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This report covers a literature survey of previous work done on radiation
damage of ceramic materials. Practically all of the work done in the field has been 
carried out at medium and low temperatures. Although little work has been 
reported on high temperature irradiation, annealing studies of irradiated materials 
at high temperatures provide some information as to the extent of damage which 
might be expected if the irradiations were carried out in the higher temperature 
region. Results of the present investigation can be summarized as follows:

(a) The effects of pile irradiation on ceramic materials depend 
on crystal structure and type of bonding of the material.
The simplified mechanism of the production of single atomic 
displacements, such as vacancies and interstitials, is not 
adequate to interpret some of the experimental observations. 
Further studies of the fundamental mechanism of radiation 
damage are in need,

(b) Damage remaining after irradiation at medium and low 
temperatures can be annealed out almost completely at much 
higher tenperatures. This may not be the case when irradia
tions are carried out at high tenperatures. Actual in-pile 
experiments at high tenperatures are desirable to clarify the 
point,

(c) Pile irradiation may induce phase instability and chemical 
reactivity of ceramic materials. Their impact on the various 
physical and mechanical properties of the material remains to 
be evaluated.
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I. INTRODUCTION

It would be an enormous task to abstract all the literature, both 
classified and open, concerning radiation damage of ceramic materials. Rather 
it is the purpose of this report to summarize the more important work in the field 
which is of particular interest to project Pluto. Although graphite and alkali 
halides are not included as ceramic materials in this report, some of the related 
experiments which may be of significance concerning the general principles of 
radiation damage of ceramic materials are mentioned. The report is divided into 
the following sections: optical absorption; thermal conductivity; lattice parameter 
and volume changes; hardness, elastic constants and mechanical properties; phase 
stability and chemical reactivity. Although many other properties have been 
reported, it is felt that those chosen here are diversified enough to cover the 
field of radiation damage of ceramic materials in general. It is hoped that the 
report will stimulate further interest to all parties in concern.

II. OPTICAL ABSORPTION

Optical absorption is still believed to be one of the best tools for 
investigating radiation induced imperfections in transparent and translucent 
solids. There is a considerable amount of work done on alkali halides and glasses^. 

Two types of lattice defects, those due to ionization radiation and to direct 
atomic displacements, are present, and the understanding among them is a basic 
problem in the study of radiation damage.

The annealing characteristics of radiation induced optical changes are 
varied, complex, and inconsistent among different workers, and are in need of most 
careful restudy and clarification.

Correlation between radiation induced optical effects and mechanical
effects (such as hardness) in alkali halides has been attempted and a vacancy

(2 3)mechanism of hardening' * has been proposed which merits further investigation 
in ceramic materials.

Radiation induced anisotropic color centers, presumably due to the 
preferred distribution of impurities along certain crystallographic directions,, 
have been reported^.
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Only a relatively small amount of work exists concerning radiation
induced optical effects in ceramic materials, such as MgO^“^, A1 0 BeO^^,

S10(12,13)and

III. THERMAL CONDUCTIVITY

Thermal conductivity is one of the properties of ceramic materials which 
is very susceptible to radiation damage. An analysis of existing work suggests 
the following:
A. The effects of irradiation depend primarily on crystal structure and type of 
bonding of the material. Anisotropic substances are more susceptible to damage 
than isotropic ones and materials with ionic bonds are more stable under irradia
tion than those with covalent bonds. This is qualitatively shown in Table I.

