JAERI -M
87-211

DATA COMPILATION FOR RADIATION DAMAGE
ON CERAMIC INSULATORS
(REVISED WITH UPDATED DATA AND REVIEWS)

January 1988

Koji FUKUYA, Mititaka TERASAWA™ and Kunio OZAWA™

B & R F Hh & & ™
Japan Atomic Energy Research Institute



JAERI-M v #— 1 i, BEERTHIFFEAPAEHZAFIL T 2 @55 TT,

AFoMebeld, BERETIHEARMFRMEFRERHE (7319 11K B H 3w iEt)
FT, BRLILLZE e, &, 2o CHABEARFRLESER 2> 57— (T319- 11355
W AN B AR T AMERN) THEECLZERRF 284~ TH 27,

JAERI-M reports are issued irreguiarly.

Inquinies abeout avaiability of the reports should be addressed to Information Division, Department
of Technical Information, Japan Atomic Energy Research Institute, Tokai—mura, Naka—gun,
Ibaraki—ken 319-11, Japan.

© Japan Atomic Energy Research Institute, 1987

e RETT H &R F 5 8%
Fi il B s ER bR & 4



JAERI-M 87-217

Data Compilation for Radiation Damage on Ceramic Insulators™

(Revised with Updated Data and Reviews)

* Rk Fede s
Koji FUKUYA , Mititaka TERASAWA  and Kunio 0ZAWA

Research Committee on A & M Data
Tokai Research Establishment
Japan Atomic Fnergy Research Institute
Tokai-mura, Naka-gun, Tbaraki-ken

(Received December 25, 1987)

Data of radiation effects on ceramic insulators were compiled from the
literatures and summarized from the viewpoint of fast neutron irradiation
effects. The data were classified according to the properties of ceramiecs.
The properties are dimensional stability, mechanical property, thermal
property and electrical and dielectric properties. The data sheets for
each table or graph in the literatures were made. The characteristic
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1. Introduction

Studies of radiation effects on insulators have been
vigorously performed for the development of fusion devices.

In fusion devices, inorganic insulators, most of which are
ceramic materials, are expected to be used for the components
at elevated temperatures. Organic insulators are expected to
be used for super-conducting magnet at low temperatures.

The properties of insulators under radiation have not
been well understood yet as compared to those of metallic ma-
terials. One of this reason is that insulators have not been
exposed to high radiation environments so far. However, in a
fusion device, insulators are expected to be used in an environ-
ment in which the radiation level is much higher than those in
a fission reactor and 14 MeV neutrons have the main contribu-
tion on damage in insulators. To know the property changes
under a fusion radiation environment is of great importance
in developing fusion devices.

7 In the present report, the data of radiation effects on
ceramics as inorganicinsulators were collected from the litera-
tures to assess the current data base. This is thought to be
useful to clarify the research items and the future directions
in studying the radiation effects on insulators and in devel-
oping new ceramic insulators. Furthermore, as to swelling,
the data were compiled as a function of neutron fluence and
irradiation temperature for each ceramics.

The environments and properties of ceramic insulators in.
a fusion device are briefly described in chapter 2. The data
base are summarized in chapter 3. The results of data compi-
lation of swelling is shown in chapter 4. The data sheets and
the literatures are shown in chapter 5 and chapter 6 respec-

tively.
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2. Environment and Properties of Ceramics in Fusion Devices

The environment which ceramics insulators encounter is
dependent on the location in fusion devices where they are
used. In a Tokamak reactor, insulators of torus structure,
limiter and lightly-shielded magnetic coil, which are not ex-
pected to be replaced in the half reactor life, should be re-
sistant to the cumulative radiation dose. On the other hand,
windows of RF heating system and insulators of neutral beam
injector are ready to be replaced, which should be resistant
to the degradation during service.

An example of radiation environments on insulators is
shown in Table 2~1, Almost all insulators are exposed to high
dose of radiation, especially to fast neutrons up to a dose
above 1022 n/cm2, at a wide range of temperatures. 1In these
environments, the degradation of ceramics may results in a
serious problem. The properties which should be taken into
account are:

dimensional stability (swelling),
change of mechanical properties {(fracture strength),
and decrease of thermal conductivity (related to
thermal stress)
when ceramics are used as structural materials. In the case
of the application as insulation materials,
change of electrical conductivity,
decrease of dielectric breakdown strength
and increase of dielectric loss
should be aséessed.

The effects of 14 MeV neutron irradiation on the above
properties in ceramics is one of the most important problems
to be clarified. This needs the fundamental knowledges of the
elementary process such as ionization and displacement of

lattice atoms in ceramics.
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3. Data

The data collected from the literatures are summarized
in Table 3-1 to Table 3-8. The data were selected from the
literatures published in 1960-1986 which contained the data in
the form of tables or graphs. The main scope of the study in
the literatures are listed as follows:

application of ceramics to fusicn devices,
. incore monitor cable insulation in fission reactors,
- SiC encapsulation of fuel element in a high
temperature gas cooled reactor,
- neutron reflector of BeO.

The data on ceramic neutron absorber such as B4C and
ceramic fuel such as UO2 were omitted because they are not ex-
pected to be used as insulator.

The data were classified according to the properties de-
scribed in chapter 2 and further classified according to the
species of ceramics. If the nature or trade name of ceramics
are given in the literature, these informations are also shown
in the tables. For each data, radiation particle, radiation
dose, irradiation temperature and facility used for irradia-
tion are given in the tables. .The data sheets were made for
each table or graph in the literatures, shown in chaptér 5.
The number of the data sheet and the literature are given in
the tables. The list of the literatures are shown in chapter
6. |

The brief description of the data base on each properties

are the following sections.
3.1 Swelling (Table 3-1)

Swelling is expressed by the percentage of the volume in-
crease or decrease to the original volume of ceramics. 1In
some literatures, the dimensional change in one direction are
expressed as linear expansion or growth., The swelling is
measured by the density change or by the calculation from the

measured void diameter and void number density by using a
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transmission electron microscope. The early studies on BeO,
Al;03 and MgO were performed by using research reactors such as
ETR, HIFAR and DIDO at the fluence below 1022 n/cm?2 (E >1 MeV).
Most of the recent irradiations were performed by using EBR-II
at the fluence above 1022 n/cm?2 (E > 0.1 MeV).

Swelling of ceramics is considered to occur by dilatation
of lattices under the presence of point defects and by volume
increase under the nucleation and growth of voids. At lower
temperature and at low fluences, the former mechanism may be.
dominant because no voids were observed in many cases and be-
cause the calculated volume increase based on the measured lat-
tice parameter increase is corresponding to the measured volume
increase. Under high temperature and high dose irradiations,
void formation seems to be dominant because voids were usually
observed in ceramics.

Al>03, BeO and MgO have been well examined while other
ceramics were examined less systematically. The results of

data compilation of swelling will be shown in chapter 4.
3.2 Mechanical Property (Table 3-2)

Most of the strength data were obtained as the fracture
strength by using three or four point bend test method after
irradiation. SicC, Al,03 and MgAl,O, have been examined but
nonsystematically. In the case cof brittle materials, the
probability of fracture is usually analyzed by the Weibul
statistics. In some literatures, this method has been tried
to apply. From the current data base, no conclusive review
can be made on the radiation effect because of the lack of
data. Further irradiation test and the establishment of
standarized method to evaluate the mechanical property change

should be necessary.
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3.3 Thermal Property (Table 3-3)

-Thermal properties of ceramics in the literatures are
thermal conductivity (k) and thermal diffusivity (k). These

two values are related to each other by

Kk

K:
Cpp

where ¢ is the density and Cp the specific heat of the ceramic.
Most of the data are expressed by the ratic of k or ¢ in ir-.
radiated ceramics to those before irradiation.

In general, thermal conductivity and thermal diffusivity
are decreased during irradiation. As the fluence increases,
these values decrease rapidly and reach to a constant value of
40 - 80% of the original values. Single crystal MgAlp04 seems

to be highly resistant to irradiation exceptionaly.
3.4 Electrical Property (Table 3-4)

The measured values of the electrical property in the
literatures are electrical conductivity or electrical resis-
tivity. There are only a few data on the resistivity recovery
during annealing after irradiation in SiC and on the radiation
induced conductivity of Alj0s3 irradiated by electrons,

protons, X-ray and Y-ray.
3.5 Dielectric Property (Table 3-5 and Table 3-6)

Several nonsystematical data were found. They are the
data of dielectric constant on irradiated Al;03 and SiO, and
the data of the short pulse dielectric breakdown strength on
Alp03, as shown in Table 3-5. 1In general the dielectric

constant decreases as the irradiation dose increases.
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The measurement of loss tangent has been made on only
Al,04 and sioz, as shown in Table 3-6. As to A1203, the
fluence dependence and the frequency dependence have been
meaéured under the restricted fluence and temperature range.
The loss tangent tends to increase with fluence and the degree

of increase is larger at lower temperature.
3.6 Lattice Parameter (Table 3-7)

The change of lattice parameter by irradiation in Be0O and
other ceramics has been reported. The lattice parameter gen-
erally increases with fluence and reachs to the maximum value
and then decreases. As mentioned in swelling, the increase
of lattice parameter is corresponding to the volume increase

at low fluence.
3.7 Miscellaneous (Table 3-8)

The data of optical absorption coefficient in Al,04 and

Mg0 and helium reemission from BeO and Al;03 were found.
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Table 3-1 Swelling (1)
IRRADIATION . ‘ .
MATERIAL —~ ‘ DATA | REF
DOSE FACILITY ; - TEMPERATURE .
1.2x1022 n/cm2 R
(B> 0.18 Mev) ETR. 625, 1500°C | A-24.| 20
B-5iC
2.0n4.2x1021n/cm2 o
(5> 0. 18 Mev) ETR 460, 1040°C. | A-23 18 |
0-8iC 1.2 x 1021 n/em? R A-38
E > 1 Nev) EFEBR 7200 o a3 | 36
s8ic : 1.2 x 1021 n/em? : ‘ . dA~38 | o
NC-430 B> 1 Mev) HFBR 200°¢C o 16
_29 .
5.6 x 1021 n/cm2 1397, 802, |BT47
(E> 0.1 MeV} EBR-11 752°C A-20 23
. o : a-31
sapphire
2 : :
2.8 x1021 n/em o
(E>0.1 Mev) EBR-II 740°C A-34 30
2.3x 1622 n/cm? - 157, 652,
(E>0.1 MeV) EBR-IT 85700 A=-40 39
2.2x1022 nfem? | . - s :
(55 0.1 Mev) EBR-IT 407, 542°C | A-44 48
2 %1022 n/ecm2 o
(£50.1 Mev) EBR-TI 387°C B-46 54
18 21 2 A-20
21503 s¢ 1078 v 1. 1x108 n/ems | pop, 150, 650°C | o 17
(E > 1 MeV)
a-22 |
< 4%x1020 n/cm? DIDO < 150°C A'j?‘ N
> =]
(E>1 MeV) PLUTO 1000°¢ A4
A-41
< 2
S(iOMMg/m HVEM 607 857°C | o 46
€ B-43
sc < 5x1020 n/cm2
HIFAR 75 % 100°C - 1
pc (E>1 MeV) A-L7 >
4.1x102L1 n/em? 377, 602, |A-29
EBR-II
(E> 0.1 MeV) BR-I 752°C A-30 23
8.2x1021 n/cm2
EER-IT 0N 1100°C A
Lucalox (E> 0.1 MeV) BR-I 69 h-27 21
8 x 1021 n/cm?
Ny e -
(E£>0.1 Mev) ETR 707 325°C  |a-28 | 21
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Table 3-1 Swelling (2)
IRRADTATION
MATERIAL DATA REF
DOSE FACILITY | TEMPERATURE
ETR A-25
8.2x 1021 n/c:m2 |
- 0 1100° s 21
(E>0.1 MeV) EBR-II | 69 “lass
2.8x1021 n/cm2
; - a0° -134 0
AD-995 {E> 0,1 MeV) EBR-11 raetc A3 3
2.3 %1022 n/cm? 157, 652,
EBR- -
(E>0.1 MeV) H §27°C A-A0 ¥
al,0,
21 2 EBR-II
8.2x10 n/crm
—_ ) o ° -
AL-995 (£>0.1 Mev) ETR 6907 1100°C | A=27 21
4.8x1021 n/cm2 337, 602, A-29
AD-999x (E>0.1 MeV) EBR-11 75200 2A-30 23
4.8 x 1041 nyem? 337, 602
- : ~29 23
Aveo (E>0.1 MeV) EBR-TT 752°C B
2.1x 1022 n/cm2
(E>0.2 MeV)
HFIR 157°C A-361 33
4.6% 1022 n/cm2
thermal
2.1 x1022 n/cm2
MgO R- o 40 39
(F>0.1 Mev) EBR-II 157°C B-4 3
o < 4 x1020 n/em? DIDO < 150°C A_elz -
> ° |
(E > 1 MeV) PLUTS 1060°C "y }
s¢ 0.1476.5x1020n/em? | oo 750100°C | a-le| 13
pc (E>1 MeV)
i
2.8 x 1021 ny/cem?
i EBR-TT 4uec A-34 30
BeQ Niberlox (E 0.1 Mev) 7
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(3}

IRRADIATION
MATERIAL DATA | REF
DOSE FACILITY | TEMPERATURE
A-12
< %1020 n/cm2 DIDO < 150°C B 8
(E> 1 MeV) DLUTC 1000°C A-14
< 6x10%0 n/em?
BR ° A-13 8
(E> 1 MeV) 2 207C
. 0.37%v4,2x1021 n/cm? - 160, 650, A_g 6
(E> 1 MeV) 1100°C
Hot pressed,| < 2 %1021 n/cm? BTR 110~ 1100°c | 27181 1¢
Bed (E> 1 MeV) a-19
sintered
1.2%3.65%x1021n/cm? ETR 5837 1100°C | A-15 | 12
A-9
75 7% 100°C !
~ 21 2 !
2,57 14x10 n/cm HIFAR 500 % 700°C < 7
n-11
a-1
1.5 %1021 n/em? e 5
* ETR 100~ 1200°C
(E> 1 MeV) 0 A-6
A-7
21 2 7, 602 -
6x10 n/cm ERR-T1 377, 6 B A=29 23
(E> 0.1 MeV) 752°C A-32
Y203
21 2
2.8x102% n/cm EBR-T1 740°C A-34 | 30
(E> 0.1 MeV)
Y203+ 2.8x 1021 n/en? | pap gy 740°C A-34 30
1% Zr0y (E> 0.1 MeV) !
Y503+ 6 x 1021 n/cm? S 377, 602, 1 A-29 | .
10 % Zr0q (E> 0.1 MeV) 752°C A-32
Y, AL O sC 2.8x lOzl n/cm2
2745712 . - s A-34 | 0
oc (B> 0.1 MeV) EBR-II 740°C
Be0-55iC 2.8x 1021 n/cm? .
— A-
(E 0.1 MeV) EBR-TI 740°C 34 1 30
2r0,-Y ;03 - 4.4 x 10?1 n/en? 377, 602,
t ERR- -
stabilized (E>0.1 MeV) BR-IT 76900 A-33 28
- 21 2 :
NC-132 2.8x%10 n/cm °
- a-34 | 30
pc (E>0.1 MeV) EBR-11 740%¢
Si.N
3g 22,
pC 2.2x10 n/cm
-II 2°¢ | A-44 | 48
& 0.1 Mev) EBR-II 407, 542°C |
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Table 3-1 Swelling (4}

IRRADIATION ]
MATERIAL DATA | REF
DOSE FACILITY | TEMPERATURE
21 2
| A e | e e
' 22 2
;Z 2.(22%01 Mrel\/;f;:m EBR-TI 652, 827°C | A-40 | 39
22 2
;2 2'(éféol M’;{,fm EBR-1I1 | 407, 542°C |A-44 | 48
MgA1204 2.1x1022 n/cm2
(E> 0.2 MeV)
pc HFIR 157°C A-36 33
4.6 x 1022 n/cm2
thermal
' 2
0.47%7,9%x1018n/cm
sC (E>0.1 MeV]/ OWR ™~ 50°C S
2 x1022 n/cm2
(E>0.1 Mev) EBR-II 387°C A-46 54
$i,0N 2. 21 2
N2 . pe (Sféol ME\/f;:m EBR-II 740°C A-34 | 30
“gialen 2.8x10%1 n/cm2 o
(E>0.1 Mev) EBR-II 740°C A-34 | 30
sio ' 22 2
V2 sc 2(}:33 ’;Cl)ol M’;é‘;m EBR-1I 400, 550°C | A-37 | 34
SiOz—based 22 2
2.4x10 n/cm A-37 34
glass N EBER-II 400, 550°C
ceramic (E>0.1 MeV)
2. 22 2
(; ;‘éol Mz‘/]‘;m EBR-TI 550°C A-37 | 34
MACOR 16 18 2
10 10
’ N/EMT | RPNS-IT RT A-35 [ 132

(14 MeV)
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Takle 3-2 Mechanical property

{1

IRRADIATION
MATERIAL DATA | REF
DOSE FACILITY | TEMPERATURE
3 %1021 z
x n/cm 400, 650°C | A-50 | 22
, (E» 1 MeV)
reaction-
bonded
8.1 %1021 n/cm? o
(B> 1 Mev) BFIR 730°C a-59 | 45
2. 1013 2
3(:’;20M vc)e/cm s Linac | ambient i A-51 27
self- © ‘ { i
bonded |
2x1020 n/cme ! )
(Es 1 MeV) HFBR ! ambient A-52 27
. 9. 21 a2
a-5iC 7 x10<% n/cm HF IR 730°C A-59 | 45
, (E>1 MeV)
5iC '
1.2 x 1021 n/em2 A-55
HFER 200°C 16
(E>1 MeV) A-56
NC-430
1.2 x 1021 n/cm? o | A-57
: 36
(E > 1 Mev) | HFER 300m 1100°C | oo
2x1019 n/cm2 i
| JMTR <300°C | A-62 | 50
(E>1 MeV) | ‘
fiber
4 %1017 n/cm2
- 62 | 50
(B = 14 MeV) RTMS-TIT RT A-6
. 4.2x1021 nsem?
e ETR 460, 1040°C | A-49 | 18
B-51 (E > 0.18 MeV) 6
22 2
2.2x10% n/cm EBR-TT 407, 542°C | A-44 | 48
(E>0.1 MeV)
sSC o
< 2x1022 n/em? 652, 742
BR-I1 ’ ' a-61 49
(E>0.1 MeV) E 827°C
ALl,0,
s < 5 %1020 n/cm2 75~ 100°C
A-48 | 15
pe (E>1 Mev) HITAR 500 4, 700°C
22 2
2% 1042 n/cm ERR-II 387°C A-46 | 54
(E 0.1 MeV)
2.2 xlOéz n/cm? |
. ERBR-II ' 407, 542°C | n-44 | 48
(E>0.1 MeV)
22 2
2.1x10%< n/enm HFIR 157°C A-36 | 33
(E>0.2 MeV)
MgA1204 s¢C T - T
pe < 2%x1022 nsem? | 652, 742
| EBR-TT : ’ A-60 | 49
(E>0.1 MeV) ‘ B27°C
22 2 -
2 %1072 n/en ‘ ERR-TI | 387°0 A-26 | 54
i

