was increased by a factor

of 10 (from 0.001 to 0.01 dpa.) Such a sublinear defect

accumulation rate has been previously observed for

high-purity alumina irradiated with neutrons near room

temperature at doses of 10�5–10�2 dpa in optical spec-

troscopy [41,42] and thermal conductivity [43] studies.

Assuming the defect resistance is due to point defects

or small aggregates of point defects Eq. (4) (weak limit)

predicts that the defect resistance would increase linearly

if the defect production was linear, and Eq. (5) (strong

limit) predicts a factor of
ffiffiffiffiffi
10

p
� 3:2 increase for a factor
Fig. 6. Radiation-induced defect thermal resistance vs. neutron

dose for several different grades of Al2O3 irradiated at 60 �C.
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of 10 increase in defect concentration. An apparent sat-

uration in the defect resistance has been observed in

thermal conductivity measurements of alumina irradi-

ated at 250 �C to damage levels >0.5 dpa [44]. Optical

absorption measurements have found a similar satura-

tion in the point defect concentration at doses above

�0.1 to 0.5 dpa for alumina irradiated at room temper-

ature with 3 MeV N+ ions [45]. The physical significance

of the observed sublinear accumulation of defects (Fig.

6) at damage levels far below the room temperature �sat-
uration dose� of �0.1 to 0.5 dpa will be discussed in Sec-

tion 4.

Fig. 7 shows the defect resistance for the three differ-

ent grades of silicon carbide irradiated at 60 �C. The
Morton CVD SiC exhibited the lowest defect resistances

and the GE siliconized SiC had a slightly larger defect

resistance. The Carborundum HexoloyTM sintered alpha

SiC exhibited about a factor of two higher defect resis-

tance at both irradiation fluences. The physical mecha-

nism responsible for the high defect retention in

Hexoloy compared to the other two SiC materials is

uncertain. One possibility is that the impurities (or sin-

tering additives) present in Hexoloy SiC somehow en-

hance the nucleation of defect clusters. Another

possible difference between the two powder derived

materials (Hexoloy and GE SiC) as compared to the

CVD SiC is that the sintering aids such as Si and B will

be present in large quantities at the grain boundaries.

Irradiation induced differential volumetric expansion

which has been shown [22] to dramatically effect

strength of hot pressed SiC may play a role in the radi-

ation induced thermal conductivity change due to the

grain boundary scattering term which has been assumed

constant (see Eq. (1)). All three grades of SiC showed

approximately a factor of 5 increase in defect resistance
Fig. 7. Radiation-induced defect thermal resistance vs. neutron

dose for several different grades of SiC irradiated at 60 �C.
as the dose was increased from 0.001 to 0.01 dpa. This

sublinear dose dependence is consistent with the previ-

ous work on both thermal conductivity [44,46] and vol-

umetric expansion [44,47] of SiC irradiated with

neutrons at �100 �C. The measured volumetric expan-

sion of the CVD SiC irradiated at 60 �C to 0.001 dpa

and 0.01 dpa in the present study was 0.1% and 0.41%,

respectively, as measured by the density gradient column

technique [35].

3.3. Isochronal annealing of thermal resistance

For the irradiation temperatures and doses of this

study, simple defects or defect clusters such as small dis-

location loops are the dominant radiation-induced

microstructural feature. This has been demonstrated

experimentally for SiC [48,49], Al2O3 [50,51], graphite

[10,52], and aluminum nitride [48,53]. By annealing these

ceramics above the temperature at which the irradiation-

induced defects were formed, defect recombination (due

to dissolution of small vacancy clusters) and an accom-

panying reduction in the thermal defect resistance oc-

curs. In order to quantify the dose-dependent thermal

stability of the defects responsible for the observed radi-

ation-induced increase in thermal resistance, isochronal

annealing studies were performed. The effect of isochro-

nal annealing for a period of 1 h on the room tempera-

ture thermal resistivity of the ceramics irradiated at

60 �C is shown in Figs. 8–13.

In Fig. 8, the effect of annealing of the defect resis-

tance for polycrystalline alumina and sapphire speci-

mens irradiated to 0.001 and 0.01 dpa at 60 �C is

shown. The plot includes the high-purity alumina grades

and excludes the lower purity Coors AD-94 because the

statistical error of the measurement for AD-94 was com-
Fig. 8. Annealing behavior of the radiation-induced defect

thermal resistance of several different grades of high-purity

Al2O3 irradiated at 60 �C.