TABLE I. Thermal Conductivity of Some Ceramic Materials Before and After Pile-Irradiation'-^)

Material Pre-Irradiation 
Value*

Post-Irradia' 
(nvt, epitherm, 
1 x 1020

bion Value-s
al neutrons)2 x 102°

Al2°3 >300 > 300
BeO >300 >300

ZrCL (95% ZrO_ 33 ' 25
density
3.5 g/cc)

Ti02 200 120 no

Spinel >170 100 100
Hf02 80 30 30
MgO 100 60 (3xl019 nvt)

Porcelain >300 liO (6x10^ nvt)

(* Expressed in units of 10~^ cal/sec/cm/°C)

J4
r
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B, Damage remaining at room temperature after irradiation is greater and anneals 
out much more slowly at higher temperatures if fission materials are present,,
This is illustrated in Table II»

TABLE II. Comparison of Relative Damage.of 
BeO with and without

Material Irradiation Change of Thermal 
Conductivity

Annealing Study

BeO 26 days at 
HEW

Decreased to 70# of 
pre-irradiation value

Complete recovery 
after l| hours at
900 C

Be0-10£
uo2

131 days at 
HEW

Decreased to 13# of 
pre-irradiation value

35# recovery after7 hours at 1000° C 
plus 7 hours at1020° C and 7 hours 
at 1150-1200° C

C. Irradiation at Elevated Temperatures
Little work has been done on the radiation damage of ceramic materials

under irradiation at elevated temperatures. However, the work done at NAA on
graphite and uranium-impregnated graphite (^) suggests that the damage rate under

high temperature irradiation may be related to those at lower temperatures by
means of a characteristic relaxation time which is a function of the temperature of
irradiation. It would be very desirable to perform similar experiments on ceramic
materials to confirm the point that radiation damage at different temperatures
follows certain theoretically predictable relationships. The thermal conductivity
of ceramic materials, however, tends to approach a more or less constant value at
elevated tenperatures, and may eventually increase with increasing temperature,

(19)presumably due to the effect of radiant transmission^ « This unfortunately 
imposes an upper limit of the temperature of investigation by means of thermal 
conductivity measurements.

17. LATTICE PARAMETER AND VOLUME CHANGES1 . i ii., . —— ■- —i i *r

A. The mechanism of radiation induced lattice parameter and volume changes in 
ceramic materials is not well understood. The simplified mechanism of the 
production of single atomic displacements, such as vacancies and interstitials.

■ r* O
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is not adequate to interpret the existing data. For example, the rate of density 
change of quartz under neutron irradiation^^ did not decrease steadily with

increasing dosage, but increased at first, reached a value of 2-3 times the initial
20 (21) value at 10 nvt, and decreased only at higher doses. Primak ' attributed this

increase in initial rate of density change to thermal spikes — regions whose
temperature had been temporarily increased by the energy from the slowing down of
a fast particle — such that the thermal energy retained in the partly disordered
crystal would enhance the density change produced by each new thermal spike.

(22)Klemens predicted that the volume change due to disordered regions within a 
crystal is less at low doses because of the constraints imposed by the matrix 
and that the stresses in the crystal can be relieved by plastic flow (giving rise 
to greater volume change) only when the number of such disordered regions is 
sufficiently large. Further, according to Klemens, there should be no direct 
relation between changes in hydrostatic density and x-ray density of quartz after 
neutron irradiation. This, however, has not been substantiated by careful quanti
tative measurements.

B. Typical data on the lattice parameter and volume changes of ceramic materials 
before and after irradiation are given in Tables III and IV.
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TABLE III. Lattice Parameter and Dimension Changes of 
Certain Materials Before and After Neutron 
Irradiation at Room Temperature.

Material Description Lattice Parameter. kX Units X-ray Density
a c

(f-Quartz^23^ Unirradiated ~ 8.6x10^° nvt 
change, %

U.903 + .001
5.01 ~ .01
2.2 + .2

5.391; + .001
5.38 + .15

within exp.err or
2.61;8 + .001
2.51; + .07 
-U.l I .3

SiC(23) Unirradiated ~ IxlO20 nvt 
change, %

3.085 + .001 
3.095 + .001; 
.32 + .2

15.060 + .009 
15.112 + .002 

.Ul + .07
3.197 + .001
3.163 + .005 
-1.1 + .3

Spinel^23^ Unirradiated 
a/ IxlO^O nvt 
change, %

8.0U2 + .001 
8.01*8 T .001; 
.07 + .06

3.611 + .001
3.603 + .005 
-.22 + .17

MgO^23^ Unirradiated IxlO^O nvt 
change, %

U.203l;+ .0001; 
U.2050+ .0008 
.038 + .029

3.581; + .001
3.580 ” .002 
-.11 + .08

ThOg^^
(cylinder)