(E>0.1 MeV}
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Table 3-2 Mechanical property (2)

IRRADIATION
MATERIAL DATA REF
DOSE FACILITY | TEMPERATURE
Si,N 2.2 x 1022 :':L/c:m2
374 - 2° A-44 48
pc (25 0.1 Mev) EBR-IT 407, 542°C
. 22 2
S1i0 2.4 x 10 n/cm
2 - 550° a-54 34
5C (E>0.1 MeV) EBR-II 400, 50°C
Si0p-based 22 p)
2.4 x 10 n/cm
- ° A-54 34
glass. (E>0.1 MeV) EBR-II 400, 550°C
ceramic
2.4 x 1022 n/cm2
BR-T 550° A-54 34
(£> 0.1 MeV) EBR-II 400, 550°C
MACCR '
1018, 1018 n/cm?
' - A-53 32
(14 MeV) RTNG-1I RT
BeO . < 1.5x1021 n/cm2 n-47
" 1200° 5
sintered (E>1 MeV) ETR 106 1200°C | 5 &
22 2
Mgo 2.1x1022 n/cm HFIR 157°C A-361 33

(E >0.2 MeV)
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Table 3-3 Thermal property

(1)

IRRADIATION
MATERIAL CATA | REF
DOSE FACILITY | TEMPERATURE
. 2.7 ~7.7x1021 n/cm2 A-73
- : o "U a
B-SiC (E >0.18 MeV) ETR 550 w1100°C A 19
1.2 x 1021 n/cm?
= < Q -
(E>1 Mev) HFBR 147°C A-63 1 36
gi0 p-SicC
8.1x 1021 n/cm? .
(B >1 MeV) HFIR 730°C A-65 | 45
8.1x 1041 n/cm2 .
- - 4
NC-430 (E 51 Mev) HFIR 730°C 65 5
2.5 % 1022 n/cm?
P "y ° _
£ >0.1 MeV) EBR-II 650 w827°C | A-66 | 37
21 2
2.8x 10 n/cm EBR-II 740°C A-34 30
(E >0.1 MeV)
sSC :
al,0; 3x 1019 e/cm? :
(2 MeV)
a-7
+ 3x 1018 n/cm2 RT K 5
(E >0.1 MeV)
2.5x 1022 n/cn? .
- -
pe (5501 Mow) EBR-II 650 A 827°C | A-66 | 37 |
2.8x 1021 nsem? ;
- . - o &-34 | 230 ¢
Ad-995 (E >0.1 MeV) EBR-11 f 7antc
22 2 f N
S¢ 2.5x10%¢ n/cm EBR-TI | 650 1827°C | A-66 | 37
pc (E >0.1 MeV)
MgAal,0, 2
2 2 .
s5C 2.8x10 n/cm EBR-IT 22000 A-34 30
pC (E >0.1 MeV)
1
22 2 '
¥3A15015 ¢ 2.5% 1022 n/cm EBR-II | 650 A827°C |A-6H | 37
pc (E >0.1 MeV) :
Y503 2.8x%x 1022 n/cm? . :
- A-34 | 30
pc (E50.1 Mev) EBR-I1I 740°C
22 2
YA0,+21r0 2.8x10 n/cm ]
2¥3TeRT - 740°C A-24 | 30
pe (E >0.1 MeV) EBR-TT ’
Be0-5SiC 2.8x% 1022 n/cm?
’ - 740° A-34 30
pe (E >0.1 MeV) FBR-1I <
MACOR 1016, 1018 n/cm2
(14 Mev) RTNS-TII RT A-B4 | 32
. 19 2
5102 Vitrecus 510 n/cm A-5T7 46
(E>1 MeV)
|
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Table 3-3 Thermal property (2)

[RRADIATION
MATERIAL DATA | REF
DOSE FACILITY | TEMPERATURE
Porcelain 2.1 x10Ld n/cm2 neutron
(14.3 Mev) + A-68 1 43
. generator
< 1x1021 n/cm2 o
(E>1 MeV) HIFAR =75°C aA-71 11
1x1011 n/em?.gec o
Hot pressed, (E>0.6 MeV) ORGR -i82tc A7 3
BeQ ;
; 21 2
sintered 1.2~ 3.6x10 n/cm " o _
(E>1 MeV) ETR 583 v 1100°C A-T70 12
< 4x1020 n/em? 70 v 100°C
(E>1 MeV) HIFAR 510 % §60°C A-69 .
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Table 3-4 Electrical property

IRRADIATION
MATERTAL ‘DATA | REF
: DOSE FACILITY | TEMPERATURE
. < 2 x 1020 n/cm2 : o
(E> 1 Mev) HFBR < 200°C a-78 | 27
1.2 x 1021 n/cm? o
(E> 1 Mev) HFBR 200, llo0°c|a-83 | 36
sic NC-430
< 4 x 1021 n/cm2 o
(E> 1 Mev) HFER 147, 1100°C [A-87 | 45
8.1x 1021 n/cm? .
-87
(B> 1 MeV) HFIR 730°C A 45
2 a, 4
6.6 104v6.6x% 10 Ae70
sC rad/s - A B0 31
1.5 MeV electron
"7 Gy/s (X-ray)
po 2 % 106 w/cm2 v 500°C A-88 | 52
(20 MeVp)
cable < 10® R/h - ambient a-76 | 25
< 3% 1029 n/cm? o
(E>0.1 MeV) a4s°c A-B2 0 35
MgO cable < 108 R/h - ambient B-77 | 25
Glass-—
1x1018 n/cm?
B-8 44
bonded (F>0.1 Mev} ORR [}
MICA
16 i8 2
MACOR 1077, 1018 n/cm
TNS - T A-81 | 32
{14 MeV) RINS-11 R
. 20 2
MgAloOg < 3x10 n/cm 445°C A—B2 35
(E>0.1 MeV)
Alumina
11 2 A-85
porcelain 3x10 n/cm A_84 41
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Table 3-5 Dielectric property

IRRADIATION
MATERIAL DATA | REF
DOSE FACILITY | TEMPERATURE
22 2
sc f;fg‘l ;gf; EBR-TI | 650, 828°C |a-00 | 37
19 2
AL,O, AD-995 < 2'5’(‘flfst) n/cm 47, 95°C | a-89 | 14
1x 101771020 n/cm? | Herald o
pe (E > 1 MeV) Reactor 67°C A-92 52
‘ 19 2
510z Fused € 2.5x1027 n/cm 47, 95°C | a-89 | 14

(fast)
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Table 3-6 Dielectric property

TRRADTATION
MATERIAL — DATA | REF
: DOSE FACILITY | TEMPERATURE
: 17 2
ac 3 ﬁiz Meg;cm RTNS-TT ET A-91 47
18 2
sc 1x101° n/cm LAMPE RT A-91 a7
pe (fast)
Alzo
3 19 2
ADD-995 2.5x(lf0ast)n/cm 47, 95°C a-80 1 14
1x1017 71029 n/en? | Herala .
pe (E> 1 MeV) Reactor 67°C A-93 52
: 19 2
5102 Fused 2.5% 107 n/cm 47, 95°C n-89 | 14

{fast)




Table 3-7 Lattice parameter

JAERI-M 87-217

IRRADIATION
MATERIAL DATA | REF
DOSE FACILITY | TEMPERATURE
a-5iC reacticn- 3x 1021 n/em? 450, esooc la-102]| 22
bonded (E>1 MeV) !
g-SicC 2.0%4.2x1021 n/cm?
° a-23 ! 1s
(E>0.18 MeV) ETR 460, 1040°C
Al,0 sc < 5x1620 n/em? 75 % 100°C
2¥3 HT A-10C| 15
pc (E>1 MeV) FAR 5007 700°C
21 2 o
< 1.2x10 n/cm 7570 100°C A-396 9
5007 700°C
1.2 3,7x1021 n/cm? ETR 583V 1100°C | A-98 | 12
hot pressed, 21
. . < 2x10 n/cm?
Bed " °c |Aa-101! 16
sintered (E> 1 Mev) ETR 110 1100°C
1x1029% 12102 n/em2 | HIFAR 7574 100°C | a-%4 | 2
< 1.5 %1020 n/cm? A-6
v 1200°
{(E>1 MeV) ETR 100 ¢ a-7 >
0.3v4,2x1021 n/em? |
v oge° -
(E> 1 Mev) ETR 580 1100°C | A-8 6
sc < 6.5 %1020 n/cm? 75 100°C | a-27 | 10
sc 4 %1019 n/cm? 200°C A-95 | 4
MgO 20 2 i
sC 0.14v6.5x10 n/cm HIFAR 76 A, 100°C A-90 13
pc (E>1 MeV)
31N 3 %1021 n/cm?
EBR- 742°¢C a-104| 38
34 {(E>0.1 MeV) I
3x102l n/cm2 I
_ 742°C a-104! 218
{E>0,1 MeV) EBR-11
Si,N30
< 3x1020 n/cm?
5 < 327°C -
(fast) SILO A-103| =29
Sialen 3x 1021 n/cm2 .
R- 742°¢ A-104| 28
(E>0.1 MeV) EBR-I1
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Table 3-8 Miscellaneous
IRRADIATION
MATERIAL DATA | REF
DOSE FACILITY | TEMPERATURE
BeO
< 1x1021 nsem?
Al,0, (E>0.8 Mev) a-107{ 42
A1203—Si(32
< 5.6 %1016 nyem? a-105)
(515 Mevp) : B-106
Al;0; sc = > s
121017 n/em 8-l 24
(14 MeV) RTINS [A-106
1.4x 101 n/en? | Lip Lo0ee
Mg sC A-108| 51
16 o 2
§x10°° n/cm RTNS-II RT
(E=14MeV) .
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4. Data Compilation on Swelling

From the brief review of current data base in the previous
chapter, only the data amount of swelling is encugh for data
compilation. Thus the swelling data were replotted as a func-
tion of fluence and jrradiation temperature in order to get
further knowledge of swelling behavicr, 1In the replottings,
the data were classified according to ceramic species with
further classification by polycrystal and single c¢rystals. 1In
the case of BeO, the data were classified according to the
fabrication method because the swelling behavior in the litera-
tures was obviously different to each other. For one species
of ceramics, the data were also classified according to the
reactor used in irradiation experiments. This is because the
energy range of neutron fluence in the literatures was dif-
ferent, usually E>0.1 MeV or E >1 MeV. As to the data of
linear expansion and growth, the value multiplied by three was
used as the swelling value when the ceramics has isotropic
lattice structure.

The neutron fluence and the irradiation temperature were
divided into decade ranges as shown in Table 4-1.

Table 4-2 shows list of the material, reactor, fluence
energy range and figure number. The T-No figures show the
temperature dependence of swelling and the F-No figures show
the neutron fluence dependence of swelling. In Table 4-2 the
data source of each figure is shown as data sheet number.

By comparing the compiled data, the followings can be
pointed out.

The swelling of Aly03 and BeO seems to be larger than

those of other ceramics and the swelling is linearly

dependent on neutron fluence. MgAly04 {(single crystal)

and Y50, is considered to be swelling resistant ceramics.

The peak swelling temperature is 800 - 900°C for Al,03,
below 500°C for BeO and 600°C for 2r0,. For other

ceramics, it is not clearly ocbserved.
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The fluence dependence behavior similar to that of metal-
lic materials seems not to be observed, in which the
incubation period, transient period and steady-state
swelling are occurred in this order. High fluence data

are necessary to confirm this point.

Wwhen comparing the swelling of polycrystal Al;O4 in EBR-II
data (Fig. F-2) with that in ETR data (Fig. F-3) under
similar fluence and temperature range, the former data is
found to be systematically higher than the latter one in
spite that the same neutron energy range of fluence is
used. One reason of thig may be that the different ma-
terials are irradiated in these studies. Another possi-
bility is the difference of neutron spectrum between
EBR-II and ETR. The better damage parameter such as dpa
(displacement per atom} can not be used in the present
compilation because of the absence of neutron spectrum
information and standard calculation procedure of dpa of
multicomponent materials. It has been well known that

the fluence is not suitable for a damage parameter in
analyzing radiation effect in metallic materials. Further
anélysis of radiation damage on ceramics based on dpa will

be necessary.
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Tabie 4-1 Plotting mark and corresponding

fluence and temperature range

Class | Mark F]uenge Temperature
(n/cm®) (°C)
<1E19 <200
1E19—-5E19 | 201- 300
5E19—1E20 | 301~ 400
1E20~5E20 | 401-500
5E20—1E21 | 5031-600
1E21-5E21 | 601—~ 700
S5E21—1E22 | 701- 800
1E22—5E22 | 801—900
5E22—1E23 | 301-1000
>1E23 >1000

XOO A< PpOal +

_23ﬁ
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Table 4-2 List of materials and figure numbers
. Irradiation Fluence Figure Numbex Data Sheet
Material Energy
Reactor Number
Range vs Temp. | vs Flue.
sc EBR-IZ >0.1 MeV T-1 F-1 A-30,34,40
pc EBR-II >0.1 MeV -2 F-2 A-29,34,40,44
Al,0, pC ETR >0.1 MeV T-3 F-3 A-25,26,27,28
scC i HIFAR >1 MeVv * F~4 A-17
i
jolo g HIFAR >1 MaVv * F-5 A-17
AOX | ETR >1 MeV T-6 F-6 a-1,3,4
]
i
UOX-MgO ETR >1 Mev T=7 r=7 A-1,3,4
BeO
UOX-HP ETR >1 MeV T=-8 -8 A-15
UOX-CP ETR >1 MeV T-9 -9 A-15
sc FBR-II 0.1 MeV T-10 F-10 A-34,40,44
MgAlsOy _
pc EBR~IT >0.1 MeV T-11 F-11 A-34,40,44
sc HIF";;'J?(I)DO' >1 MeV T-12 F-12  a-12,13,16
MgO
HIFAR,DIDO
! ! >1 MeV * r-13 -
pe PLUTO A-12,13,16
SiqNg o EBR-II >0.1 Mev T-14 F-14 la-34
Si0g EBR-IT  |>0.1 MeV T-15 F-15 |A-37
B-siC ETR >0.18 MeV T-16 F-16 |p-23,24,73
Zr0y EBR-IT >0,1 MeV T-17 r-17 A-33
Y203
Y504+ EBR-II >0.1 MeV T-18 F-18 A-29,32,34
1,105r0s
YZAlSOlZ sC,pc EBR-IT >0.1 MeV * =19 A-34
S150Np EBR~-II >0.1 MeV * F-20 |A-34
Sialon,

* These figures were omitted because the data were so less that
the temperature dependence was not clearly observed.
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A-1
Material BeQ { sintered } Property Swelling 1/1
Irradiation| < 1.5 x1021 n/cm2 (£ >1 Mev) ETR
Condition 100~ 1200°C
&
010 C
© 60T
B 700°C
5 B 800°C 100°C 2
:nﬁg /g —t ° T
%‘5&‘3 — T °
<
) o % o
b S
g o /
Z 3
E oo /
E o
g / 4
/" T
u 7 T
| g M — e |,
a Ld A
c/% Ll 4 p Y% e 0 * —"‘i -L;ra afitone
- I.‘.:.°
P
OU 0.2 0.4 [+ %3 0.8 1.0 1.2 1.4 1.6 1.8 20

Volume expansion of UOX-0.5 wt 9 MgQO composition of BeQ of 20u grain size 2.9 g/cm? density irra-
diated at elevated temperatures. This composition contained ~ 50 percent preferred orientation of the ¢ axis

POSAGE, 1071 nvt (2 1 hev)

along the longitudinal axis of the specimen.

Radiation Effects in Be0

Reference

5

C. G. Collins

J. Nucl. Mater. 14 (1964) 69-86
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Material

Bec ( sintered ) Property Swelling

/1

Irradiation

Condition

100 ~1200°C

< 1.5x%x10%! n/om?2 (E>1 Mev)  ETR

| e 1200°C

Q 360° - A06°C £
& 430° . 70°C

O 530° .. 580°C ’7’
[

ASED ON
]
. :gg‘;(é 1-MICRON GRAIN
/ SIZE, 2.75 g/em?

& 1000°C
DENSITY

JUSE Sias

YOLUME EXPANSION, percent

— -9 — B8 = 10°C

A . &

OOC —

) Volume expansion of UOX-0.5 wt 9 MgO composition of BeO of 10y grain size and 2.8 g/cm?® density
irradiated at elevated temperatures. The data indicate the magnitude of the expansion under neutron fluxes of 1 to

0.2 0.4 0.6 0.8 1.0 Lz
DOSAGE, 1077 nvt (2 1 Me¥)

3x 104 nv {= 1 MeV).

Radiatien Effects in BeO

Reference

C. G. Collins

J. Nucl. Mater. 14 (1964) 69-86
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A-3
Material | peo ( sintered ) Property Swelling 1/1
Irradiation| < 1.5 %1021 n/em? (E>1 MeV) ETR
Condition 100 v 1200°C
3
. ADX /:J'/
e, 26 phem?
:1?27: ::* //WX
o2y 2.opem!
TL, 2 ¥ phm?
%4 - . /
£ /://
) /
g"/y
1 /
“
s
. l
° 1 2 3 ] Y § 7
Dosage, 10%% nvt
| | |
5 |t e UOX-MgQ - )’T
; 0 5. 2.6gem?
[ B LOTR2 T
© 20k, 2.9 phm®
i
=
a
g
§ afmem
1
DO 1 2 3 4 ] 6 7
Dosage, 10" nvt
Volume expansion in different grain sizes and densities of AOX and UQX-0.6 wt °, MgO compaositions of
Bed) rrradiated at 1080 C.
Radiation Effects in BeO
Reference| ¢ G, collins
5 J. Nucl. Mater. 14 {1964) 69-86
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GRAIN 5TZE, micrans

to 1.5 x 10% nvi (= 1 MeV) at 800° to 800°C.

a-4
Material BeO ( sintered )} Property Swelling 1/1
Irradiation| < 1.5 x1021 n/cm? (E > 1 MeV) ETR
Condition 100 ~n1206°C
L75
1.50 Y —
E L —1
4 o e ]
: ’ I e
z .25
=3 (= | L
E:
o
» .
w 1.0 &
$00°C b e b —t—
g A by —— F S s
.l
= a4 _Seacimen density, g/em’
0.75 2.4 .75 2.9
T ocC 0 | | [ Y]
§o0°C A A A
|
0.5 10 20 30 40 50 50 70 80 30 oo

Volume expansion of UOX-0.5 wt 9% MgO of different grain sizes and densities after irradiation to 1.2

GRAIN SIZE, microns

10% nvt (= 1 MeV) at 800° to 900°C,

2.00
“'_.—.’.
175 —_— :
[ T &
L—_’,,,,
BOOOC ___ g "
T 180 =
¢ A —
H ’T 900°¢ el T F A
z S
5 s *
=
5.
z o o o
= A a0iA A Specimen donsity, glem?
w
¥ e a8 25 29
3 gecc O W R
2 00°C A A F
0.75
¢.50
[} 10 20 30 40 50 60 70 a0 [ 100

Volume expansion of AOX-grade BeO of different grain sizes and densities after irradiation to 1.2 to 1.5 x

Radiation Effects in BeO

Reference

C. G. Collins

5

J. Nucl. Mater. 14 {(1964) 69-86
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Material| Bec ( sintered ) Property Swelling 1/1
Rupture strength

Irradiation| < 1.5 x1021 n/cm?2 (E>1 MeV) ETR
Condition 100~ 1200°C

Apparant Deasity, giem?