Fig. 9. Annealing behavior of the radiation-induced defect

thermal resistance of single crystal MgAl2O4 irradiated at

60 �C.

Fig. 10. Annealing behavior of the radiation-induced defect

thermal resistance of high-conductivity polycrystal BeO irradi-

ated at 60 �C.

Fig. 11. Annealing behavior of the radiation-induced defect

thermal resistance of several different grades of SiC irradiated at

60 �C to a dose of (a) 0.001 dpa and (b) 0.01 dpa.
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parable to the observed decrease in defect resistance.

Within the scatter in the data there appears to be little

difference in the defect-resistance annealing characteris-

tics of the high-purity alumina grades and sapphire. At

the lower dose level (0.001 dpa), significant recovery oc-

curs already at 100 �C, after which the recovery is more

gradual. Complete recovery of the defect resistance oc-

curs by �450–750 �C for the 0.001 dpa specimens. For

the higher dose irradiation (0.01 dpa), the rate of de-

fect-resistance annealing is somewhat lower than in the

0.001 dpa specimens and some residual defect resistance
is still present even at 1050 �C. The higher thermal sta-

bility of the defect resistance for the 0.01 dpa specimens

suggests that the average defect cluster size has signifi-

cantly increased between 0.001 and 0.01 dpa. The

0.01 dpa data suggest that a dominant defect annealing

stage occurs near 600 �C. Previous optical spectroscopy
studies on sapphire irradiated under similar conditions

as the present study [42,54–56] have observed several

distinct annealing stages in the temperature range from

100 to 800 �C, which are associated with the formation

or dissociation of different types of small defects. For

example, annealing of oxygen monovacancies occurs in

a broad temperature range extending from �100 �C
(i.e., immediately above the irradiation temperature)

up to �700 �C, and oxygen divacancy annealing stages

(F2, F
þ
2 , etc.) occur at temperatures between 400 and



Fig. 12. Annealing behavior of the radiation-induced defect

thermal resistance of polycrystalline Si3N4 and AlN irradiated

at 60 �C.

Fig. 13. Annealing behavior of the radiation-induced defect

thermal resistance of a high-conductivity carbon fiber compos-

ite irradiated at 60 �C.
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600 �C. It is expected that the defect resistance of alu-

mina would have similar annealing stages, although

the annealing stages may not be as distinct as they are

for point defect-specific measurements such as optical

spectroscopy since the defect resistance is determined

by the combined concentration of point defects and de-

fect clusters. Therefore, annealing of one specific type of

defect in a given temperature range has a relatively small

impact on the overall defect resistance, unless that defect

is predominantly responsible for the thermal conductiv-

ity degradation. In addition, the �100 �C annealing tem-
perature increments used in this study are insufficient to

determine if fine structure exists in the annealing curves.

The annealing behavior of spinel irradiated to

0.01 dpa at 60 �C is shown in Fig. 9. Annealing occurred

at temperatures slightly above the irradiation tempera-

ture, and nearly complete recovery of the defect resis-

tance was observed at 750 �C. The defects in spinel

exhibited lower thermal stability than the defects in

Al2O3 irradiated under the same conditions. As shown

in Fig. 8, about 33% of the initial defect resistance was

present in the 0.01 dpa Al2O3 specimens following

annealing at 750 �C, whereas the MgAl2O4 specimen

had <10% of its initial defect resistance following expo-

sure at this annealing temperature.

Fig. 10 shows the annealing behavior of BeO irradi-

ated at 60 �C to 0.001 and 0.01 dpa. Since the defect

resistance of BeO irradiated to 0.001 dpa was compara-

ble to the experimental resolution limit, defect annealing

was unmeasurable in this specimen. Pronounced defect

annealing occurred in the 0.01 dpa specimen at temper-

atures P200 �C, and nearly complete recovery of the de-

fect resistance occurred at �750 �C. Annealing of defect

resistance has been shown previously to occur in BeO

irradiated to low doses at cryogenic temperatures and

annealed at temperatures as low as 90 K [57]. BeO irra-

diated at �100 �C to doses slightly higher than the pres-

ent study was reported to show complete recovery of the

thermal conductivity degradation by 1200 �C [58].