Unirradiated 1.7xl020 nvt

Diameter in.
l.U;l + .002 
1M 1 .003

Length in.
7.050
7.008

ThOg^^
(cylinder)

Unirradiated 2.1pcl020 nvt l.lUil + .002 
1.1M + .002

6.753
6.751

TABLE IV Dimension Changes of Certain Materials Under/., » Neutron Irradiation at Elevated Temperatures ^

Material Irradiation 
(nvt thermal)

Average 
Surface Temp.

Change Under Irradiation
Dimensions 
in./in.

Weight Density

Th02-U02 
(2.W U235)

3.8x1019 785° C 0 + .0005 0 + .25* 0 + .1*

Si-SiC-UOg
(k% u23^)

2.7xl017
2.8x1019
3.6x1019

955° C
925° C
775° C

0 + .0005
0 + .0005 
o + .0005

wn
 wn
 wa

• 
• 
•

+1+1+1 
o
 o
 o

0 + .1*
0 T .1%
0 7 .1%
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C« Annealing Ebqjeriments
Recovery data of x-ray density of neutron irradiated Sic after 

annealing at various temperatures are shown in Table V0
TABLE V. Recovery of X-Ray Density of SiC after Annealing^ ^ 

(X-ray density decreased lel$ after SxlO^? nvt at 
room temperature)

Annealing Temperature Recovery of x-ray density
1*00° C 20J6
600 1|0
800 60

1000 80
1200 100 (complete 

recovery)

D. Effect of added fission material on dimension changes of ceramic materials 
after neutron irradiation is illustrated in Table VI,

TABLE VI, Dimension Changes of (BeO + UOp) After Irradiation at Room Temperature (^fj)

Material Dimension Changes After Irradiation (HEW)
2h days 63 days 131 days

BeO 0 - 0.1* 0 - 0.1*
BeO-256 U02 o.5% 0.6* 0.6 - 0,65*
Be0-10^ TJOg 0.6% 0.7* 0.75- 0.8*

A*

V.
Mechanism

HARDNESS, ELASTIC CONSTANTS AND MECHANICAL PROPERTIES-----  -------------- - --------------------T“

The effects of radiation induced imperfections on the various mechanical
properties of ceramic materials may be classified into the following categories:

(a) At low doses, radiation induced imperfections as a result of direct
atomic displacements or ionization radiation may interact with the
structural imperfections in the material, causing changes in
hardness, internal friction, dynamic modulus, transient creep rate, 
et0>(2(3,26,2S»t



(b)

(c)

At very high doses, the influence of transmutation products becomes 
appreciable and may be understood through a gradual change in the 
chemical compositions of the material0
The additional effect of radiation growth due to the presence of 
fissionable materials* The effect of radiation induced phase 
changes, etc*

NAA- SR-MEMO-I83I4.
Page 8

B0 Summary of Some of the Experimental Observations
(a) Hardness

Hardening of alkali halides by means of ionization radiation has
been found. Thermal annealing experiments and their correlation with changes in

(2optical absorption have been reportedv s . Little work has been done in the same 
direction on ceramic materials.

(b) Creep
Experimental investigation of the effect of vacancy and F-centers

(27}on the transient creep behavior of alkali halides has been reported^ .
(c) Internal Friction and Dynamic Modulus

Little change in internal friction of AlgO^, Ti02, Zr02 and glasses
was observed upon neutron irradiation to an integrated thermal neutron flux of
3 - 6x10^° nvt^^. ^he findings on dynamic Young’s modulus are erratic. A slight
decrease in dynamic modulus (1-2$) of low density Be0=U02 samples (after 26
days in HEW) was observed but no change was found after similar irradiation of

Ci£)high density Be0-U02 samplesv . The changes of dynamic Young’s modulus of 
Be2C-Graphite (30$ graphite) specimens under 9 Mev deutron bombardment at various 
tenperatures up to I4.OO0 C are illustrated in Table VII.