27 EN @
i
r
’
r
/ \D
7
6 ; .

- ‘R\M

oo

1t
- 120
o
30 100
.
[} E
—l. £
29 —amonsd 80 3
\) p— :
/ 3
=
\\ 3
28 Ve E
i
=
|3
¥
I

F& ] 0
] 1 2 3 q 5 6 7
Dosoge, 1020 nvi (- 1 MeW)

Changes in the apparent density and the modulus-of-rupture of AOX grade BeQ irradiated at ~ [00°C. The.
marked changes at ~ 2 x 10% nvt result from microcracking. The specimens were 5u grain size and 2.6 gjcm?.

1
« S=rh ==
= B 1 7
[~} - i i
z .
&
3
[
S
w
o
=1
£
g 100 o % T
% r
2 o=
H o
P
3 ok |
2 A
% ¥
o
L]
X J
& t
z [ET
.5 ® seg o
= 2 so0°c - i
z 2 3oec !
I O morec
e * soec
H I & 1o00ec I
1 I | 1 H
0.0! %1 1.0 10

YOLLME EXFANSION, pvcent

Strength changes in AOX-grade BeO of 20-micron
grain size, 2.9 g/em? density, after irradiation to dosages
up to 1.5x 10 nvt (= 1 MeV) at temperatures from 100°C

to 1000°C.

Radiation Effects in BeO

Reference| C. G. Collins

> J. Nucl. Mater. 14 (1964) 69-86
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A-6
Materia] BeO ( sintered ) Ppoperty Swelllngl l/l
' Lattice parameter
Irradiation| < 1.5 x1021 n/em? (E >1 MeVv)  ETR
Condition 100 v1200°C
Comparison of lattice and volume expansion in BeQ irradiated at elevated temperatures
Sample Irradiation Cenditions Lattice Expansion Macro-
Gran | T i D i fCOI“C
Com- Size, | Density, o “u:( ozsaage, Aafd, Acle, L ATVIF, Volume
position mi- | giems ! perature, 0% nv 16 nvt» o, o o Increase,
[ crons | °C (2 1 MeV) | (= 1 MeV) : o
i I -
AOX 13 2.88 : 1200 3.1 i 3.5 [\ 0.02 0.02 0.27
AOX 20 2.88 1040 1.5 3.6 0 0.11 0.11 0.58
AOX 20 2.88 1030 1.5 3.5 0 0.04 0.04 0.73
AOX 12 2.88 1000 2.0 2.4 0 0.04 .04 0.63
UOX-MgO | 20 2.88 950 2.0 4.7 0 0.05 0.05 0.68
UOX-MgO 20 2.94 840 2.5 3.0 0.02 0.18 S 0.22 0.33
AOX 7 2.76 660 0.61 2.8 0 0.30 0.30 0.64
UOX-Mg0o il 2.88 530 28 3.2 0.04 0.23 0.31 o082
UOX-Mg0O | 11 2.88 430 2.8 3.2 0.07 0.21 0.35 E 0.47

Radiation Effects in BeO

Reference| C. G. Collins

> J. Nucl. Mater. 14 (1964) 69-86
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A-7
3 . Swelling
aterial Bed sintered X ’ . 1
M ( - ) Property Lattice expansion L/
Irradiation| < 1.5 %1021 n/cm? (E>1 Mev) ETR
Condition 100 v 1200°C
Lattice expansion in BeO irradiated at 100°C
Specimen ‘ Dosage, f Lattice Expansion, percent Gravimetric?)
I Volume
. Grain Size, \ Density 102 nvt a ¢ I Increase
Composition ’ microns | glem®* | (2 1MeV) J axis axis ’ volume percent
! ! -
UOX-MgOQ 18 g | oos | 0015 004 | o007 | —
UOX-MgO 9 2.9 ‘ 0.5 0.05 6.07 0.17 | -
AOX 45 ‘ 2.9 1.1 0.04 0.17 ; 0.25 —
AOX 4 | 26 12 | oos 022 | o3 | —
AOX 435 2.9 1.2 0.05 0.25 0.35 —
AOX ! 45 ! 2.9 1.5 0.04 0.25 0.33 ‘ —
AOX 45 | 2.9 1.5 0.06 0.38 0.50 —
AOX 45 2.9 1.8 0.06 0.52 ‘ 0.64 ‘ 0.6
AOX 45 29 2.2 0.06 0.58 0.70 —
UOX-MgQ ‘ 13 | 2.9 2.2 0.08 0.57 0.74 —
AOX 45 ; 2.9 2.5 0.06 0.57 0.69 —
AOX 42 2.7 2.6 ‘ 0.06 0.59 0,71 —
UOX-MgO 17 2.9 2.8 0.08 0.57 0.73 ‘ —
AOX 19 ‘ 2.9 | 5.3 0.12 1.3 1.56 ! L7
UOX-MgO 1% i 2.9 5.6 | 0.11 1.6 | 18 —
UOX-Mg0 ‘ 17 ‘ 2.9 | 6.3 ' 0.15 1.7 I 2o —
LOX-MgO 18 ! 2.4 ! 6.5 | 0.15 — R ‘ 2.2
UOX-MgO | 18 2.9 8.1 0.15 2.1 2.4 —
] | 0.15 2.3 ‘ 2.6 ‘ —
UOX-Mg0 17 | 2.9 ‘ 10.6 0.15 3.1 I 34 3.6
| | I { 0.16 3.4 3.7 ‘ —
%) Volume increase determined from comparison of gravimetric densities of irradiated and non-irradiated specimens after
crushing to Iess than 10 micron particle size,
Radiation Effects in BeO
Reference; C. G. Collins
5
J. Nucl. Mater. 14 (1964) 69-86
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A-8
Material | Beo (sintered} - Property | Swelling, 1/1
Lattice parameter
Irradiation| 0.3+ 4.2 x102L n/cm2 (E>1 Mev)  ETR
Condition 100, 650, 1100°C
s {100 °C LOW DENSITY (~2.7 g/em’)
o 650 °C FINE GRAIN-SIZE {~17 p)
& 4{0G°C __ LOW DENSITY (~2.7 g/em™)
o 650 °C LARGE GRAIN-SIZE (~34 u)
4 00 %G HIGH DENSITY i~2.9 g/em™) 0%
4 €50°C "', FINE GRAIN-SIZE i~25 u) l BT I
v 4100 °C __ HIGH DENSITY [~2.9 g/em’} ~ o e COLD PRESSED AND SINTERED | 098t )
v 650 °C LARGE GRAIN=SIZE (~T4 u} S o s T PREssED | s c el
7 £ | ' ° 7926 C
Lou i s .
g Z 00 ) .. — ]
T s
& V( - I 95 -c/_/
° i T969°C T
g ¢ 1,11 AND 111-650 °C 2 i - ya 1
w w 006 @ B e S e
9 B ! 206 ,”
< o ! "/
W4 e —_— 3 oos L,
& / v o iy [ OB *C
Z ) ) _,/ M gooz ; *
3 / o0 g e fe | N |
g 2 Ala v [ //. "] *a a ! 2 3 4 wi0?h
> / - /// ________,_._--—:'- INTEGRATED FAST NEUTRON FLUX [avr, D1 Mev)
Y " pl -ﬁ_..-— - ORNL-LR-DWG-76727R, Increase in ¢ parameter
. I_”Olo < vs integrated fast-neutron flux in experiment 41-7.
I3

00.4 08 12 16 20 24 2B 32 36 4.0n0%Y
INTEGRATED FAST- NEUTRON FLUX (neutrons/em® 4 MeV)
"ORNL-DWG-63-1936, Volume increase of 14 in.

(1.27 ¢cm) BeQ specimens vs integrated fast-neutron flux
in experiment 41-9.

Characteristics of beryllium oxide specimens

Specimen size Average bulk density Average grain’

Type (in.) (g/ct?) Size ()
I {Low density, fine grain size). . . . 0.25 2.7 24
. 0.5 2.7 17
11 (Low density, large grain size) . . . 0.25 2.7 60
0.5 2.7 34
II1 (High density, fine grain size) . . 0.25 2.9 23
0.5 29 25
IV (High density, large grain size) . . 0.25 2.9 71
0.5 2.95 T4

Behavior of Be0 under Fast Irradiation

Reference| G. W. Keilhcltz, J. E. Lee, Jr., R. M. Moore and R. L. Homner

6 J. Nucl. Mater. 14 (1964) 87
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Material BeO Property Swelling 1/1
Irradiation] 2.5 x1020~ 1.4 x1021 n/cm2 (nvt) HIFAR
Condition | 75 100°C, 500~ 700°C
Detadls of materials used in the vustigation
I Starti ‘ Density ‘ | Dose at which nncrocracking is first
Designation | \1_": ;:‘Ig] Fabrication Houte | per cent Grain-size ‘ observed
Materia i i - —
\ i Thewretical | FE- 0= C | St-700°
A Techiney ! Hot pressed at 17507 C dor ¥-hour at ) i . 9i-bs i [EES PR 200100 145 to 6.5 100
Nuclear Grade | : 1 i
B i Bervleo No. 1 ; Mot pressed at 1650° C for 4 hours at 2 tsi . . 4.3 i 25-30p - 2.5 410 4D to 6.5« Jo
C | Frush UOX ¢ Culd pressed at 20 tsi and sintered for one hour at 15507 C Gii- 98 ‘ KoYy ; 5103 | ¥ oto 12x Qur
| {pre-ground} ¢ | :
D | Brush UOX | Cold pressed at 20 tsi and sintered for one hour at 1500° C U1-94 i 1-2u ; 14100 ‘ Not observed up to
| {pre-ground) | D12 Qe
E * Brush BOX . Cold pressed at 20 tsi and sintered for one hour at 1430° ¢ Y541 | -Uu g o | Notobserved up to
I {pre-ground) | : i | 124100
F ; Brush VOX ! Cold pressed at 2u1si and sintercd for ane hour at 1500 C 95 -46 [ b TP ; 5 » 1y3e i Nutobserved up to
| ) ! : ‘ RPN
G | Brush vox | Cold pressed at 20 tsi and sintered for one hour at 1200° C 7275 lu | Not investigated | Not observed up to
i I | ! 4.5 Lo 8.5 Low
H - Brush UOX | Hot pressed at 1500°C for Y-hour at 1tsi . . . | | 54-97 | -5 Not observed up to| Not investigated
. 9 1o :
i i ! : .
] | Brush UOX  : Hot pressed at 1700° C for Yi-hour at 1 tsj d47-48 ‘ 10-12 3w 1ow Not investigated
sl J
n O Material A |
a Materigt €
a Material 0
: g
®  Material 4
z &
e
ial
z
< -
&t 5 _
w = g
&
& & W
w R AT
H S
g« A y
> ¢9
(=]
. )
3t B
4,
2k N
1+ 4
1 L .
@ 2210 4010 600”8010 1000 12010™°  4xi0™
INTEGRATED  FISSION NEUTRON DOSE
Volume changes after irradiation of various materials
at 753-100° C.
The Effect on Neutron Irradiation on Beryllium Oxide
Reference| B. S. Hickman and A. W. Pryor

“

J. Nucl.

Mater.

14

(1964)

96-110
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Material

BeO

Property

Swelling

Volume changes in material irradiated at 500-700° C which was considered to be

Irradiation| 7.5 x1020 ~ 1,4 x1021 n/cm? (nvt)  HIFAR
Condition 75~ 100°C, 500~ 700°C
2.0 , ;
C.PS MaATERIAL E
T5F s85°¢
g% a 535°C
.9® 0.490°C
z <P
5 A
g C.PS. MATERIAL F ._uoc
3 R 58
x 1o o
3
o 50
u 520%C b1s_b
e
=4
2
>
’ o5l HP MATERIAL A $50°¢ 2 s70°C
500
870
500
o 1 2 3 4 5 6 7 8 [ 1o K 12110 vt
INTEGRATED FISSION NEUTRON DOSE

free of microcracking.

The Effect on Neutron Irradiation on Beryllium Oxide

[Reference

B.

S. Hickman and A.

W.

Pryor

7

J. Nucl. Mater. 14 (1964) 96-110
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A-11
Material BeO Property Swelling 1/1
Irradiation| 2.5 x1029~1.4 x1021 n/em? (nvt) HIFAR
Condition 75 %100°C, 500~ 700°C
Volume changes as calculated from dimensional changes
. Irradiation
Material Temperature Dose AVIV %
A 510 1.2 1020 0.2
520 5.5 10% 1.7
535 9 1020 Not measured owing
to powdering
600 L1 x 1020 0.14
590 4.5x 1020 1.5
585 1.1 x10% 3.0
670 1.5x 10 0.15
670 6.5 x 1020 1.3
690 12x 100 2.5
I 520 5.5 % 1020 0.8
590 4.5 % 102 0.6
670 6.5 x 10% 0.55
G 520 5.5 10 0.6
590 4.5 x 10 0.6
670 6.5 x 102 0.8
C 535 9x 102 24
585 1.1x10% 1.9
690 1.2x 107 1.7
D 535 9x 1020 14
585 1.1 % 102 1.3
690 1.2 x 10 1.3
E 535 9 x 1) 1.4
585 1.1x 102 1.4
690 1.2 102 1.3
Details of materials wsed in the investigation
) | Startin | . Density o ' Dose at which microcracking is first
Designation ‘ _\Izucnf] ! Fabrication Houte per cent Grain-size observed
| | Theorctical 76-100" C [ B800-700v C
A Pechiney i Hot pressed at 1750° C for Y-hour at 1 tsi . . . . . 47-98 12-15u E 2.5 % 10= ‘ 4.5 to 6.5x 10
Nuclear Grade i ) :
B Bervlco No. 1 . Hot pressed at 1650°C for 4 hours at 2 ts] . , . . . 4.5 25-30u 2.5« 10% P 4b to 6.5 x10W
C Brush UOX Cold pressed at 20 tsi and sintered for onc hour at 1350°C 9618 5--12u §x 10% B to 12 10w
(pre-ground) | ) ) i
D Brush UOX | Cold pressed at 20 tsi and sintered {or ane hour at 1500° C #1-904 1-2g L4x10% Not abserved up to
i {pre-ground}  : ;L2 jgwe
E ! Brush TOX , Cold pressed at 20 tsi and sintered for one hour at 1450¢ C 03-97 2-3u 1.4 100 Not observed up to
{pre-ground} 12 % lote
F Brush UOX : Cold pressed at 20 tsi and sintered for one hour at 1600° C B5-96 15-20u 5 x Lo Not observed up to
H ‘ a2 30
G Brush 1'0Xx : Cald pressed at 20 tsi and sintered for one hour at 1400° € T2-75 Lu Not investigated ;\i.c:c:l{:senwd up to
i | . | 4..5 LD 6.5 x 10w
H | Brush UOX Hot pressed at 1500° C for Yg-hour at 1 tsi , . . . . ! 9497 3-0p Not observed up to | Not investigated
H 10
I | Brush UOX l Hot pressed at 1700° C for ly-hour at 1 tsi . 67-98 10-12u g: ig" Not 1nvestigated
The Effect on Neutron Irradiation on Beryllium Oxide
Reference| B. S, Hickman and A. W. Pryor
! J. Nucl. Mater. 14 (1964) 96-110
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Condition

A-12
. BeO{pc}l, MgO(sc), ;
Material 21,03 (5¢) Property Swelling 1/1
Irradiation «5%10%%n/cm?( E> 1Mev } DIDO, PLUTO, BR2

< 150°C, 1000°C

anld"f T T T T T

in
Sy
N

FRACTIONAL GROWTH

1C7F

—C——BERYLLIA

e Ay e LW AN A

(1)
ot i
— !
e o
, . . N . . .
i F} F] 4 5 [ ¥ [ -

OOSE = IMeY nowi

Growth in bervilia, magnesia, and alumina on ir-
radiation at about 130° C, as a function of Jdose.

Irradiation-Induced Growth in Oxides of Beryllium,
Magnesium and Aluminium-

Reference

8

J. A. Desport and J. A. G. Smith

J. Nucl. Mater. 14 (1964) 135-140
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. BeO(pc), MgO(sc), ,
Material Al505(sc) Property Swelling

Irradiation| < 5% 102%n/cm?( E > IMevV ) DIDO, PLUTO, BR2
Condition < 150°C, 1000°C

Growth of speciimens irradiated at < 150°C te a dose of approximately 3.5 to
4% 101 nvt > I McV ie for 4 weeks, Al Leryllia specimens were of hot-pressed
hydroxide-derived material.

H I
. . ) . : Number of i
Material Density Gramn Siz : ¢ Fracti 3row
1 c Specimens : Fractional Growth

Bel D> 208 40-45 4 60 % 10-5-1 5
BeO ~ 2.92 15-20. 5 . 50X 1075:*(130

. i . 4-8

BeO ~ 2.87 10-154 4 505 10-%

—a

MgO : Single! crystal 2 91 x 1054 4

AlLO, Singlc‘crystal 5 T2 10-51 7

Growth of specimens irradiated at < [50° C to a dosc of approximately 1.1 102 nvt

> L MeV ie. for 12 weeks, Of 20 Leryllia specimens, only 7 survived irradiation

and de-canning processes without Lreakage, but no powdering cccurred. The first

three scts of beryllia specimens were of hot-pressed hydroxide-derived material, the
fourth of cold-presscd and sintered UOX material.