The defect-resistance annealing of the three grades of

silicon carbide irradiated at 60 �C is shown in Fig. 11(a)

and (b) for the 0.001 and 0.01 dpa levels, respectively. In

all cases, the defect resistance begins to anneal at tem-

peratures slightly above the irradiation temperature.

The Morton CVD and GE siliconized SiC samples an-

nealed with an approximately linear slope while the

Hexoloy samples had a slightly larger annealing slope

up to 200 �C compared to the slope of the recovery curve

at higher temperatures. The defect resistance for Hexo-

loy remained higher than both the Morton CVD SiC

and the GE siliconized SiC at all annealing tempera-

tures. Complete recovery of the defect resistance oc-

curred at an annealing temperature of �1050 �C in the

CVD and siliconized SiC specimen irradiated to

0.001 dpa, whereas �30% of the defect resistance was

still present in the 0.01 dpa samples after annealing up

to 1050 �C. Previous work has shown that the annealing

of the irradiation-induced swelling in SiC is a sensitive

measure of the irradiation temperature, and this is one

reason for the widespread use of SiC as temperature

monitors in irradiation experiments [59–64]. From this

nearly continuous recovery behavior, it is inferred that

there is a spectrum of defect energies for irradiated

SiC in the usual range for temperature monitor applica-

tions, 100–900 �C. The annealing trends for SiC irradi-

ated to 0.01 dpa (Fig. 11(b)) appear to be in general

agreement with previous work which reported complete
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recovery of the defect resistance in Crusilite SiC irradi-

ated to �0.1 dpa at 250 �C after annealing to 1400 �C
[44]. Fig. 11(b) is also in general agreement with the

work of Rohde [65] for both HIPped and CVD SiC

which were irradiated to �0.04 dpa at 80 �C. Replotting

Rohde�s data in similar fashion to Fig. 11 it can be

shown that the defect resistance is identical for his

HIPped and CVD SiC and that the isochronal annealing

data are nearly linear with respect to temperature with

the same annealing slope for both materials. The defect

resistance in Rohde�s data decreased to zero at approx-

imately 1500 �C. Significantly different annealing behav-

ior was obtained by Lee et al. [21] who reported only a

small recovery in thermal diffusivity following a 30 min

anneal at 1200 �C, yielding only �25% of the original

thermal conductivity. The dose in the study by Lee

and coworkers was �1.5 dpa, which is significantly high-

er than the specimens in the present study and the work

by Thorne and Howard [44] and Rohde [65]. The higher

dose irradiation in the study by Lee et al. may have cre-

ated larger defect aggregates that remained thermally

stable up to very high temperatures.

The annealing behavior of aluminum nitride and sil-

icon nitride for both the 0.001 and 0.01 dpa irradiation

at 60 �C is given in Fig. 12. The irradiated Si3N4 speci-

mens exhibited less rapid thermal annealing kinetics

compared to the AlN specimens. Complete recovery of

the defect resistance in silicon nitride irradiated to a dose

of 0.001 dpa required annealing at �1050 �C. The

annealing of the Si3N4 defect resistance appears to be

nearly linear with temperature at both doses. To the

authors knowledge, there are no previous isochronal

annealing studies of the irradiation induced thermal con-

ductivity degradation of silicon nitride. The AlN speci-

men irradiated to a dose of 0.001 dpa exhibited nearly

complete recovery of defect resistance by �750 �C,
whereas about one-third of the original defect resistance

was still present in the 0.01 dpa specimen after annealing

at 750 �C. This increased thermal stability at 0.01 dpa

suggests that the defect size has increased in the AlN

specimen as the dose was increased from 0.001 to

0.01 dpa. The AlN specimen irradiated to a dose of

0.01 dpa appears to exhibit an enhanced recovery stage

at �300 �C (Fig. 12), though due additional data with

smaller annealing steps are needed to confirm this. A

pronounced point defect recovery stage at �250 �C
was previously detected in AlN irradiated with fission

neutrons at 90 �C to a dose of �0.0001 dpa [66]. The

irradiation-induced property changes in aluminum ni-

tride have been studied in some detail by Yano and

coworkers [48,53,67,68]. By replotting his thermal con-

ductivity data [67] for AlN irradiated at �100 �C to a

dose of approximately 0.02 dpa, it can be shown that

his measured defect resistance decreases rapidly above

the irradiation temperature and the slope gradually de-

creases until the defect resistance approaches zero at
�1300 �C. Macroscopic length changes were also mea-