TABLE VII. Change of Dynamic Young’s Modulus of ̂JtegC-Graph!te 
Specimens Under Deutron Bombardmenv0

Temperature of Bombardment, °C Total Beam 
Current,

AE %E *
120 30 25.6
110 75 21.1
110 120 23.0
2li0 30 16.1
210 75 6.7
200 1 IllAi AOPmen 120 6.8i*oo UNCLnSS IFIED 30 2.9Uoo 75 5.1
1*00 | k*6

j 0 9
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Co No work has been reported on the effect of reactor irradiation on the creep 
behavior of polycrystalline ceramic materials at elevated temperatures* For 
example, it would be very desirable to know if reactor irradiation has any effect 
at all on grain boundary flow.

VI. PHASE STABILITY AND CHEKECAL REACTIVITY .... -- i •
A. Phase stability by means of x-ray examination of certain ceramic materials 
under neutron irradiation has been reported and reproduced in part in Table VIII * 
The reversal of low temperature raonoclinic phase to high temperature cubic phase 
in ZrOg and the formation of carbonates from MgO under neutron irradiation are 
worth noting.

TABLE VIII. Phase Stability of Ceramic Materials Under Neutron Irradiation by Means of X-Ray Diffraction( )

Material After IxlO20 nvt 
(fast neutrons)

After 2xl02^ nvt 
(fast neutrons)

ai2o3 no change in pattern no change in pattern

Spinel no change in pattern no change in pattern
BeO no change in pattern no change in pattern
ZrOg (stabilized) no change in pattern no change in pattern

Zr02 (Hf free) diminution in monoclinic 
phase

raonoclinic phase dis
appears, cubic phase 
remains

Sic line broadening line broadening and loss 
in crystallinity

Glasses (silica 
pyrex, etc)

Halo broadening Halo broadening

MgO no change in pattern MgO, Mg0.1iC02.5H20, 
MgC03.3H20

B. Effect of Radiation on the Oxidation of Graphite
The work done at Brookhaven National Laboratory may be summarized 

as follows:

10
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20(a) Prior reactor irradiation (^1x10 nvt) increases greatly the
oxidation rate of graphite in the 25>0-li00° C range«, The ratio 
of the reaction rate of irradiated and unirradiated graphite 
decreases with increasing reaction temperature from a ratio of 
5-6 at 300-350° G to about 2-3 at ii50° C.

(b) Ionizing radiation ( V'-rays) present during oxidation also
increase?the rate of oxidation of unirradiated graphite but by 
a much smaller factor,

(c) The activation energy for the oxidation of unirradiated graphite 
was kCal/mol and that for reactor irradiated graphite
^ 36 Kcal/mol,

(d) The rate of oxidation of graphite in a reactor is flux dependent, 
but not linearly.

C, Effect of Radiation on the Oxidation Rate of Be^C and SiC at Elevated Temperatures 
The dependence on alpha particle bombardment (38 Mev) of the chemical 

stability of and SiC in air was investigated in the temperature range
1000 - 1300° C An acceleration of the rate of oxidation of these materials
by a factor of 2-5 was observed,

VIII. MISCELLANEOUS

A few words may be mentioned about the generation of fission products 
in ceramic fuel elements. It is expected that volatile isotopes such as Xe, I,
Te, Kr and others would diffuse readily, especially along grain boundaries at 
high temperatures. It has been found that dense clad "sandwich” type ceramic 
elements at high temperatures retain approximately 99*99% of the volatile fission 
products generated, while unclad elements may retain only 90 to 99% in 2k hour
tests,^^
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(U)
(5)

(6)
(7)

(8)
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