. . ! . . Number of . .
Material Density | Grain Size Socci Tractional Growth
: Specimens
BeO > 2.8 40454 ! 3 720 x 10-%4-30
BeO ~2.02 15-205 All broken Not measured
13¢O ~ 2.87 | 10-154 2 i 450 % 107°4- 49
Be ~ 2.096 20-25. 2 {430 10-%4 60
MgO Single|crystal 5 P205x 1070420

ALO, Single|crystal 4 | 287 10-%46

Growth of magnesia and alumina single crystal specimens

irradiated to a dosc of approximately 4 102¢ nvt > 1 MeV

i.e. for 40 weeks. All beryvllia specimens were of hot-

pressed hydroxide-derived material of the same densities

and grain sizes as in table 1 and were reduced to powder
by this dose.

Number of

Material ‘ Specimens [ Fractional Growth
MgO 1 2 340 10541
ALO, ‘ 4 406 % 1054 8

Irradiation-Induced Growth in Oxides of Beryllium,
Magnesium and Aluminium '

Reference|J. A. Desport and J. A. G. Smith

8
J. Nucl. Mater. 14 (1964) 135-140
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A-14
. BeO(pc), MgO(sc)
Material pel. ' Propert i
Irradiation{ < 5x 1020n/cm?( E> 1MeV ) DIDO, PLUTO, BR2
Condition < 150°C, l000°C
Growth of beryllia specimens irradiated in BR2 [Mol) to doses of 3x 10% {first two
sets) and 6x10% nvt > I MeV (third set) in the space of 12 wecks. The higher
density material became very fragile at the lower dose and disintegrated completely
at the higher dose. All specimens were of cold-pressed and sintered UOX material.
. s b .
Material Density Grain Size l\SIum.er of Fractional Growth
pecimens
BeOQ ~ 2.8 ~ 2 5 800 x 1044200
BeO > 2.6 ~ 25p 2 1100 x 10-54-110
BeO ~ 2.8 ~ 20 5 1870 10-+T 240
—150
Growth of specimens irradiated at approximately 1000°C to a dose of about
4% 108 nvt > I MeV i.e. for 40 weeks. The beryllia specimens were of hot-pressed
hydroxide-derived material.
Material Density Grain Size I;umper of Fractional Growth
pecimens
BeO > 2.98 40-45u 6 " 880 10-31.140
MgO Single [erystal 3 3x 10542
Al,0, Single |crystal 3. 50 % 10-%4-20
Irradiation-Induced Growth in Oxides of Beryllium, Magnsium
and Aluminium
Reference; J. A. Desport and J. A. G. Smith
8 J. Nucl. Mater. 14 (1964) 135-140
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A-15
Material BeO (hot-pressed, Propert . 1
sintered) ~raperty Swelling /1
Irradiatien| 1.2+ 3.65 x 1021 n/cm2
Conditicon 583 ~1100°C
Summary of gross dimensional changes of BeQ specimens
Cupsule no. | Tntegrated Temperature Dimnutcr V'.['.n-'ng_rr.h i GI:OSS a}ni:ﬁt}bﬁ;piu . .\r'ulunw
and flux {°C) INCT RS HTUT OIS | ratio (din. merease) ! mueredse
BeO type t | {uvt) (%) (Y 1 length increwse} | (o)
|
{ =10 ;
I CP 1.20 353 L.00 L.oo 1.00 3.00
2 HY 1.95 906 0.5% oso | 0.43 2.16
cr 0.53 017 ! 312 2,23
|
3Cp 2.65 915 0.61 0.34 i 1.79 1.6
i HP 3.23 9460 0.95 (.64 : 1.49 2.54
cr u.sl 25 i 2.04 1.u7
! X
5 HP 365 926 Ly 103 : 107 i 3.8
cr 0.90 1 051 1.77 2.1
8 HP 363 823 1.44 L4y 11,67 4.37
cr LGz .93 L.66 i 4.2
7T HP 3.05 933 g9 0.88 ' 0.9 . 246
CP C 057 0.20 .88 | 1.34
8 HI 2.25 1100 l 064 020 \ 3.20 148
cp 0.39 | 0.8 i 4.87 i 0.3
t HP=hot pressad; CF =cold pressed and sintercd,
! r
! a 03 PRESSED AND SINTERED [DENSTY ~29) 5 Eguf -/
° f

HOT ESE.J[D NESiTY ~ 2.8}

CREGSE (251

INTEGRATED FRST NELTRON 7o

¢ Lne

2
utrong rgme ]

Percent volume increase of BeQ specimens
versus integrated fast-neutron flux in experiment 41-7.

The Effect of Fast-Neutron Irradiation on Berylllum Oxide
Compacts at High Temperatures

Reference| ;.

W. Keliholtz, J. E. Lee,

Jr.

and R.

E. Moore

12 I,

Nucl. Mater. 11 (1964)

253
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Material

MgO

(sc, po) Property

Swelling

Irradiation
Condition

1.4 %1019 6.5 %1020 n/em? (E > 1
75 2100°C

MeV) HIFAR

= 0 - : T i
!

-]
ir
|ﬂ
L

= Present wora sigie crrstal suspension

hpdizslatic
Data drom Oesusrt anz Smarit961 )

Present Wark o polycrysralline

M Dwnsity Crange iMacroscopic )
n

]

L 1

3 510t

QUSE | Mey

Variation in macroscopic density with dose. The results of Desport and Smith
{1063) are included for comparison.

T T T Al T T T

s K ~RAY DENSITY CHANGE

[ L L L

L
+ 5 [3 7
s MACROSCOPIC DENSITY CHANGE

Comparison of the X.ray volume change and macroscopic density change.

Growth of Magnesium Oxide during Neutron Irradiation

Reference

B. 8. Hickman and D. G. Walker

13

Phil. Mag. 11 (1965) 1101
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Material

Al203 (sc,. pcy Property Swelling

Irradiation

< 5x1020 n/cm2 (2 >1 MeV) HIFAR

Condition 75 v 100°C, 500 v 700°C
T T T T T
-l2r @
x
1.0} x B
L ]
L X i
o §
X
-0.8} 1
ul
] |
z
I
5 X
r -osf 2 i
>
z
(i
o
-2
) [ ]
X POLYCAYSTALLINE DATA
-04 ® SINGLE CRYSTAL DATA i
O DESPORT AND SMITH (5)
i %
X
-02 . -
L L 1 . 1
! 2 3 4 5 R 5x10 %0

DOSE nvl, > 1 MeY

Macroscopic density changes in aluminium oxido after neutron irradiation at 75-100° C.

The Effect of Neutron Irradiation on Aluninium Oxide

Reference

B. S. HicKkman and D. G. walker

15

J. Nucl. Mater. 18 (1966) 197
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A-18
: i . 2
Material BeO { sintered ) Property swelling 1/
Irradiation | < 2x102l n/em? (E>1 Mev)  ETR
Condition 110, 650, 1100°C
OPEN SYMBOLS - VOLUME NCREASE FROM DIMENSIONAL
ME ASUREMENTS
SOLID SYMEOLS - VOLUME INCREASE CALCULATED FROM
LATTICE PARAMETERS
| LOW DENSITY (= 2.7 g/em®)
SMALL GRAIN SIZE (=17 u)
a 1y LOW DENSITY (=27 g/em®)
LARGE GRAIN SIZE (= 34 ,)
s 11 HIGH DENSITY (= 2.9 g/tm?)
SMALL GRAIN SIZE (= 25 u)
v py HIGH DENSITY (=259 g/cm®)
LARGE GRAIN SIZE (= 74 u)
] SINGLE CRYSTALS
i T
r~1o
€
A
| FROM DIMENSIONAL 9 —
B 5 ™ UEASLREMENTS OF CALCULATED FROM
w B0 COMPECTS — 11 v/ AERAGE LATTICE PARA-
a4 METER EXPANSIONS. IN
¥ POWDERED COMPRCTS (214 AND|
g B 210 REFLECTIONS, Ni~ [
<5 RADIATION)
VAT
g2 A
// = meo FROM
i 7 DENSITY MEASUREMENTS OF 1
SINGLE CRYSTALS
|
0
0 O 02 03 04 05 0€ OT 08 (x10?)
FAST-NEUTRON DOSE (n/cm?, > | Mev)
Volume increase of i-in. BeO compacts
and eingle crystals irradiated at 110°C vs fast-peutron
dose.
Irradiation Damage to Sintered Beryllium Oxide as a Function
of Fast-Neutron Dose and Flux at 110, 650, and 1100°C
Reference| G. W. Keilheltz, J. E. Lee, Jr. and R. E. Moore
16 Nucl. Sci. and Eng. 26 (1966) 329




JAERI-M B87-217

Material | Beo { sintered ) Property swelling 1/1

Irradiation | < 2x104L n/cm? (E>1 Mev) ETR
Condition 110, 650, 1100°C

* H0O'C , LOW DENSITY (=27 g/cm™) . LOW DENSITY (=2.7 g/em3)
0650°C | SMALL GRAIN SIZE (=17 ) SMALL GRAIN SIZE (=17 u)
©100°C | LOW DENSITY (227 g/em?) o | LOW DENSITY (=27 9./em®)
0 ES0°C | LARGE GRAIN SiZE (= 34 .} LARGE GRAN SIZE {= 34,;1
4 HOD*C |, HWGH DENSITY (=29 g/em3) o qup HIGH DENSITY [=28 g/em®)
5650°C "' SMALL GRAIN SIZE (=25 ) SMALL GRAIN SIZE {= 25 4l

HIGH DENSITY {=2.9 g/cm?
LARGE GRAIN SIZE (= T4 u)

<

YHOOC | HGH DENSITY (=29 g/cm®)
v 650°C ° LARGE GRAIN SIZE {= 74 )

7 7 1 T i
7~ 100 ;
6 £ 6
/ -
5
gs 71,11 AND 1L - 650 °C E vt v
H v la‘:l ________.--._.—-—-' . |
é‘ / ° W 4 v -
- -
v ] Y m_ | -
< {
2 3 / IV -100 *C ¢ .éf 3 ,_____..T-——-*""""’— s
| L3
£ ey | K ;
g2 —t T Z2- - .
// oo ]
] T . " i 1 -
e——g [-1900 *C
| o
(x102%)
00 5z 04 06 08 10 12z 14 16 (107 0 ! 2 3 4

2 FAST-NEUTRON DOSE (n/cmZ, > | Mev)
FAST~KEUTRON DQOSE [n/om®, >1 MeV)

. Volume increase of 1/2-in, BeQO specimens
Volume incx‘eas;e of 1/2-in. BeO SPECIMENE 4 0 diated at 1100°C in long-term experiment 41-8 (1.53
irradiated at 650 and 1100°C in short-term experiment x 107 sec) ve fast-neutron dose.
41-9 (7.95 x 10° gec) vs fast-neutron dose.

Irradiation Damage to Sintered Beryllium Oxide as a Function
of Fast-Neturon Dose and Flux at 110, 650, and 1100°C

Reference| G. W. Keilholtz, J. E. Lee, Jr. and R. E. Moore

16 Nucl. sci. and Eng. 26 (1966} 329
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A-20
Material a-Aly05 (sC) Property Swelling 1/1
Irradiation| 1018 ~ 1.1 x102! n/em2 (B> 1 Mev)
Condition 150°C, 650°C
o8 1 P e y sy
o5 .
a
i o 6 |
4
o
C-a o A -]
2 g i
z B .
9
u21 *
§ oar ] 4
w *e 4
Fl ¢ i
g B o’ -
o ° 3
. ;
o.2 .t &° _j
2o |
4 Ag a-Ax5 |c-axis | ERROR !
Q LENGTH| @ © 1 g
] i
o wiDT ‘
o, s Hi & o I _!
A i
|
o : J 1 4 L H L i H i L ’
I 2 3 4 5 6 7 & ) 0 H @
INTEGRATED NEUTRON FLUX GozcnﬂblMe\.)
Mucroscopic growth as & function of neutron dose at 150 C (805 rig).
The Irradiation-Induced Macroscopic Growth of a-Alj0,
Single Crystals
Reference] R. S. Wilks, J. A. Dosport and J. A. G. Smith
17
J. Nucl. Mater. 24 (1967) 80
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Material

a=Aly03 (sc) Property Swelling

Irradiation| 1018 ~ 1.1 %1021 n/cm2 (E> 1 MeV)
Condition 150°C, 650°C

020 T T T T
15 - —
A
=<
L Fay
4 o
o *
E A
S olof -
W s} A
o e}
| ]
o °
£
3
RIG Q-AX1S | c-AXIS
DOk ¢ 738 . c b
e}
® 608 A [
L ]
c
[ ]
o | S L ! L ! IS i I
t 2 3 4 5 [} 7 g G 10 i 12
INTEGRATED NEUTRON FLUX Goignv'L;lMeV>
Mucroseopie growih as a funetion of neutron dosc at 1667 C (736 gl

The Irradiation-Induced Macroscopic Growth of a-Alp03
Single Crystals

Reference

R. 8. Wilks, J. A. Desport and J. A. G. Smith

17

J. Nucl. Mater, 24 {1%967) 80
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Material 9-Aly03 {sC) Property Swelling

Irradiation| 1018~ 1.1 x1021 n/cm2 (E > 1 Mev)
Condition 150¢C, 650°C

1o - o e . ‘
| |
I G :
0.9 a-AX15 [c-AXIS [ERRQR !
| LENGTH . o) I
|
| wWEDTH A 4 I
‘ G
OB
‘
|
| 2 !
OTFe -
| O .
—~ 1 :
c \ ;
& |
o6 -
pd .
Q H
) !
z
L 05— i
[¥9) 4 1
1 d ‘ H
= \ '
w ! i
Z 04— s] -
- | e
i :
‘ A !
o3~ -
| © |
! :
: 8 A ;
02~ Y -
: |
‘ a A A i
. i
o)
Q-ik- o -
\ o o2 I
Poa e
| ® :
R} | ! . | | . :
c | 2 E) 4 5 6 7 8 3 IS

G o
INTEGRATED NEUTRON FLUX (nc? Pyt 3 MeV

Macroscapie growth us a funetion of neatron dose ar 650 C.

The Irradiation-Induced Macroscopic Growth of g-21303
Single Crystals

fleference|R. 8. Wilks, J. A. Desport and J. A. G. Smith

17 |7. Nucl. Mater. 24 (1967) 80
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Material 3-5iC

{pyrolytic)

Proparty

Swelling

Lattice parameter

Irradiation

Condition 460°C,

1040°C

2.0~4,2 x102L n/cm2

{(E>0.18 MeV)

ETR

Change in linear dimensions, lattice parameter and X-ray line-broadening of silicen carbide during irradiation

Trradiation conditions

Mean expansion, % (X 5.D.)

Increass in

|
. i Neutron exposure Mean ] . . RM3 in.terna]
Capsule no. | Cell no, {nfcm?) ternperature | 'Lmeﬁ'l.r Lattice strain
(E0.18 MeV) 0) | dimensicns | parameter (% 104)
P-13-F 1 | 2.8 102 630 ‘ 0.24 4 0.02 0.20 £ 0.02 5.0
2 2.8 x 102 1020 [ 0.08 +0.04 0.03 + 0.02 4.0
3 2.7 % 102 1010 0.06 3- 0,04 0.05 + 0.02 3.0
P-13-H 1 3.8x 102 700 0.30 +0.02 0.33 +90.02 3.3
3 4.2x 107 950 0.07 +0.05 0.07 4+ 0.01 3.5
P-13.J 3 3.8x o 1040 0.06 4 0.03 0.10 4 0.04 7.0
5 2.7 x 102 460 0.36 4 0.03 0.34 4 0.04 3.5
P-13-K 1 2.7 % 1020 620 0.23 4 0.03 0.19 - 0.03 5.0
5 2.0x 10 1610 0.03 4 0.04 0.05 4 0.02 3.0
2,5 [MMacro- | Lattice
scopic | Parameter Source
. o] Pyrolytic B, p= 3.17 - 3.20
[present work]
] m] a Single Crystals
2.0
[primak er_al 3]
& a Single Crystals {Balarinhﬂ
< a Single Crystals
[Fravdyuk £5 3 .Sﬂ
R v Self-bonded &, p= 2.1 - 2.2
[Thorme et al .6)]
8]

Saturation linear expansion (%)

1

I

200

400

600

800 1000

Irradistion temperature {"C)

Saturation radiation-induced expansion of
silicon carbide as a function of irradiation temperature
(neutron exposures>>102 nvt).

Effects of Fast-Neutron Irradiation on Pyrolitic Silicon
Carbide
Referencel g. J. Price
18 |J. Nucl. Mater. 33 (1969) 17

— 83 —_
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Material g=g8icC Property Swelling

Irradiation | 1.2 x 1042 n/cm? (E > 0.18 Mev) ETR (Idaho)
Condition 626°C, 1500°C

0.2 T T T T T T
MEAN IRRADIATION VOIDS
TEMPERATURE (°C) GBSERVED
0y - O 625 NG _
A 900 ND
\v4 1000 NO
06 0O 1050 ND —
® 1250 YES 1250°C
- 1500
g s 4 l
=
[=]
7]
=
£ 04 |- _
= 1500°C
[ <4
<L
ud
=
o 03 b -
/
Fd
625°C .
0.2 © ,/ . .
AV
71 900°- 1050°C ]
] | D! 1 1 I 1
] ? 4 6 g 0 12 14

FAST NEUTRON FLUENCE X 1021 (N/CM2}(E > 0.18 MeV)

Expansion of g-silicon carbide as a function of fast neu-
tron fluence at 625°C to 1500°C.

Neutron Irradiation-induced Voids in p-Silicon Carbide

Reference| P. J. Price

20 J. Nucl. Mater. 48 (1973) 47
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A-25

Material | Al,05 ( pc ) Property Swelling 1/1

Irradiation | 4.4 x 1021- n/cm2 (E>0.1 MeV) ETR
Condition 60 - 20°C

i [ J
1 COORS AD-995, 13 pm
11 WESGO AL-995, 23 um
ITII GE OPAQUE LUCALOX, & pm
IV GE TRANSLUCENT LUCALOX, 25 pm
SPECIMENS EXAMINED METAL-
LOGRAPHICALLY, NO GRAIN-
BOUNDARY SEPARATION WAS
FOUND TO BE PRESENT

Z & o Fr B

ORNL ETR
ASSEMBLY ORNL ETR ASSEMBLY 41-46

2 |— 41-44 N

23 N4y
A®O . Noe o
./‘a’"/?
SIS I
(] Pan a
;}q

VOLUME INCREASE (%)

o

0 1 2 3 a 10 5
FAST~NEUTRON FLUENCE (n/tm?2, >01 MeV)

Volume increase of four commercial types of
alumina irradiated at low temperature (60 to
80°C) in the ETH in two identical assemblies.