sured by Yano showing a corresponding decrease to

the non-irradiated value at �1300 �C.
The annealing behavior of the carbon fiber composite

irradiated at 60 �C to 0.001 and 0.01 dpa is shown in

Fig. 13. Complete recovery of the defect resistance in

the specimen irradiated to 0.001 dpa apparently oc-

curred for temperatures below 750 �C. Pronounced

annealing of the defect resistance in the 0.01 dpa speci-

men occurred for temperatures as low as 200 �C, where
�50% of the original defect resistance was observed.

About 16% of the initial defect resistance still remained

in the 0.01 dpa specimen following annealing at 750 �C.
Based on previous work on identical material irradiated

at �150 �C [69] it is expected that full recovery would

not occur for annealing temperatures as high as

1400 �C. As previously shown [18] for carbon fiber com-

posites, as the irradiation dose is increased above

0.01 dpa increasingly higher temperatures are required

to produce observable annealing of the thermal defect

resistance and the total recovery in the material is de-

creased. This has been attributed to formation of com-

plex defects between the graphite basal plane that are

thermally stable.
4. Discussion

Significant degradation in the thermal conductivity

was observed for a dose of only 0.001 dpa at an irradia-

tion temperature of 60 �C in all of the irradiated materi-

als in the present study except for BeO. The relative

amount of degradation observed in the present low-

dose, low-temperature irradiations was comparable or

greater than the degradation reported in many other

studies performed at high irradiation temperatures to

much higher damage levels. This demonstrates the

strong effect of irradiation temperature on the thermal

conductivity degradation. As seen from the data of Figs.

1–5, the amount of thermal conductivity degradation for

the 300 �C irradiation was less pronounced as compared

to the 60 �C irradiation. By increasing the irradiation

temperature from 60 to 300 �C for the common dose

of 0.01 dpa the thermal defect resistance is reduced by

�30% for alumina, about 50% for spinel and Si3N4

and about 60% for CVD SiC. Obviously, a systematic

investigation of the fundamental physical mechanisms

responsible for thermal conductivity degradation re-

quires examination of the dose, material, and tempera-

ture dependence of the defect resistance.

4.1. Summary of dose and material dependence of

thermal resistance

As discussed in Section 1, there are three main com-

ponents to the radiation-induced thermal resistance,



Fig. 14. Comparison of the dose-dependent radiation-induced

defect thermal resistances for the ceramics irradiated at 60 �C.
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1/Krd: point defects, two-dimensional defects (e.g., dislo-

cation loops and uncollapsed planar defect clusters), and

three-dimensional defects (cavities, precipitates). The

formation of three-dimensional defects generally re-

quires mobile vacancies. Since vacancy migration typi-

cally only occurs at temperatures above �300 �C in the

ceramic materials investigated in the present study [5],

cavity formation is not expected to have occurred in

any of the specimens irradiated at 60 or 300 �C. Point
defects are usually modeled as monovacancies in ther-

mal conductivity analyses. It is interesting to note that

the relatively small distortion about a vacancy does

not cause significant phonon scattering [70]. Although

self-interstitial atoms (SIAs) have a significantly higher

phonon scattering cross-section than vacancies due to

their higher lattice strain [30], the concentration of iso-

lated SIAs in irradiated materials is generally negligible

at all temperatures where SIAs are mobile due to the

high driving forces for interstitial cluster formation

(due to strain energy and defect binding energy consid-

erations) compared to vacancy cluster formation. As re-

viewed elsewhere [5], interstitials are apparently mobile

in most ceramics at room temperature (see also discus-

sion later in this section). Therefore, we have adopted

the usual simplification found in most thermal conduc-

tivity analyses that all of the radiation-produced point

defects scatter as vacancies or vacancy clusters.