Charactaristics of C lal Alumina Prodi

Average
Bulk Grala Total Major Impuritiss® {wth)

Dansit Bize lmpuriting®
Typa of Alumina® Bourts u/m‘; {um) (wi'%) Mg & Fe Owser

I, Coors AD-985 Coors Porcelain Co. 3. n 0.43 0.l 0.08 | 0.0& | Cu,D.06
Cr, 0.1

n, Wuu? AL-B05 ‘Wastern Gold and .08 n 0.25 0.1 a.1 ' 0.0)
Platinum Cao.

10, GE cpaqus Lucalox Goneral Elsctric Co. p X} L] 0.8 0.09 | 0.007 | 0.01 | NL 0.00

I¥, GE translucent Lucalox | General Klactrle Co. 3.98 ] 0.14 0.0 | 0.02 .00y

“All specimena of Lie same Lype used in the irradiation program wace of the wame batch,
Yummnary of spectrographic analyses perijurmed by C. Feldwan and Anna M. Yoakum, Ouk Hidge National Laboratory,
Anaiytical Chemisiry Divislon, .

Fast-Neutron Damage to Polycrystalline Alumina at Temperatures
from 60 to 1230°C

Reference| G. W. Keilholtz, R. E. Moore and H. E. Robertson

21| Nucl. Technol. 17 (1973) 234
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A-26

Material

Al,03

{ pc )

Property

Swelling

1/1

Irradiation | 8 x 1021 n/cm? (E> 0.1 Mev) ETR
Condition 70 v 325°C
8
T
o t10-325°C SHORT-TERM ETR 1RRADIATION 41-24
7 - e 140-325°C LONG-TERM ETR IRRADIATION 4{-23 .
¢ 70-90°C LONG-TERM ETR IRRADIATION 44-37
6 | & SINGLE CRYSTAL-WILKS, ef o/ 150°C)
. G GRAIN-BOUNDARY SEPARATION PRESENT 7
E": N GRAIN-BOUNDARY SEPARATION ABSENT /e
w g -/
v A’
=8
W V4
& . e G{SEVERE)
=] /.
Z 4 -
w 110*325'9 Py
= vy
3 . .
g3 4 7
o N
"
2 o ogt-" ol\‘_:_-—-—ﬂ’_'?o—BO'C
oo b5
[)
1 Paii
o]
o 1 2 3 4 5 6 7 {x1peh
FAST-NEUTRON FLUENCE {n/cmZ, >01 Mev)
Volume increase of alumina of type IV after irradiation at low temperatures,
Charsclaristics of Commercial Alumina Producls
Average
Bulk Grain Total Major Tmpuritiaa® (wid)
Depa Bizs impuritiss®
Typs of Alumlna® Bource @fem {um) fwt) g i Yo Gther
5, Coars AD- 9% Coors Porcelain Go. | 3.68 1 0.42 0.4 | 008 ]o.08 | Cu, 008
Cr, 01
a, Wul? Al-205 Waslern Gold aad 10 n . 0.28 [ A} 8 0.03
Platisum Co,
W, GR opague Lucalox General Riscirie Co. | 3.04 . o.08 0.0t | 0.007 | 0.1 | Ni, 000
IV, GE tranaloceni Lucalos | General Kisclrie Co. | 3.08 ) 0.54 0.08 | 6.02 | 0.00%
AL specimena of the aama lype used In [he irradiailos program ware of ine same balch,
Mummary of spectrographle anaiysea performed by C, Faldman and Ampa M. Yoskum, Gak Rldgs National Labaorstory,
Apalytical Cheniisiry Diyiaioa.
Fast-Neutron Damage to Polycrystalline Alumina at Temperatureg
from 60 to 1230°C
Reference| G. W. Keilheoltz, R. E. Mcore and H. E. Robertson
21
Nucl. Technol. (1973) 234
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FAST~NEUTRON FLUENCE (n/t¢m?, >04 MeV)

Characleristics of Commercisl Alumina Products

A-27
Material | Al,C3 ( pc ) Property Swelling 1/1
Irradiation | 8.2x1021 n/em2 (E> 0.1 Mev) EBR-II, ETR
Condition 690 ~ 1100°C
T [ ] I
o L & 1 COORS AD-895, 13 pm
O [ 4 11 WESGO AL-935, 23 pm
o LI GE OPAQUE LUCALOX,6 tm 9307
_® IV GE TRANSLUCENT LUCALOX, 25 um 1 .
G GRAIN-BOUNDARY SEPARATION PRESENT 7?0 C
8 |- N GRAIN-BOUNDARY SEPARATION ABSENT
750°C 4 590%:)
> ©
L> EBR -1 910°C . . a
Y . ASSEMBLY O-1 ﬁ
< [ - o
W {690 - 750°C} . 6
& . 6 [esoec
z Ga T10°C o | o b
L 4 [ 'y ;
« N oN Hoo*C g
3. - N ° | {ai-39) *
o G ° . 7
= a W66 ] GRAIN-VOLUME INCREASE| | o
a N _—",.,—"‘:L’ IN ETR ASSEMBLY A
No®© 41-38 (580- 1070%C) | oM
2 ]
A q‘v N
100°c BN
(a1-38) &
o 21
) 1 2 3 4 5 '3 7 (402"

Volume increase of four commercial types of alumina after irradiation at high temperatures in the long-
term ETR assembly and the EBR-II assembly.

Avarags
Bulk Grala Tolal Major Impuritiga® (wih)
Dshai Bize Impurities®

Type of Alumina® Source {g/cm {um) fwih) g &b Fa Otbur

1, Coors AD-985 Coars Porcelain Co, J.88 13 £.42 0.1 004 0.08 Cu, 0.08
Cr, 0.1
R, Wnl? AL-085 Weplern Gold and N - 0.26 0.1 6.1 .0.03
Plaupum Co.

I, GE opagus Lucaloy Gonaral Blectriz Co, 3.8 L] g.08 0.03 | 0.007 | 0.0¢ Hi, 0.1
IV, GE tranalucent Lucalox | Gensral Elsctric Ca. L8]} k1] 0.14 0.08 | 0.03 G.003

*All specimens of the same type used In the Irradiaion program ware of Ihe same batch.
“Summary of spectrographic analysss perlormed by C. Peldman and Anna M. Yoakum, Cak Ridge National Labaratory,

Amalytical Chemisicy Division,

Fast-Neutron Dama
from €0 to 1230°C

ge to Polycrystalline Alumina at Temperatures

Reference

G. W. Keilhotz,

R. E.

Moore and H. E. Robertson

21

Nucl. Technol. 1_7“ (1973) 234




JAERI-M 87-217

FAST-NEUTRON FLUENCE (n/cm?, >0.1 Mev)

A-28
Material Aly03 ( pc ) Property Swelling 4/4
Irradiation| 4.2 x102L n/cm? (E> 0.1 MeV) ETR
Condition 400 v1230°C
7 T T T T
a | COORS AD-99%, t3pm 2307
& 1] WESGD AL-995, 233m 5
6 | o 111 GE OPAQUE LUCALOX, 6pm a
» IV GE TRANSLUCENT LUCALDX, 25 pm !
% SINGLE CRYSTAL - WILKS, e/ o/ (650°C) AR
5 | © GRAIN-BOUNDARY SEPARATION PRESENT
;E N GRAIN-BOUNDARY SEPARATION ABSENT /
b S80°C 4] 7ecc
o 4 H ry
& il
=g\ S
gl 3 = L1 \ G N -
3 TiQ*C " & Y _e__‘x g 3
[=] [ N bl
>2 o al% °n~§=sao'c\
n = (| % /gqgoc‘ Tio0C
400°C - ! . N
GRAIN-VOLUME INCREASE i
! e r
&
L ]
0 1
) 0.5 1.0 1.5 20 25 10 35 40 (x102Y)

Volume increase of four commercial types of alumina after irradiation at high temperatures in the short-

term ETR aggembly.
Charactaristics of Commercial Alumina Products
Averige
Bulk Grain Total Major lmpuritieab (wik)
Density Siza impurities®
Type of Alumina® Socurce gfem’) {pm} (wiB) i 81 Fe Other
1, Caors AD-BU5 Coors Porcelain Co. 3.688 13 Q.43 0.} 0.06 Q.08 Cu, 0.06
Cr,0.1
I, \thuq AL-BB5 Western Gold and .85 13 . 0.25 0.1 Q2.1 ' 0.03
Platinum Co,
I, GE opaque Lucalox General Electric Co. 3.0 8 0.08 0.03 | ©.007 | .01 Ni, 0.01
1V, GE translucent Lutalox | General Electric Co. 306 a5 0.14 c.08 | 0.02 1 0.001
*All gpecimens of the aame lype used Ln the irradiation program were of the same Dalch.
wSummary of speclrographic analyses pariormed by C. Feldman and Anna M. Yoakum, Oak Ridge Nationzi Laboratory,
© Analylical Chemistry Divislon. '
Fast-Neutron Damage tc Polycrystalline Alumina at Temperatures
from 60 to 1230°C
Reference| ©. W. Keilhotz, R. E. Moore and H. E. Robertson

21

Nucl. Technol. 17 {1973) 234
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A-29
. Alz03, Y203 -
Material Y503 - 108 Zr0; Property Swelling 1/1
Irradiation| 2~ 6 x104L n/em2 (E> 0.1 MeV) EBR-II
L 377°c, 602°C, 752°C
Condition
Neutron Macroscopic
Irradiation Fluence, n/cm?® Swelling,
Material Temperature, K (En>0.1 MeV}) AVIV, %
Al Oy 650 5.8 x 10% 2.2
(Sapphire} 875 4,3 x 107 2.0
1025 4,4 x10%% 2.1
A0, 650 4.1 x 10% 1.5
{Lucalox) 875 3.7 x 10" 2.3
1025 3,2 x210" 1.4
A0, 650 4,8x 10" 1.7
(AD-599x) 875 4.0 x 10% 2.1
1025 4.1 x10% 2.4
Y0, 850 (Moly. Corp. ) 6.0 x 10% 6.2
875 (Moly, Corp. ) 5.1 x 10% (-0.1)3
1025 (Lindsey) 5.4x 107} -0.3
Y0, - 875 3.3 x 10%? (0.0)a
10% Zr0Q, 1025 3.9x10% (0.1)2
(Yttralox)
aBelow level of significance,
Neutron Trradiation Damage in AlG3 and Y201,
Reference| F. W. Clinard, Jr., J. M, Bunch and W. A. Ranken
23 Conf. Proc. Radiation Effects and Tritium Technology for
Fusion Reactor, CONF-750989, 1976, I1-498
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Material | Al;03 (sc,pc) Property Swelling

Irradiation 2'\16:{102l n/cm2 (>0.1 MeV) EBR-II

[+ [+] o
Condition 377°C, 602°C, 752°C

6 T T T T
025K 875K
Avco ] °o
AD999x » o T
& Lucalox * ]
é 41~ Teco Sapphire & A —
g3 —
[+ 1]
£l ’ |
2
= .
0 ] ! ] ] 1
(o} | 2 3 4 5 6

Fluence(loZl n/crnz, E > 0. MeV)

Volumetric Swelling of Al;Os as a Function of Neutron
Fluence at 875 and 1025K. .

5 T T T T Y
Avco L
W 4L AD999x = _
A AD935b X
o Lucalox ¢ ] 875 & 1025K data
E a3l Teco Sapphire & -
g
o 20 + —
E
2
=M il
o) 1 | i I | 1
0 i 2 3 4 5 6 7

Fluance (10° n/cm?, E,>0.1 MeV)

Volumetric Swelling of A1:O, as a Function of Neutron
Fluence at 650K. Data from Fig. 1 are Shown for Comparison.

Neutron Irradiation Damage in Alp03 and Y303

Reference| F. W. Clinard, Jr., J. M. Bunch and W. A. Ranken

23 Conf. Proc. Radiation Effects and Tritium Technology for
Fusion Reactor, CONF-75098%, 1976, II-498




JAERI-M 87-217

Material| Alacs ( sc ) Property Swelling

Irradiation

Condition

26 x1021 n/cm? (E> 0.1 MeV) EBR-TI

377°C,

602°C, 752°C

Dimensional Chonge per
Unit Fluence %/IOZI nlanz

] | | ] I
0.4 ' }- =
V’/
~
03— ”,, —_
~~  c—axls (length)
0.2 ”~ 4
¥
—_ o-coxls {diometer)
'hq.-_._
i‘- — %
—
0o 1 l | | |
500 600 T00 800 S00 1000 100

Irrodiation Temp, K

Dimensional Change per Unit Fluence versus Irradiation

Temperature for Sapphire Irradiated to Neutron Fluences from 4.3 to
5.6 x 10® n/em® (E;>0.1 MeV).

Neutron Irradiation Damage in A1203 and Y504

Reference| F. W. Clinard, Jr., J. M. Bunch and W. A. Ranken

23 Conf. Proc. Radiation Effects and Tritium Technology for

Fusion Reactor, CONF-750989, 1976, II-498

—91-
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A-32
. Y203 :
Material ¥,0; - 10 % 2r0, Property Swelling /1
Irradiation | 246 x104L n/em? (E> 0.1 Mev) EBR-II
Condition 377¢C, 602°C, 752°C
I(BES K8]7'5K GTSOK '
1O+ Ytralox &  ® o -
Moly.Corp. ® ] o /
0 08 Lindsey & & 2/ -
L)
) /
%(16— /// -
o
O /~~Fine grain olumina
B 0.4} / (875K~ 1025 K} -
[
® /
g 0.2
=T -~ + + JL
of———1-— - ﬁ— —
-0.2 i ] | 1 i i
8] I 2 3 4 5 6 7

Fluence (I0° n/em’, E,> 0. MeV)

Diametral Change of Y0, Made from Moly. Corp. and

Lindsey Powders and Y;0,-10% ZrO, (Yttralox) versus Neutron Fluence.
Data from Fig. 1 are Shown for Comparison.

Neutron Irvadiation Damage in Al;05 and Y303

Reference

F. W. Clinard, Jr., J. M. Bunch and W. A. Ranken

23

Conf. Proc. Radiation Effects and Tritium Technolegy for
Tusion Reactor,

CONF-780989, 1976, II-498
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A-33
Material | Zro, (stabilized) Property Swelling 11
Irradiation | v 4.4 x 1021 n/cm2 (E > 0.1 Mev) EBR-II
Condition 377°C, 602°C, 752°C
Irradiation Conditions and Swelling Values
Tor Stabilized Zr(Q. Samples
Irrudiation
Sample No. wmp. (K) Fluence (= 10 nfem®)t AVIV (%)
1* 650 4.4 0.21=0.12
2 650 3.3 0.21=0.12
3 650 28 0.10=0.26
4 875 25 1.45=0.04
5+ 875 38 1.76 £0.26
6* 1025 2.8 -0.05+0.09
*Also evaluated by TEM. t£,>0,1 MeV,
= T T T T T
N 2o w0 i ]
:\: 6 ma% ¥, Oy T
-— 4 N
Ng L5 // \\ —
g = / \
= / \
.g LAY ," \ —
g s / \
aw / \
SE..L Vo
g0
?z - / \
e } !
L e B I— —~
:
il W ) ! ! ] ]
€00 706 80D . 900 oo
IRRADIATION TEMP. {K}
Swelling of stabilized Zr(Q), afier radiation,
Neutron-Trradiation Damage in Stabilized Zr02
Referencel F. W. Clinard, Jr., D. L. Rohr and W. A. Ranken
28 J. Am. Ceram. Soc. 60 (1979) 287
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Material

Y203,RBeC,S513N4,51alon

Swelling,
Property K

Thermal diffusivity

Irradiation| 2.8 x102L n/cm?2 (E>» 0.1 MeV) EBR-II
Condition 740°C
Volume Swelling and Thermal Diffusivity Reduction
of Oxides after Irradiation*
Thermal
Volume diffusiviry
Matenal Type swellmg (%) reduciion (%}
Sapphire Single crystal (0001} 1.6 45
Sapphire Single crystal (1012) " '
ALO,; (Ad 995)  Polycrystal 1.9 53
MgAlO, Single crystal 0.1 8
Spinel Polycrystal a3 45
WAL Single crystal 0.0 62
Y,ALO,, Poulycrystal 0.2 54
Y10, Polycrystal ¢!’ 24
Y10,-12:0, Polycrystal 0.3 n
BeO-58iC Polycrystal 33 60
Niberlox Polycrystal " "
2 8% 10* nfem® {£,0.1 MeV) at 1015 K (740°C). tBelow level of significance.
$Estimated starting value.
Volume Swelling and Thermal Ditfusivity Reduc-
tion of Nitrides and Oxynitrides after Irradiation®
Thermal
VYolume diffusiviry
Mauterial swelling (%) reduction (%)
510N, 0.0 68
SiyN, (NC-132) 0.4 52
SLN 03 53
Sialon 0.5 31
*2.8x10" nlemf(£.20.1 MeV) a1 1015 K (740°C). tApprozimate density 3.1.
Description of Materials lrradiated
Mauerial Descniption. Major impurities {ppm*)
AlO, Single crystal (1012)! 60 Fe, 50 Nb, 40 Mo
AL Oy Single crystal (0001) 80 Fe, 15 Ni, 100 Nb

AL, (Ad-995) Polycrystal®

2000 Mg, 2000 Si, 1000 Ca

MgAlO, Single crystal (111)* 100 Si, 20 Fe, 1-10Ca
MgALO, Polycrys 400 Si, 100 Ca, 80 Na
Y3ALO: Single crystal (111)} 10 Si, 10 Fe, 1-10 Ca
Y,ALO, Polycrystal 2-6000 Si, 300 Ca, 300 Mg
SiyN, (NC-132)  Polycrystal** 5300 WC, 6000 Mg, 2500 Fe, Al
SN, Polycrystai'! 2% Mg, 2000 Al, 1800 C
Sialon (2SuNCALDAINI+5 wi%e YOt 400 Fe, 300 Mg, 200 Ca
SiL,ON, Porous pol¥crysla.l“ 5000 Ca, 2000 Al, 2000 Fe
Y,0, Polycrystal'' <500 Zr )
Y30,-1Zr0y Polycrystal't . 9000 Zr, 80 Al, 5C Si
BeO-55iC Ptégcrysmi-dispersed sich 5.1% SiC, 5000 Al, 400 B
Niberlox B

polycrysta]-’dispcrsed

second phase

2.39% Al, 2.9% Si, 1000 Mg

*Measured by LASL Anaiytical Chemisiry Group. tTyco Laborataries, Inc., N.H. iLinde Div., Union Carbide
Cerp., New York, N.Y. §Coors Porcetain Co., Golden, Celo, ILos Alamos Scientific Lab, Los Alamos, N.M.
s*Nonon Co., Worcester, Mass, ttCeradyne, lnc., Sams Ana, Calif. $31. M. Wimmer, Air Force Materials Lab,

Wrighi-Patierson AFB, Ohio. §§ National Beryllia Corp., Haskell, N.J.