If we assume that the increase in thermal resistance in

the sapphire sample irradiated at 60 �C (Fig. 6) is due to

an increased in point defect concentration alone, then

the defect concentration can be estimated from Eq. (3)

to be approximately 1500 and 4000 vacancy parts per

million (vppm) for the 0.001 and 0.01 dpa irradiations,

respectively. This analysis gives an upper limit to the

monovacancy concentration, since the radiation-in-

duced increase in thermal resistance associated with

other irradiation-induced defects is ignored. The in-

creased thermal stability of the defect resistance with

increasing dose observed in the isochronal annealing

study (Fig. 8) suggests that concentration of defect clus-

ters has significantly increased between 0.001 and

0.01 dpa. It is interesting to compare this upper-bound

limit for monovacancy concentration with optical spec-

troscopy (F center) studies performed on sapphire at

comparable temperatures and doses. Interpolation of

the F center data in [42] for sapphire irradiated with fis-

sion neutrons at �90 �C yields an oxygen vacancy con-

centration of 8.5 ppm and 26 ppm for 0.001 and

0.01 dpa, respectively. The large difference between the

defect concentrations estimated from the optical spec-

troscopy and thermal resistance analyses may be evi-

dence that the majority of the thermal conductivity

degradation is due to defect clusters (divacancies, triva-

cancies, dislocation loops, etc.) for these irradiation con-

ditions. It is also interesting to note that both the optical

spectroscopy [38] and thermal resistance (Fig. 6) mea-
surements indicate a factor of 2.5–3 increase in the de-

fect concentration as the dose is increased from 0.001

to 0.01 dpa.

Figs. 14 and 15 give a compilation of the radiation-

induced defect resistances for the various ceramics irra-

diated in this study at 60 �C and 300 �C, respectively.
The CVD SiC and Coors AD-998 materials have been

selected to represent the pure SiC and alumina behavior,

respectively. It is apparent by comparing the magnitude

of the defect resistances and the slope of the thermal

resistance vs. dpa line that there is a significant difference

in the response of the thermal defect resistance among

the materials.

One contributing reason for the material dependence

of the defect thermal resistances in Figs. 14 and 15 is

their different point defect mobilities. Numerous other

factors such as crystal structure, atomic bonding charac-

teristics, recombination volume for spontaneous point

defect annihilation, and the relative fraction of clustered

vs. isolated point defects produced may also affect the

relative defect accumulation behavior of a material.

However, to first order, the absolute irradiation induced

thermal defect resistance and the rate of defect resistance

accumulation rate, D(1/Krd)DU in a material can be re-

lated to the concentration of point defects since they

act as the source for all radiation-induced microstruc-

tural evolution processes. According to standard rate

theory analyses, the steady state point defect concentra-

tions are inversely proportional to the square root of the

interstitial diffusivity (Di) for recombination-dominant

conditions [71]. Therefore, defect accumulation rates

should decrease with increasing interstitial mobility

under recombination-dominant conditions. At high

doses, defect cluster formation eventually causes a tran-

sition to a sink-dominant condition [71]. However, due

to the high typical vacancy migration enthalpies for



Fig. 15. Comparison of the dose-dependent radiation-induced

defect thermal resistances for the ceramics irradiated at 300 �C.
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ceramics of �2 eV [5], the dose required for this transi-

tion at 60–300 �C is P/(DvCs)� 1 dpa for typical fission

reactor damage rates of P � 10�6 dpa/s and defect clus-

ter sink strengths of Cs � 1015/m2.

Accurate estimates of the interstitial diffusivity are

available only for a limited number of ceramics [5]. Re-

cent work has found that the rate-controlling (slower)

interstitial migration enthalpy is �0.21 eV for MgAl2O4,

�0.6 eV for Al2O3 [72]. A recent molecular dynamics

simulation by Gao et al. [73] reports interstitial migra-

tion enthalpies for SiC as 0.74 eV for carbon and 1.5

for silicon. A relative ranking of ceramics with regard

to interstitial mobility can be obtained from the mini-

mum temperature where interstitial mobility has been

observed. Table 2 lists the measured critical tempera-

tures for interstitial mobility found experimentally by

optical spectroscopy or other methods [Snead, 1997

#609; Atobe, 1987 #18; McDonald, 1963 #470; Atobe,

1990 #534; Zinkle, 2003 #413; Kingery, 1967 #5; Abe,

1997 #402; Wang, 1997 #622; Inui, 1989 #393]. Also

given in Table 2 are the melting (or sublimation) temper-

ature and the crystal structure of the materials used in
Table 2

Critical temperature for onset of observable interstitial mobility

Material Tcrit (�C) Ref.

Al2O3 ��70 [5,42,75,76]

AlN �250 < T < 90 [66]

BeO <�250 [57]

Graphite ��250 [77]

MgAl2O4 <�170 [5,78]

SiC �30 [36,41]

Si3N4 <50 [74,79]
this study. The critical temperature for interstitial migra-

tion was estimated from either the minimum tempera-

ture where sublinear defect accumulation occurred

(at defect concentrations well below saturation) or the

critical temperature for ion beam-induced amorphiza-

tion. Electron irradiation studies were not included in

the estimation of the critical interstitial migration tem-

perature, due to possibly large effects of ionization-in-

duced diffusion [41]. To the authors knowledge

there are no data from which the critical temperature

for interstitial migration in silicon nitride can be accu-

rately determined, though it can be inferred to be

<80 K based on the resistance of Si3N4 to ion beam-in-

duced amorphization at 80 K up to a dose level of

30 dpa [74].

By simply comparing the critical temperature for the

onset of observable interstitial mobility in Table 2 with

the defect resistance of the various materials irradiated

to 60 �C, 0.01 dpa in Fig. 14, there is a trend for materi-

als with lower critical temperature (i.e., higher intersti-

tial mobility) to have lower defect resistance and lower

accumulation slopes D(1/Krd)DU One exception to this

trend is the defect resistance of the C/C composite,

which has a very low (�20 K) interstitial migration

energy while having an intermediate defect resistance.

However, the crystal structure of graphite is unique.

Although it possesses a hexagonal structure as does

alumina, aluminum nitride, and beryllium oxide, the

distance between the basal planes is quite large and the

bonding between these planes is van der Waals rather

than ionic. For this reason, the interstitials which

are knocked into positions between basal planes are

quite mobile and tend to form new planes, but do

not easily recombine with vacancies in adjacent basal

planes.

As is evident from Eq. (6), the thermal resistance for

point defects is proportional to their concentration.

From Figs. 6, 7, and 14, it is seen that the defect resis-

tance increased by a factor of two to five as the dose

was increased from 0.001 to 0.01 dpa at 60 �C for all

of the ceramics investigated. The critical temperature

for interstitial mobility in Table 2 can be used to explain

the sublinearity of the defect resistance with fluence. In
Melting point (�C) Crystal structure

2020 Hexagonal

>2200 Hexagonal

2530 Hexagonal

3652 sub Hexagonal

2128 Cubic

2698 sub Cubic

>1900 Orthorhomb.
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previous work it has been shown for the case of alumina

[42], aluminum nitride [66], and beryllium oxide [57] at

irradiation temperatures less than the temperature at

which interstitials are mobile, that the thermal defect

resistance and other properties such as optical absorp-

tion are directly proportional to the fluence. However,

for temperatures above the critical temperature for inter-

stitial mobility, the defect accumulation rate is sublinear

[5,58,66]. This sublinear defect accumulation rate is an

indication of uncorrelated defect recombination pro-

cesses due to long range point defect migration processes

[5]. At high damage levels (0.1 dpa or higher) where the

defect concentration can become comparable to the sat-

uration defect concentration, sublinear defect accumula-

tion behavior can also be obtained due to the finite

probability of spontaneous point defect recombination

as displacement cascades begin to impinge on pre-exist-

ing radiation defects. However, the defect resistance

measured in the present study on alumina and SiC spec-

imens irradiated at 60 �C to 2.6 dpa demonstrate that

the saturation defect resistance for these materials is

about an order of magnitude higher than the defect

resistance measured at 0.01 dpa. Therefore, it is not

plausible to attribute the sublinear defect resistance

accumulation at 0.001–0.01 dpa to an approach to satu-

ration of the defect concentration.

4.2. Summary of thermal conductivity degradation,

defect resistance, and annealing of defect resistance

The conventional practice of plotting the normalized

thermal conductivity degradation as a function of irradi-

ation dose is somewhat misleading since grades of a

material with higher non-irradiated thermal conductiv-

ity show a greater amount of degradation than low-con-

ductivity grades (cf. Fig. 2). However, by comparing

the defect resistance accumulation of different grades

of the same material (e.g., Figs. 6 and 7), it is seen that

the effect of irradiation on the amount of added thermal

resistance is generally very similar even for materials

with quite different intrinsic thermal conductivities.