Irradiated Ceramics

Swelling and Thermal Diffusivity Changes in Neutron-

Reference| G. F. Hurley and J. M. Bunch

30 | ceramic Bulletin 59 (1980) 457
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A-35
Material | MACOR Property Density 1/1
Irradiation | 10%8, 10*® 14 Mev n/em?  mTNS-IT
Conditicn rocom temperature

Density changes in irradiated MACOR.
Sample Number Normalized Density
fluence of samples density range change,%
(n/mz)
cont§81 3 11.00008  —emeem

1022 2 0.9999 - 1.0002 ————

10 2 1.0005 - 1.0010 +0.05 - +0.1

14 MeV Neutron Irradiation Effects in MACOR Glass Ceramic

Reference

J.D.Fowler,Jr., G.F.Hurley,

J.C.¥Xennedy and F.w.Clinard,Jr.
32 J.

Nucl. Mater. 103 & 104 (19381) 755
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Material| MgO, MgAl;0y

Property

Swelling, 1/1
Mechanical properties

Irradiation | 2.1 x 1022 n/cm? (E> 0.2 MeV) 4.6 x1022 n/cm? (thermal)
Condition HFIR 157°C

Strength of Mg0 and MpAl,0, by Diametral Compression Tests.

Samples Trvadiated to 2.1 x 107% n/m? E“>0.2 MeV.

Sample Control, Mpa (No.) Irradicted, MPa (No.) Change, MPa (%)

MgO-1 23.1 = 1.0 (6) 25,9 £ 1.1 (3) + 2.8 a2

Mg0-2 25.4 £ 1.1 (3 31.6 + 0.6 (3) + 6.2 (24)
(6} 152 +11 (M +25 (2o

MgAl,0, 127  + 4

Characterization of Trradiated Materials

Material Source AFull Major Impurities Grain Size
L Density We. Percent “
MgO-1i Degussa 75 .3 Fe, 1.2Ca, 1.7 81, .8 Al See Text
Mg-25
Mg0-2 Honeywell 79 .08Fe, .3Ca, .085i, .02Al See Text
M-30
Mgal,0,-1 American G4 .0iFe, .0lCa, .04S5i 10 pm
l.ava o o
Material Vol. Swelling, %
MgO~-1 2.6
Mg0-2 3.0
MgAlzDh 0.8

Structural Properties of Mg0 and MgAlp04. after Fission
Neutron Irradiation near Room Temperature

Reference| . F. Hurley, J. C. Kennedy and F. W. Clinard, Jr.

33

J. Nucl. Mater.

103 & 104

(1981) 761
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* Fluorine is added at 6.3 wr.I to substitute

A-37
. Si0z .
- : Swellin Hardness 11
Material Si0y-based Glass Ceramic Property ek /
s , 22 2
Irradiation | ~ 2.7 x10 n/em® (E> 0.1 MeV) EBR-II
Condition 400°C, 550°C
Swelling and Hardness Results
Sample Ti"(nC) ¢t{1022 nfem?), E>0.1 Mev aV/Vo (%) Hardness,* kg/um?
Infracil 400 2.4 -1.4 583 (526)
Infracil 350 2.5 ~1.1 621
Macor 550 2.7 1.1 475 (267)
DH 400 2.3 1.5 507 (320)
DH 550 2.7 6.7 443
DI 400 1.9 3.0 695 (347)
Dl 550 2.2 2.1 537
pJ 400 2.2 2.8 545 (375)
nJ 550 2.5 2.0 498
ReX, ceramic 400 2.0 0.8 575 (544}
ReX, ceramic 550 2.1 1.0 624
ReX, glass 4«00 2,2 ~0.4 527 (470)
ReX, glass 550 2.3 -0.7 574
* Kumbers in parentheses represent unirradiated values.
Ceramic Cowpositions, wt.X
Sasple sz Al.‘,DJ Mgo A‘ZOS !203 ZrDZ KZO Hg]-'2 L120 ?205 Cel ZnQ Bap Na0
Macor* 52,0 15.0 15.0 - =- 9.0 —- §.0 -t -—— —— —— e mun —_—
br 60,5 _— 13.5 2.0 —_— - 13.5 10.4 -— —— e—— -— _—
p1 51,7  ~-—  13.B - -—= === 138 10,6  e== e eem — mwe
pJ 58,8 -—-  12.3 1.9 -— 19 15.1 101 ——  — o eme e __
HRE6B4COD 60,0  ==m  mam oo === wma eem e 9.0 —- 0.5 =— 28,5 .
M5011-A 46,2 9.5 -— — ——r m=- _— .= - 2.0 — 32.2 4.8 .8
ReX LB 5.1 e-e eem 3.2 e 4B e 1206 2,5 mmm e e
Infracil 100.0 —_ -— _— e —— —-— - 2.5 — -—— —_ —

with axygen.

Neutron Irradiation Effects on Si0O3 and 5i02-based Glass

Ceramics
Reference| D. L. Porter, M. R. Pascucci and B. H. Olbert
34 J. Nucl. Mater. 103 & 104 (1981) 767
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A-38
Material | m-8iC, SicC(NC-430) Property swelling 1/1
Irradiation
1.2 x1021 n/cm?2 (E>» 1 MeV) HFBR (BNL)
Condition
50k Tir £200°C -~
———T _ﬁs
4'0 . ””d’f )
/’ B
T /
//_ T
\
AV (e,\30F /
VO /7
f
!IO
20F i/
!
! . .
IOI-,’ 1 A a-sintered SiC (Carborundum)
/ O Reaction-bonded SiC (NC-430)
I i | i ]

1
0 2 4 o) 8 110 12
Fluence (n/m2 x 1024, E>IMeV)

Suelnng.%. vs Fluence for NC-430 5iC and Sintered a-SiC

o

Ceramic Materials for Fusion Reactors

Reference| G. Hopkins, G. C.

Trantina and J. Corelli

36
February 1981

AP-1702, EPRT Research Project 992,

Interim Report,
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A-39
Material | a-siC, SiC{NC-430) Property Density 1/1
frradiation| o 5 1021 n/em? (E>1 Mev) HFBR (BNL)
Condition
Fluence {n/m2 x 1024 E >{MeV)
0 2 4 6 8 IO 12
I [ ' [ | !
\ |
\ & a-sintered SiC
'I'O_\\ O Reaction bonded SiC (NC-430)
\ Tir < 200°C
\
-20—
\
£8(%) \
0 \
30 \\
) N\
~
\\\
_4£)_‘ --_~-‘___--
50—

Density changes %_6_ va fluence for NC-430 SiC and sintered 3-SiC

o

Ceramic Materials for Fusion Reactors

Reference| G. Hopkins, G.

C. Trantina and J. Corelli

36 AP-1702, EPRI Research Project 992, Interim Report,

February 1981
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A-40
Material| MgO, Al303, MgAlpJ4 Property Swelling 1/1
Irradiation | 2.3x 1022 n/cm?2 (E> 0.1 MeV) EBR-II
Condition 157~ 827°C
Irradiation parameters and measured swelling
Sample Meutron Muence Estimaied Ircadiasion Swelling
(>0.1 MeV), dpa temperature (vol%)
(X10®% am™ 1) (K) (T/T.)
pc M0 (1) 214 30 0 04 26
pe M0 (2) AR 30 430 G614 30
sc AlLO, 0.03* 0.3 430 .19 -
03 3 1015 0.44 1.7
0.8 B 925 0.39 2.7
0.8 8 1100 0.47 3t
1.2 12 925 033 32
12 12 1100 0.47 3
1B 1] 925 039 33
18 1B 1100 047 39
12 2 925 0.39 4.0
22 2 1100 047 42
2.3 23 925 039 41
23 23 1100 a.47 4.4
pe AL, 0.3 3 165 044 19
1.2 12 §25 039 30
1.2 12 1100 047 6.0
1.9 1% 925 0.39 s
19 1% 1100 047 6.3
2.3 23 92% 0.39 35
2.3 23 1100 047 6.5
s MgAl, 0, 03 3 1015 042 <0.1
0.8 ] 925 0.8 0
23 23 915 0.38 13
23 23 100 046 o
pe Mgal, 0, (1} 03 3 1015 042 04
2.3 23 915 0.38 0.2
23 23 1100 046 16
pc MgAl,0, (2) 1% kN 430 018 0.8
* >0.2 MeV.
Materials used in the present scudy
Muterial Source Majol impurities (w1 ppm) Grain 2z Fracuon
(xm) of Lheo-
Tetical
denty
pe MgO (1) Degusia Corp. 170008 12000Ca  B000AI 3000 Fe 14,289 (XY
P MgQ (1} Honeywell, Inc. 3000 Ca 800 Fe 800 Si 300 Al la, ™ omy
© ALO, Linde Division
Union Carbiis Corp. &0 Fe SNG40 Mo
= AlO, Tyco Laboratories,
Inc. 100 Nb 80 Fe 13 Ni
pe ALO, Coor Poreelnio Co
Ad 995 2000 My 2000 Si 1000 Ca 1 0%
2 MgAl, O, Linde Division
Union Carbide 100 Si 20 Fe 8 sCa
pc MpAL O, (1) Reaction
sintered 400 Si 100 Ca 30 Na 58 0 Fe 0.3 >0.99
pe MgAl 0, (2} American Lava
Corp. 400 Si 100 Fe 100 Ca 10 0.94
* Bimodal grain sire distibution,
% Dengity deliberaiely dept low for another sudy.
x=single crysial, pe=poiycrysial.
Neutron Irradaition Damage in MgO, Alp03 and MgAl2Oy4
Ceramics
Reference| F. W. Clinard, G. F. Hurley and L. W. Hobbs
39 J. Nucl. Mater. 108 & 109 {1982) 655
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Material | a-Al,04

Property Swelling 1/1

Irradiation} < 500 MC/m2 1 MeV electron (HVEM)

Condition 607 + 857°C

10 L ] T T I T T T T T T T ]
3 o 1000 1
i c 100 a.p-p.-m. Helium 1
a4 0 7
3
>
. -
< - -
Pl :
| o
A=
= L
> /
g1 ! R | i n A\ T T ST
sC 100 1000

Electren dose x 10°(C/m?)

Volume fraction of voids as a function of 1 MV electron fluence for pure «-Al,0,
and for «-Al,O,; doped with 100 and 1000 a.p.p.m. helium. The solid line

has a slope of (-6.

Radiation Damage in Pure and Helium-Doped u—AlZO3 in the HVEM

Reference, G. P. Pells and T.

Shikama

41

Phil. Mag. A48 (1983) 779-794
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A-42

Material 0=Al703 Property Swelling 1/1

Irradiation| < 500 MC/m2 1 MeV electron (HVEM)
Condition 607 v 857°C

TIT,
035 04 045 05
T T 1§ T
10F -
400 x 10° C/m?
8- 5 |
5
>
| / |
k=
T;' ]
(]
v
3 4LE |
=y
T
2L ! ? |
? |

0 | I ;
800 300 1000 1100 1200
Temperature (K)

Void swelling of z-31,0, doped with 1000 a.p.p.m. helium as a function of temperature
at a displacement dose of ~20 d.p.a.

Radiaticon Damage in Pure and Helium-Doped a-Al5,03 in the HVEM

Reference|s, p. pPells and T. Shikama

46
Phil. Mag. A48 (1983) 779-794
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Material

w-Al905 { sc ) Property

Swelling

Irradiat
Conditio

ign| < 500 MC/mZ 1 Mev electron (HVEM)

n 607 v 857°C

20

Void swelling (Vol %)

M30K

® 1070 K -
a4 98BS K
o o 880K .
001 ] ]
10 100

Fluence x 10% (C/m?)

1000

Volume fraction of voids in 1000 a.p.p.m. helium-doped «-Al,0; as a function of
1 MV electron fluence, The solid lines are for a slope of 0-6.

Radiation Damage in Pure and Helium-Dcped n-Al2047 in the HVEM

Reference

G. P. Pells and T. Shikama

46

Phil. Mag. A48 (1983} 779-794
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Swelling,

Materiall! MgAl,04, A1203, Sij3Ng |Property Strength

Irradiation

2.2+0.4x1022 n/cm?2 (E> 0.1 MeV) EBR-I1
407°C, 542°C

Condition
Swelling and strength changes after irradiation to 2.2:0.4 x 1026 n,n'i'n2
{E>0.1 MeV) at 680 and BISK
Material Condition/ Yolume Kumper of Strength, MPa
Irradiation Change, 1" Bend Bar Samples and [Standard Strength
Temperature, K Deviation] Change, %
HgA1204 w control - H 145 [18] --
(sc)” 680 0.0% 4 279 [28] +92
815 -0 g 254 [20) +75
wga1,0, 2 control - 3 129 [ 2) -

(pc)” 680 -0.19 8 178 [14] +38

815 -0.35 4 171 [16] +34

HgA1204 3) control -- 5 nz [12} -

{pc} €80 -0.39 k] 156 [12] +39

815 -0.3] 3 137 173 +22
4)
Al,0, contrel -- 8 273 [80] --
(s 680 3.54 4 290 [43] +6
815 .37 4 333 [40] +22
A1203 5) control - 7 302 [68] --
(sc) 580 3.52 4 330 [e2] + 8
s j.zg 4 286 [124] -5
6}
513?44 control - 7 234 [20] --
(pc) &80 1.1 4 195 [12] =17
815 1.0 4 218 { 7] -6
S1C/qraphite N At 680 K, S1C swelled 1.47 vo)% and graphite densified
n7 vol %, resulting in nearly-complete delamination.
t The negative sign represents densification.
T (se) - single crystal, {pc) = polycrystal.
Spurces, {mpurity contents in wt ppm and other characteristics of test materials are:
Linde Division, Union Carbide Corp.; 100 Si, 20 Fe, B B.
Ceradyne Inc.; 1000 Li, 200 Fe, 70 Ga, 60 Ca; ~99% dense.
Coors Porcelain Co.; 1500 L§, 150 Fe, 40 Si, 30 Ca; grain size ~100um; ~100% dense; ~1% Meﬂa-r!ch-
Tyco Laboratories Inc.; 100 Nb, BO Fe, 15 Ni.
Linde Division, Union Carbide Corp.; 60 Fe, 50 Nb, 40 Ma.

) Ceradyne Inc.; 20,000 Mg, 2600 M), 30C Fe, 200 B, 200 Ca; beta phase, with Mg0 present. Tnis
ceramic was an experimental material made from powders bail-milled with R1,03 balls to reduce
residua) ragioactivity. No attempt was made to optimize strength or control boundary phases.

13 Materfals Technology Corp.; themically vapar-deposited stoichiometric g-phase SiC on isctrapic
graphite of 18 wm grain size and density 1.80 g/cc.

Structural Performance of Ceramics in a High-fluence
Fusion Environment
Reference F.W.Clinard,Jr., G.F.Hurley, L.W.Hobbs, D.L.Rohr and R.A.Youngman
43
J. Nucl. Mater. 122 & 123 (1984) 1386
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A-45
Material MgAlo0g Property Swelling 1/1
Irradiation| 4.7 x1017~ 7.9 x1018 n/cm? (E>0.1 Mev)  OWR
Condition o 50°C
A I 1777'77771»7' I _] s E—
005 —
Mg AL, O,
&
L, 0041 ——— -
o]
Q
> B
@ 905 J} N_, -
Z
iy
I 9o B
=
n
OO gl SWELLING FROM 508X 10% Gy GAMMA h
o 1 1 1 PR W T
s} 2 4 [ ]
FLUENCE, 10?2 n/m?
Swelling of single-crystal MgaAlL 0, spaael alter irrudia-
ton in OWR at = 50°C.,
T T T T T T
Q05 -
o4 - =
”®
GRS B
_:
[e
>
- D02k —
=4 o 186X 1022 n/m?
3 A 297X10%7 nrm?
o oot a 573X n/m? N
g s 787 %10 n/m?
v a 1 1 i ! 1 A
0 00 200 300
TIME , DAYS
Swelling as a function of storage time after removal
from the reactor for four fluences,
Swelling of Spinel after Low-Dose Neutron Irradiation
Reference/w. A. Coghman, F. W. Clinard, Jr., N. Itoh and L. R. Greenwood
33
J. Nucl. Mater., 141-143 (1986) 382
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A-46
. Swelling
Material MgAlz04, Al203 Property Tensile strength 1/1
Irradiation] 2 x 1022 n/cm? (E > 0.1 MeV)  EBR-TII
Condition 387°C
Material Source Impurities (wppm)
MgAl 0, Ceradyne, Inc. 1000 Li
200 Fe
70 Ga
60 Ca
Al,O, Coors Porcelain Co. 1500 Li
150 Fe
40 Si
30 Ca
CONTROL HRADATE D CONTNGL WRRAOW TED
I V2772 Fuwnce = 13 3 W0-28 oy ™1 U777 Puwnce = 1.2 5 10720 npw2

MODULUS OF RUFTURE {WPe)

0

00

24.4 % Increase

25.6 X Decreqgss

%
?/

i

w

CERsaC TV

o DENSITY (gms/cm-3)

318 % Densification 3.22 X Sweliing

. Change in tensile sirength after irradiation for MgAl 0,
and Al,Oy; irradiation temp. = 660 K.

\
L

]

Cliapas TrFf

Density changes after iwrradiation for MgAl, 0, and
Al;0y; irradiation temp. = 660 K.

Effects of Neutron-Irradiation on MgAl;0Q4 and Alj03

Reference|D. S. Tucker, T. Zocco, C. D. Kise and J. C. Kennedy

54

J.

Nucl. Mater.

141-143 (1986)

401
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Material BeO { sintered ) Property Rupture strength

Irradiation| < 1.5 x162% n/cm2 (E > 1 Mev) ETR
Condition 100 ~ 1200°C

PERCENT OF UHITRADIATED MODULLIS.OF.RUB TURE LTREHD TH

< PERCEMT OF UNIRGADIATED MODULUS-OF.RUPTURE 4TRENGTH

CuBvE FOR |
100%C IRRADIATION
1.8 glem’ B| [}
.6 alem
180 fef q’.a 4 b ! \
D O B il o -
Y _.: T L :\‘
A o]
< t “‘?}?— n :
1Ayt
! il
ANCE ' v
L N o1
+ ! b |
I v y kel 1 e
\ ?
! ™ \ s} O
i
A
\ |
]
oy aa |
o rs oRiRI ) — |
1 o vl :
1T
N &L
! 3 T
: N A
* ™ +
'
Fmicran gram sies Wemicran groun 1ire
L Demvity Dusity  §
O 1o giem’ Q26 grem’ ]
#2175 qien? #7275 prem? . m?
029 giem? 024 g7er’ 023 yrea?
6.| 6.2 LX] e 1.0 0 ¥} 0.4 C.é 12 o1 o7 a.« b.& Lo O 4.1 LR 0.4 1.8
LENGTH EXPANSION, pecrent LENGCTH EXPANSION, garcen: LEHETH EXFANSIDN, pavewns LENGTH EXPANSION, secent

Modulus-of-rupture strength of randomly oriented AOX-grade BeQ irradiated at 600°C to 950°C to dosages of
0.5 to 1.2x10% ovt (= 1 MeV) as a function of length expansion.

- S
»% . b s
T » Qo
oTE -8 (] g Lol
[e] Py O e ] .
o
L : 5 .
o b
B H o350 )
] + o s o ] D
Ll N
B 4 1 5
L] hd I Y
- : o
5 ) le' ik A B
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‘ 1!2%
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i 1 L b :
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i I i
+ 4 :
1] i | i
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] ;
L 1 i !
= i
e b b 1o gn i ! ~Vemicrer graer wiae Tomieean groin sae e
Benrity |
Qs grem? @76 greal PR
13yt ®TT5 pem? 775 grent
019 giem? [SEX v O~ 2.9 yiem’
Lo i | | | i .
LN [ L ¥} XY [E- I N4 0.2 a4 0.6 e er B2 Q. L XY a0 b3 L2 L XY (X3
LENGTH EXPRNSION, pareans LENGTH EXPANSION, prcam LENCTIS ERPANSION. partan: LENGTH EXPANYIOH, parcont

Modulus-of-rupture strength of UOX-40.5 wt 9, MgC composition of BeQ irradiated at 600°C to 950°C to
dosages of 0.5 to 1.2 x 10% avt (= 1 MeV) as a function of length expansion.

Reference

5

Radiation Effects in BeO

C. G. Collins

J. Nucl. Mater. 14 (1964) 69-86
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Material

Al303 (s, pe) Property Fracture strength

Irradiation| < 5 x1020 n/cm2 (E > 1 MeV) HIFAR

Condition 75~ 100°C, 500 ~700°C
Results of mechanical property measurements
Material | Dose (nvt) oifou
Fine grain. . . . . . . 1.3x10% ¢ 038
(Material B) 1.7x10® + 1.3
P 2.1x10% o 1.5-1.7
L 3.5 %10 1.0-1.6
5.0 x 1020 1.6
Coarse grain. . . . . .  2.1x10%® 1.1-1.2
(Material C) o 42x10% 1.3
. 5.0x10% 0 1.2-1.3
The Effect of Neutron Irradiation on Aluminium Oxide
Reference| B. S. Hickman and D. G. Walker
15 J. Nucl. Mater. 18 (1966) 197
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Material B-8iC (pyrolytic) Property Rupture strength

Irradiation| 2.0~4.2 x1021 nve (£ >0.18 Mev) ETR
Condition 460°C, 1040°C

Mechanieal property changes in irradiatod pyrolytic silicom earbide

Nentron exposure Mcan ! ( Mean irradiated praperty ) LS
Cell no, {nfem®) . temperature D\ Mean unirradiated property =
(=005 MeV) | tC} ST
; Modulus of Tuptnre Youngs modulus
1 2.8 100 G30 . 118 & 0.1y } 008 4+ 0.06
2 oud 3 28107 . 1020 104 £ 005 1.03 2 0.05

Reference

18

Effects of Fast-Neutron Irradiation on Pyrolitic Silicon
Carbide

R. J. Price

J. Nucl. Mater. 33 (1969) 17
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A-50
. Sic Fracture strength
. . 1/1
Material (reaction-bond S5iC) Property Young's modulus /
Irradiation | 3 x 1021 n/cm2 (E>1 MeV)
Condition 400, 650°C
n 360 .
Z 320 Mechanical properties of irradiated silicon carbide,
x o 450 *C
x 280 4650°C Irradiation history Fracture strength
£ 240 -——--?;:v§
& L= Nominal Temp  Mean Standard Young's
W 200 /* ~§ dose (°C) strength deviation  modulus
¥ 60 e (nfem®) (MN/m?)  (MN/m?y®)  (GN/m?)
=) . ’
2 - —
s 1201 As rec’d —_ 341 69 393
L 90 N | 4 n L i L n L i PR 20 n=30
e 1 2 3 4 85 & 7T B 9 0 30 1.1x 10 400 170 28 . 339
DOSE, n/emZ 5 1010 n=12
20
3 X 500 ] 7
Fracture strengths of reaction-bonded SiC as a function 33%10 0 ! : =12 358
af wradiation. 60X 10®° 400 198 48 369
n=3]
10x 10°° 450 233 33 372
n= §
0% 10%° 475 201 33 373
“'E n=12
= 1.1 x 10°% 700 214 64 —
:.:‘ n=10
3 3.3x10% 600 130 40 351
§ n=12
5 6.0x 10°° 6§50 207 LT I 373
_(u; n=10
z 3010 660 240 27 377
e n= 7

DGSE, n/em? x 1020

Young’s modulus of reaction-bonded SiC as a function
of irradiation.

%) i = pumber of samples.

Irradiation Damage in Reaction-Bonded Silicon Carbide

Reference

R. B, Mattews

22

J. Nucl. Mater. 51 (1974) 203
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A-51
. SiC {self-bonded SiC
Material Norton NC-430) * | Property Fracture strength 1/1
Irradiation - .
o 52 MeV e (RPI 100 MeV electron microwave linac)
Condition

Electron energy = 52 MeV
Flux = 2.3 X 10V7e/m? -5

Linac test results for silicen carbide

Mean fracture strength = 266 MPa (38.6 ksi)
Weibull modulus = 4.0

} omitting samples 3 and 4

{

Sample Time-to-failure Ibs at kgm at Fracture Fracture
(s) failure failure strength strength
(ksi) (MPa}
] 508 254 11.5 33.5 231
2 632 .6 14.3 42.7 298
3 246 12.3 5.58 16.2 2 112
4 984 . 49.1 22.3 4.7 b) 452
5 541 27.1 12.3 35.7 249
6 574 28.7 13.0 7.8 264
7 726 365 16.6 48.1 136 .-
8 368 18.4 8.35 24.3 170
9 692 34.6 15.7 45.6 319

a) Sample subjected to temperature greater than 1673 K (1400°C).
b) Sample subjected to urusual histary: (a) loaded to 24 Ibs (10.9 kg) with beadm on; (b) load held constant
for 15 min with beam on; (¢) beam off-test restarted; (d) Beam cn-load applied to failure.

Rad%atiqn Damage in Silicon Carbide and Graphite for
Fusion Reactor First Wall Application

Reference|! R. A. Matheny,

C. Corelli

and G. G, Trantina

27

J. Nucl., Mater. 83 (1973) 313

—111—



JAERI-M 87-Z217

SiC (self-bonded SiC,

Material | L~ = NC-430) Property Fracture strength 1/1

Irradiation | 5 1019, 2 %1020 n/m? (E> 1 Mev) HFBR (BNL)

Condition

Silicon carbide, three-point bend, average of 10 specimens

Dose T=298K T=1473K Average
e sample width
Time-to- Mean fracture Weibull Time-to- Mean fracture  Weibull  Strength #4—2
failure  strength modulus ~failure  strength modulus degradation  (in.) (m} x 10
{s) —_— — (s) —_—— exponent
{MPa) (ksi) (MPa) (ksi)
Unirradiated 19.2 268 389 168
1164 270 39.2 14.1
: 254
4.8 287 40.2 11.2 217 0.1000  ©.2540
2%10%n/m? 1739 250 362 140
(£ > 1 MeVy 1188 276 40.1 14.1 4
48 270 39.2 102 242 0.1002 0.2545
2x10%nfm? 140 198 284 6.0
(£ > 1 MeV) 1062 248 359 76 0.1008  0.2560

@ SILCON CARBIDE (P98 K
© GRAPHITE 1298 K}

WEBULL MODULUS
=3

t ! 1
0 1 2

FLUENCE. B/ m? & 1074(E > 1 Ma¥)

Weitull modulus vs. neutron fluence for graphite and
silicon carbide al room temperature.

Radiation Damage in Silicon Carbide and Graphite for
Fusion Reactor First Wall Application

Reference R. A. Matheny, J. C. Corelli and G. G. Trantina

27 3. Nucl. Mater. 83 (1979) 313
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A-53

Material| MACOR Property Flexture strength

1/1

Irradiation 1016, 1018 14 MeV n/cm? RTNS-II

Condition room temperature

Flexure strength test results for MACOR.

Sample MOR®* Ne. of  Standard Weibull

fluence (MZhI/mz) samples deviation

(n/m?) (MN/m?) m %

contrel 104 24 3.7 27.7 107
1020 307 13 4.0 24,9 110
1022 108 14 4.0 28.0 110

*MOR=Modulus of Rupture

14 Mev Neutron Irradiation Effects in MACOR Glass Ceramic

Reference J.D.Fowler,Jr.

» G.F.Hurley, J.C.Kennedy and F.w.Clinard,Jr.

32 J. Nucl. Mater. 103 & 104 (1981) 755
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. SiCo Thermal expansion
Material 5i0p-based glass Ceramic| OPETtY Fracture toughness

Irradiation | ~ 2.4 x1022 n/cm? (E7 0.1 MeV) TEBR-II

Condition 400°C, 550°C
Thermal Expansion and Fracture Toughness
Samjle G (2078707, (29-450°C) Ko (M/m3/2) Tyipe ("0 ¢t (1022 nfen?)
Infracil 0.99 — -— —
Infracil 1.05 — 400 2.4
Infracil 0.91 — 550 2.5
ReX, glass 9.41 NA® -— -
ReX, glass 9. 36 1.0 400 2.2
ReX, glass 9.75 1.2 550 2.3
ReX, ceramic B8.95 2.1 —— -—
ReX, ceramic 9.37 1.1 400 2.0
ReX, ceramic 4.67 1.5 550 2.1

* K. could not be measured in this way due to opening of lateral vent cracks.

Ceramic Compositions, wt.l

Sample StDz Alzt)] w0 ‘“205 5203 Zr02 KZD M;;Fz LiZU PR'I)5 Col  InD Bal N'ZO
Macor* 52.0 5.0 150 -—- 9.0  =—- 5.0 —-% -—— — e —mm mms —e
TH 60.5 —_— 3.5 2.0 —— === 13.5 10,4 —— N —
ol 61.7 —— 3.8  --- —— === 13.8 10.6 —— —— —— e - ——
nJs 58.8 ——- 12.) 1.9 —-— 1.9 15.1  16.1 -— —_— - - 1;-; _—
HR66B+Ca0 60,0 ——— -— - — w—— —— = 9.0 ;-a E-f ;;—1 4‘5 ;—;
MSO1l-A 46,2 9.5 -—  —- — e e e —— B R

ReX 71.8 5.1 - -— 3.2 —— [ Q— 12.6 2.5 e e— e— —
Infracil 100.0 -_ -— _— ——— === _— aem -— 2.5 aew  — -

* Flyorine is added st 6.3 wt.X to substitute with oxygen.

Neutron Irradiation Effects on Si02 and SiCp-based Glass
Ceramics

Referencel D. L. Porter, M. R. Passucci and B, H. Olbert

34
J. Nucl. Mater. 103 & 104 (1981) 767
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Fiuence (n/m2 x 1024 E>I1MeV)

Mean fractyre strength va flue

Alsc Included 1s dafa by Matheny et

A-55
Material SiC (NC=-430) Property Fracture strength 1/3
Irradiation o 1521 n/cm? (E> 1 MeV) HFBR (BNL)
Condition
- H - Q
300 NC-430 SiC, T,,= 1200°C lazs
-
B o
a -
:
éE C
3 :
» 200 4290 0
= ©
73] . ey
o 8T, :200°C, Matheny et al 33
é or, _<200°C, g
8 xTn-;»gllOO‘C lt
Lt &\ Macthews Data
100 . 1 L . 1 14.5
0 0]

nce orarc-qao Sic at 1200°c.

Ceramic Materials for Fusion Reactors

Reference

G. Hopkins, G. C. Trantina and J. Corelli

36

AP-1702,
February71981

EPRI Research Project 992,

Interim Report,
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Material

a—-81iC Property Fracture strength

Irradiation

1.2%10%! n/cm? (E>1 MeV) HFBR (BNL)

Condition
a-S4C Carborundum Co.
’"é T = 1200%C
{al} edges chamlered)
1,200  nfe’ E>1key

0

50 p—
> wp
E
& 0l
£
N |

W |-

° ! llo T%

Fluence ln.ﬂ:-z E>1Me¥}
Mean fracture strength ve fluence of sintered o-5iC at’ 1200°C
Ceramic Materials for Fusion Reactors
Reference| G. Hopkins, G. C. Trantina and J. Corelli
36 AP-1702, EPRI Research Project 992, Interim Report,
February 1981

—116 -




JAERI-M 87-217

A-57
. . . Fracture strength
- - er :
Material| w-SiC, SiC (NC-4390) Property (Weibull modulus) 3/3
iation
Irradiation | ) 5 1022 nyem? (851 MeV) HFBR (BNL)
Condition
ONC-430, T, 1200°C (Matheny et al
ONC-430, T, x200°C
f \. gNc-430, T, 1100°C
- \ ASintered, T.lrr $200°¢
;‘ o
3 »---%---,
i
2da
* N
~
£ 19
N e —
zl
~ 1 : 0 a w1 m
Piomes, & 10 /e’ (B1men)
Weibull Modulus vs Fluence for NC-430 SiC and sintered o-SiC
Ceramic Materials for Fusion Reactors
Reference| G. Hopkins, G. C. Trantina and J. Corelli
36 AP-1702, EPRI Research Project 992, Interim Report,

February 1981
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A-58
Material | sic (NC-430) Property Fracture strength 1/1
Irradiation
e 1.2%x1021 n/em? (E>1 Mev) HFBR (BNC)
Condition '
60 s
r RE-SiC {annealed at 1200°C/10 min)
4 Irradiated (1.2x1025n1m2)
sl @ Unirradlated _£
P \
- - '
PP \
\
o \
c& \
% \
]
E E [ H
2 1
r
o . . . . R L,
] 200 400 600 460 1000 1200
o
ATS( C)
Mean fracture strength (measured at 23%¢) vo thermal shock temperature
of Irradiated (1.2X10%2%n/m? E>1MeV) and Unirradiated NC-430 SiC
Ceramic Materials for Fusion Reactors
Reference! G. Hopkins, G. C. Trantina and J. Corelli
36 AP-1702, EPRI Research Prcject 992, Interim Report,
February 1981
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A-59
Material| sic (NC-430), a-SiC Property Fracture strength 1/1
Irradiation | 1.2x1021 n/ecm? (E>1 Mev) HFBR (BNL) £ 147°C
Condition 8.1x102L n/em? (E> 1 MeV) HFIR {(ORNL) ~ 730°C
Summary of Fracture Strength Results for Reaction-Bonded Siliconized Silicon Carbide*
Fluence Irradiauon Fracture Fracture
(10 nfmh) iemperature wmpenature strength Weibutl Number of
(E>=1 McV) (K) K) (MPa) modulus samples
0 298 26814 16.8 10
0 1473 27019 14.1 10
0.2 403 298 250221 14.0 10
0.2 403 1473 27617 14.1 10
2 403 298 19834 6.0 10
2 403 1473 248230 7.6 10
o' 1473 23117 15.6 12
o 1473 257120 8.0 14
'y < 473 1473 208+2) 10.1 14
4 1373 1473 20114 7.8 15
12! = 473 1473 229+ 16 15.7 14
o 1473 234+ 14 17.7 13
3.6 413 1473 228+34 6.20 11
7.6 413 1473 200+ 14 11.7 11
o 296 279+19 9.54 20
93 1013 256 11624 < 9.54 16
0 1013 232x21 11.5 15
81 1013 1013 1142 7 14.6 7
8] 1013 1473 18517 9.76 8

*NC-430, Nonun Co., Worcesier, MA. "These kamples had three machined surfaces and one as-fired surface. "Thess semples had four machined surfaces. YThese samples were
made of reaction-bonded SiC with =03 wi% narral boron dopant. 'Data of Ref. 11.

Summary of Fracture Strength Results for Sintered Alpha Silicon Carbide*

Fluence Imadiation Fracrure Fracture

(10 o/m?) temperature temperamure smength Weibull Number of

(E>1 MeV} (K) 1.9 (MPa) modulus samples
o' 1473 487 6.3 5
4 = 473 1473 236+ 69 3.0 12
l2: = 473 1473 152 46 15 }g
0 1473 476103 3.59
3.6 413 1473 455+ 41 9.80 12
1.6° 413 1473 372+ 55 g;g itla
0 206 400+ 50 .
97 1013 296 265« 32 5.57 15
o 1013 695+ 77 7.1 11
73 1013 1013 245+ 9 23. 5

*Carborundum Co., Niagara Falls, NY. "These samples had three machined surfaces and one as-fired surface. TThese samples were commercially available and were siniered

with =05 wi% natural

boron, *Data of Rel. 11,

Mechanical, Thermal, and Microstructural Properties of
Neutron-Irradiated 5icC

Reference

J. C. Corelli,

J. Hoole, J. Lazzarc and C. W. Lee

45

J. Am. Ceram.

Soc. 66 (1983)

529
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Material

MgAlpOy4 Property Fracture tcughness 1/1

Irradiation| ™~ 1-2 x 1022 n/cm2 (E > 0.1 MeV) EBR-II

Condition

652, 742, 827°C

w 9) 2.2 T T T T
c $ N IRRADIATED AT 1100 K MgAl0y
EZC’)E 18\ \K\ 2X1026{1/m2
|
2 EED ‘2- 1.4 ‘p 93?5:#_ . v —ves i
| E | 2 od T =
EZ_ ®) 10 i' | ANNEA}LED l _
= 10 15 20 25
£,um

Fracture toughness of MgAl, 0y as a [unction of diago-
nal dimension of indentation. as annealed and after irradiation
to 2x10% n/m?. Results from material annealed at 925 and
1100 K are net differentiated. The slight dependence of tough-
ness on indentation size may be related to surface effects.