One advantage of measuring the defect resistance is that

the irradiated thermal conductivity of a different grade

of the same material with a significantly different non-

irradiated conductivity can be estimated from Eq. (3)

for a given irradiation condition. The defect resistance

measured as a function of irradiation dose and temper-

ature can be applied to other grades of the same material

with the provision that they are nominally �pure� materi-

als. In other words, the defect resistance can be univer-

sally applied within a material type as long as the

irradiation defect microstructures are similar. The utility

of this approach is immediately apparent by inspection

of the similarity of the thermal defect resistances for

the vastly different grades of alumina in Fig. 6. In con-

trast, the defect resistance for HexoloyTM SiC shows a
factor of two higher defect resistance as compared to

the CVD SiC and GE SiC (Fig. 7). This observation im-

plies that a different type of defect microstructure is

present in the HexoloyTM grade of SiC compared to the

other SiC grades, and perhaps associated with the boron

sintering aid present in HexoloyTM. Microstructural

examination of the different grades of SiC is needed

(along with additional higher dose irradiations) in order

to better understand the source of this differing

behavior.

Another example of the advantage of analyzing de-

fect resistance rather than thermal conductivity is appar-

ent from the silicon nitride and aluminum nitride data.

As shown in Fig. 3, the thermal conductivity of AlN de-

creased by about 70 W/m K while Si3N4 decreased by

�20 W/m K following irradiation at 60 �C to 0.01 dpa.

The thermal conductivity data plotted in Fig. 3 convey

the impression that neutron irradiation is producing

more damage in AlN compared to Si3N4. However, sil-

icon nitride actually exhibited a larger defect resistance

than AlN for these irradiation conditions (cf. Fig. 14).

The defect resistance analysis implies that the develop-

ment of improved grades of Si3N4 with higher non-irra-

diated conductivities would not be a major advantage

for neutron irradiation applications in this temperature

range, since the conductivity would quickly degrade dur-

ing irradiation. From Figs. 14 and 15, the most promis-

ing materials in terms of fission neutron �radiation
resistance� in the temperature range of 60–300 �C and

doses up to 0.1 dpa are BeO, Al2O3, MgAl2O4, and AlN.
5. Conclusions

(1) From an analysis of the data obtained on different

grades of the same ceramic material (Al2O3), it

appears that the thermal defect resistance increase

due to neutron irradiation is generally independent

of the non-irradiated thermal conductivity even

when the non-irradiated conductivities vary by as

much as a factor of two or more. Further analysis

is needed to determine why the Hexoloy grade of

SiC exhibited a significantly different defect resis-

tance behavior compared to other grades of SiC.

(2) For the 0.01 dpa, 60 �C irradiation, the material�s
susceptibility to radiation-induced increase in ther-

mal defect resistance can be ranked as follows: (1)

beryllium oxide, (2) alumina and spinel, (3) alumi-

num nitride and carbon fiber composite, (4) silicon

carbide, and (5) silicon nitride, where beryllium

oxide is the least affected by irradiation and silicon

nitride exhibits the largest added thermal defect

resistance. As the irradiation temperatures

increased this relative ranking changed, which has

been attributed to different defect kinetics in the

various ceramics studied.
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(3) The defect resistance of all specimens irradiated

at �60 �C exhibited sublinear dose dependence

between 0.001 and 0.01 dpa, and isochronal anneal-

ing of the defect resistance occurred at temperatures

slightly above the irradiation temperature. Theoret-

ical analysis for the added thermal defect resistance

clearly shows that 1/Krd is directly proportional to

defect density. Both of these observations indicate

that at least some point defects (presumably inter-

stitial type) are mobile in all of these ceramics at

the irradiation temperature of 60 �C.
(4) The susceptibility of the ceramics to thermal con-

ductivity degradation during neutron irradiation

at 60 �C can be roughly correlated with the avail-

able data on observed critical interstitial mobility

temperature, where materials with higher interstitial

mobility have lower radiation-induced thermal

defect resistance and a lower defect resistance

accumulation rate D(1/Krd)/DU. Further investiga-

tions of the defect resistance increase over a wider

range of dose and temperatures, including tempera-

tures below room temperature, are needed to fur-

ther explore the effect of interstitial mobility on

irradiation induced degradation in thermal

conductivity.
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