The Effect of Elevated-Temperature Neutron Irradiation on
Fracture Toughness of Ceramics

Reference

F. wW. Clinard, Jr., G. F. Hurley, R. A. Youngman and L.W.Hobbs

-49

J. Nucl. Mater. 133 & 134 (1985} 701
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Material

21907 Property Fracture toughness 1/1

Irradiation| ~ 1-2 x1042 n/cm?2 (& > 0.1 MeV) EBR-II

Condition

652, 742, 827°C

T

’ T T
32 IRRADIATED AT 1015K AlLO4

| ]
28+ . ‘\\()_3')('1026n/m2 ﬁ;
2 % .

4
ANNEALED :
2.0 r -
5

FRACTURE
TOUGHNESS,
MN/m?3/2

: i 1

10

15 20 25
A.um

Fracture toughness of Al,0; as a function of diagonal
dimension of indentation, as annealed and alter irradiation at

1015 K.
h T T T T R
4.4~ A|203 ]
qu- 2al 1100K, 1.8x 1028n/m? ‘
chy ™
PZ fot
O(ID < 3.0-1100K.0.9x1020n/m?2 -
<> £ 925K,1.8x 10%n/m?
w2
i ANNEALED
I I : |

10 15 20 25 30 s
£ ,um

Fracture toughness ol Al,O, as a function of diagonal
dimension of indentation, as annealed and after irradiation to
0.9 and 1.8 x10% n/m?, Results from material annealed at 925
and 1100 K are not differentiated.

Comparison of ohserved toughening (K irrad /K contr) and
predicted 1oughening (0, /Oumr ) N AlLO;. Other symbols
are defined in the text. Measured values of fracture toughness
were taken in the range ol indentation sizes deemed 10 give the
mosl reliable results

Irrad. Karrady  2r,  2C IC/2p L
T(K) Kgcontr T oomir
925 1.2 36 18 5.0 1.2
1015 1.3 52 24 46 1.3
1100 21 90 21 23 1.7

Reference

49

The Effect of Elevated-Temperature Neutron Irradiation on
Fracture Toughness of Ceramics

F. W. Clinard, Jr., G. F. Hurley, R. A. Youngman and L.W.Hobbs

J. Nucl. Mater. 133 & 134 (1985} 701
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Material | SiC Fiber Propert Tensile strength, 1/1
(8iC(1000),5iC(1300)) perty Young's modulus /

Irradiation| 7.7 x10L7, 1 x1012, 2 x1019 n/cm2 (E » 1MeV), JMTR, < 300°C
Condition 4 %1017 n/em? (E » 14 MeV), RTNS-II, RT

Density. tensile strength and Young's modulus of the SiC fibers before and after newtron irradiation

Fiber Reactor Fluence Density Tensile Young's
{n/cot) (g/cm?) strength modulus
(GPa) (GPa)

unirrad. 2.34 1.73+048 139+ 20
JMTR 7.7%x10" 2.37 1.76 +0.37 144+ 9
SiC (E>1MeV) 1.0x10" 2.35 1.80+£035 118+20
(1000) 2.0x10% 2.42 2264042 135+ 16
RTNS-II -4 x10Y 233 1.72+0.38 151+ 9

{E =14 MeV)
unirrad. 2.60 1.87+0.64 148 + 15
IMTR 77%10" 2.60 2.20+036 173+ 14
$iC (E>1MeV) 1.0%x10" 2.60 224+ 0.60 168 +24
{1300) zax1e™ 2.59 2124046 153 +18
RTNS-II ~4 x107 ) 2.60 1814042 139+12

(E =14 MeV)

—- T . r\
HT Carborn Fiber: Wicks HT Carbon Fiber : Wicks
A —
3//_\\.._ =
— ! . o
S | HT=5 Cardon a <2
niTs aroon
ot * Fioer : Bullock | g
p E
tn h=l
c =4
T >
= E .
F l ‘m 200
o o .
& < SiC13Q P
v SiC(1000) 3 1 =
- )
2 T QT
I sicrioom (f ~
1+ 1001
L n ‘\ I’ L
o 1017 1018 108 120 a o !G” 108 1019 1020
Neutron Fluencefn.cm™2 ) Neutron Fluence{n.cm™2)

' Effects of neutron irradiation‘ on tensile strength and Young's modulus of the SiC fibers and the PAN bascd carban fibers [5.6].
O, SiC(1000) fiber: @, SiC(1300}) fiber: a. HT-S carbon fiber by Bullock [5]: . HT carbon fiber by Wicks [6].

Effects of Neutron Irradiation on SiC Fiber

1
REferenceiK.Okamura, T.,Matsuzawa, M.Sato, Y.Higashiguchi and S.Morozumi

50 5. Nucl. Mater. 133 & 134 (1985) 705-708
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A-63

Material| o-SiC, SiC (NC-430) Property Thermal conductivity

1/1

Irradiation 1.2 x1021 n/cm? (E>1 MeV) HFBR (BNL)
Condition

@ W-sic (ammusled at 1300°C far 10 win.)
A SA-51C (ammqnlnd st 1200°C for 10 wia.}

.6 L \ [J SA-5IC {unanngaled)

L1

H

Fluence, IIG“-!- L [E>1Ma¥)

Relative thermal conducciviry, éi. {measured at Tv23 C) vs fluence
o
ic

for NC-430 SIC and Sintered a-S

Ceramic Materials for Fusion Reactors

Reference| G. Hopkins, G. C. Trantina and J. Corelli

AP-1702, EPRI Research Project 992, Interim Report,

35 February 1981
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Material MACOR Property Thermal diffusivity 1/1]

Irradiation 1016, 1018 14 MeV n/cm2 RTNS-1T

Condition room temperature

Thermal diffusivity changes in MACOR.

Sample Number of Thermal
fluence samples diffusivity
(n/m?) _ (normalized)
Control 5 ! (4.5 x 1077 m?/s)
1020 4 0.998
1022 2 0.978

14 MeV Neutron Irradiation Effects in MACOR Glass Ceramic

Reference| J.D.Fowler,Jdr., G.F.Hurley, J.C.RKennedy and F.W.Clinard,Jr.

32 J. Nucl. Mater. 103 & 104 (1981} 755
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Thermal diffusivity vs temperature for (A} siliconized SiC,
{B) sintered a-SiC sintered with 0.5 wi% natural boron, and (CY siliconized
SiC doped with 0.3 wi% ¥B, showing effect of annealing.

A-065
Material | siC (NC-430), a-SiC Property Thermal diffusivity 1/1
s 1
Irradiation | 1.2 x10°" n/cm? (E>1 Mev) HFBR (BNL) x 147°C
c s 2
Condition 8.1x10%L n/cm® (E>1 Mev) HEFIR (ORNL) » 730°C
%
-
B
e SINTERED S1C 0,5 w1t War, B)
U
N U INIRRADIATED
nE KC-430 SILICOKIZED SIC (No Boron) © )
p ® IRRADIATED
‘,. » UNIRRADIATED ANNEALED 30 min 900°C {1173¢)
L s IRRADIATED
d ". NOEALED 30 min 9D0°C ([1173K) . 4 IRRADIATED
\ ANNEALTD 30 mim 1200°C {1u73x)
\ s IRRADIATED
- Y ANNEALED 30 mim 1200°C (1473K) o IRRADJATED
‘,‘ . TRAAZIATED o b ANNEALED 30 min J390°C (j7736)
5 ANKEALED 30 win 9500°C [1773K) ~ y
w0l \ 2 (s = 7 5a10P0, £ 1 e
= v (eLenotaal, Dimev) o
o S % -
= ¥F .
5 . \\
.. .
w :‘ “.-'"-. » a @
vl ,___“‘“\\“_-
\P-‘-*_.. (A) » Iy
."‘-I—._-_H__.__.
[ L | I 1 1 1 1 1 I | i I
4 20 400 600 8O0 oo T(C 10
P) 93 &3 a3 wr3 un 1K) M )
I I SN TN NS SR (N W S M|
1] 200 [ 500 800 1000 140
[+ 473 B73 [ *4] 1673 1273 Tk}

Mechanical, Thermal, and Microstructural Properties of
Neutron-Irradiated siC

Reference

J. €. Corelii, J. Hoole, J. Lazzaro and C. W. Lee

45

J. Am. Ceram. Soc. 66 (1983} 529
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Material | A1,03, MgAl20y4, Y2A15071 2| Property Thermal diffusivity

Irradiation

Condition

v 2.5%1022 n/em? (2> 0.1 Mev) EBR-II
< 827°C

{a)SINGLE CRYSTAL 00
Al04

105K

(b) AILO,

o
O

HO0K

o

le)
]
Q

(=]

100 P——s s+ 100¢ (d) Mg AL,
Toisk 925 8 1100K N

~ .
{c) SINGLE CRYSTAL . e323K
%0 105K
Mg Aleq,

00y (&) SINGLE CRYSTAL 100

Y3Al0),

50

5K TR0,

PERCENT OF ORIGINAL THERMAL DIFFUSIVITY REMAINING
o
(<

[ J —t
t

0
) I 2 0 I 2
NEUTRON FLUENCE {xi022n/cm2){Ep>0.1 MeV )

Decrease in BT thermal diffusivity (approximately pro-
portional to thermal conductivity) s & function of
irradiation tempeyature and fission neutron fluence for

seversl ceramics.

The Inorganic Insulator Program at LASL

Reference

F. W. Clinard, Jr. and D. M, Parkin

37

USDOE Repcort No. CONF-801237, 1981, Pl7-1
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A-67

Material| Silica Property Thermal conductivity 1/1

Irradiation | 51919 [ /2 (51 mev)
Condition

'i: ]0-2 T T =TT
'€ | NEUTRON IRRADIATED ]
= VITREOUS
g [ SILICA
ERT S 4
=
<
>
e N
s 10 r- / ,
- I~

by F 10%/cm?
g | £ LUENCE (10%/em?) |
S 5 11 °
[@] | fdf' 31 .
© 7 50 .
J4 L H 4
g \0‘5 ! l N | i "
5 01 10 10 100
E TEMPERATURE (KELVIN}

" Thermal conductivity of neutron irradiated
silica.

Thermal Conductivity of Neutron-Irradiated Silica

Reference]l A. K. Raychandhuri and R. 0. Pchl

40 Solid State Communication 44 (1982) 711
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Material

Porcelain

Praperty

Specific heat

Irradiation

14.3 MeV n
8.4, 16.8, 21.0x1010 n/cm?

(Neutron Generator)

Condition
Specimen
No. | — Preirr. ¢p 0.2063
——— Postirr. cp 0.1848
1 1 ' —. T —._— -
Specimen — Pre -:'rr. ¢p 0.200
No. 2
——— Postur. cp 0.18%
£
-
< } bt
8 ———— Pre sor cp 01256
& | Soeeimen ——— Postin. c, 0.2266
~N —— e
| . i {
Specimen ~—— Prer. cp 01826
No. 4 ——— Postirr. cp 0. 1925
4 + v I . 3} -
[ 100 200 300

Tempergture [*C]

Specific heat curves of porcelain

specimens No.l1,2,3 and 4 before
and after irradiation with

16.8 x 1010 n/cm?

Composition of the prepared por-
celain bodies

Body Raw materiaisinwt.-%
No. Feld- Quarz Alumina Sinai  Aswan
spar kaolin  clay
1 20 30 T 30 20
2 20 25 - a5 20
3 20 - 20 40 20

Reference

43

Investigations on Porcelain and Fast Neutron Effects

W. A. Fattach and D. §S.

El-Alocusi

Sprechsaal 115 (1982} 1113
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A-69
Material BeO (hot-pressed) Property Thermal conductivity 1/1
Irradiation| < 4 x 1020 n/cm? HIFAR
Conditicn 70 v100°C, 510 v660°C
0.5
gl
c.s
o
w04
w
n
3
L=l
4
Foar 4
=
z ,
S 0.2p 12x16 n v tat 80-100 °c §
g — L ] - - N
z ~
§ oty 20 p
& &0 novbat 70-80°C
0 10 2 10 i@ 50 50 70 T
MEAN SAMPLE TEMPERATURE (°C)
Thermal conductivity of unirradiated and irradiated bervllivm oxide.
0.6 T T T T T 3
!
N
05 /Un-lrradia'.ed
A rd .
v /UxIU nylb at 820 €
Zosr 15270 at BET°C = T
W,
U_
2
§ o " 0 oa- 7
o I X
é 12010 vt at si0°c
Sozf 1
I
z :
x .
w .
Stk E
-0 0 10 29 30 @ 50 % 70 P
MEAN SAMPLE TEMPERATURE ('C!
Thermal conductivity of beryllium oxide irradiated at high temperature.
The Effect of Neutron Irradiation on the Thermal
Conductivity of Beryllium Oxide
Reference| M. K, Cooper, A. R. Palmer and G. Z. A. Stolarski
1
J. Nucl. Mater. 9 {(1963) 320
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Material BeO (hot-pressed,

Property Thermal conductivity

Sintered)

Irradiation| 1.2 v 365 %1021 n/em2  =TR
Conditicn 583 1100°C

> -

- ' _'_,_:——t'—"""u"_

> CAPSULE 5 Lo .,

G50 bt ¢:47 2109 LT %e

é | 926 °C / fee

[= i *

S 40 | yd

_j | /-

a ;

o /

L 30 | .// - 3 -
i .

; : ! ce Lr

n 20 | / ° ’

b i /o o 30 1o

S ,A : e CAPSULE 3

5 10 fomyp T 9g7] 0% ¢:3.4 x 10"

L | e
Yo/ 915 °C

& A ;"/’ ‘ ’

a 0 ‘Jo’% Rl [ IR S SR SR _J
0 g 2 3 (x162Y

INTEGRATED FAST NEUTRON FLUX (nvi, >{ MeV):

Fig. 5. Percent loss in thermal conductivity of BeQ
versus integrated fast-neutron flux in experiment 41-7.

The Effect of Fast-neutron Irradiation cn Beryllium Oxide
Compacts at High Temperature

Reference; . w. Keilholtz, J. E. Lee, Jr. and R. E. Moore

12 J. Nucl. Mater. 14 (1964) 253
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Material Be0 (sintered) Property Thermal conductivity 1/1

Irradiation| 1 x1021 n/ecm?2  HIFAR

- o
Condition o 75°C
o.e [ T T T T T rrrr T T T LA T T T T T p.
v 4
[ o .
r B
B \utcuurw CURVE FOR h
= IRRABIATED 35 4 SAMPLE -
ASSUMING Tole 5 5w 1w
9.3 .

T
S-S N .
- 3 L T
- [ ]
5= I+ -
g [
2 -
z = L
o F B
0.0y i
EXPERIMENTAL POINTS
B K 35 ) SAMPLE UNIRRADIATED ” 2180 B
v 12 ) SAMPLE UMIRAADIATED * 2178
+ 22 ) SAMPLE UNTRAADIATED * 2175
ool ®-5AMPLE* 2109 IRRADTATED i X 10 2% net |
- -
0,008 + 4
0.001 . ' s " JLL“J
1'x 30 100K 300" 1000 *K.

TEMPERATURE *K
Experimental values for three unirradiated samples are shown with curves calculated from the Callaway Integral
formula '*}. Also shown are the experimental points for an irradiated sample and a caleulated curve assuming an
wi-dependence for the defect scattering. Points with error bars were determined in the first cryostat (77°-208° I{)
described.

Thermal Conductivity at Low Temperature of Neutron-Irradiated
BeO

Reference! A, W. Pryor, R. J., Tanish and G. X. White

11 J. Nucl. Mater. 14 (1964} 208-219
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Material

BeO (Sintered) Property Thermal resistivity 1/1

Irradiation
Condition

1x1oll n/cmz-sec (E>0.6 MeV) Qak Ridge Graphite Reactor
-182°C

042 , : |
! o
| | /
040 ; x
| i
po=0.468 om °K /watt . ‘/
<008 : : ‘ >
5 ; P
z ; !
& 006 ' ;
£ /I |
-&J— 1 i
; « REACTOR OFF
Jooa f— / ; -]

4 REACTOR ON
1

.

1.5x 10" vt (>0.6 Mev)

i

o] 100 200 300 400 500
IRRADIATION TIME {hr}

< !
(o]
~
™,

Increase in therma! resistivity, Ag vs irrodio-
tion time.

)
/

Ny -
< [

RECOVERY (%)

e
Q

120 160 200 240 280 320
TEMPERATURE (°K)

[e2]
o

Isochronal annsaling of beryllium oxide irradi-
ated at 91°K.

Low-temperature TIrradiation of Beryllium Oxide

Reference p_  1,. McDonald

Appl. Phys. Letters, 2 (1963) 175
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A-73
Material B-giC Thermal conductivity
i Property swelling ! 1/1
Irradiation| 2.7~ 7.7 x1021 n/cmZ (E > 0.18 Mev) ETR
Condition 550, 780, 950, 1100°C

Irradintion conditions and thermal conductivity for irradiated silicon carbide

Irradiation conditions

Thermal conductivity (ealfem-“C-soc)

Fast noutron Moan Tomperuture Volume 8t roum temparitiro
Capsule ne. | Cell no. n o . oxpansion of {avernge of 2 to § mepsuremonts)
uence tomperature varintion during surepla (%) (4 SD) |- S
{njem?, £:>0.18 MeV) (°C) irradiation (°C) 1400 °C doposits | 1750 °C deposits
- ’ - 0 - ‘ - - : 0.15 } 0,12
P-13.J 3 3.8 103 1100 + 100 0.2 4+ 0.1 : 0.045 *
5 2,7 % 104 550 + 30 L1401 0.018 ")
r.22 1 6.0% 102 780 + 30 844 0.1 0.024 0,025
3 7.7 109 1130} + 100%) 18 4 0.2 0.022 0.020
5 J 5.2 104 950 | ¥ 50 0.4+ 02 0.026 0.028

*}  Not tested.

a

v} Bample temperature droppod to ~ 720 °C during last 10G h of irradintion,

Thermal Conductivity of Neutron-Irradiated Pyrolytic
f-Silicon Carbide

Reference

R. J. Price

19

J. Nucl, Mater.

6 (1973) 268-272
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A-74
Material B-sicC Property Thermal conductivity 1/1
Trradiation| 2.7 7.7 x 1021 n/cm? (E >0.18 MeV)  ETR
Condition 550, 780, 950, 1100°C
0.20 T T T T T T T

O UNIRRACIATED
A 7 DUPLICATE SAMPLES IRRADIATED AT 550°C
} Ta 2.7 x 102l N/pn2
A
DO ) DUPLICATE SAMPLES IRRADIATED AT [100°C
- J 16 3.8 x 1021 xseM2
D.45 - b
0.06 T T T ¥ T —
0.0 b 4

UNIRRAD IATED

THERMAL CONDUCTIVITY (caL °c™! eu! sec-l)y

C.05 N |
m Tiag = 1100°C

ool b § m - cege
TIRR 550°C

THERMAL COMDUCYIVITY AT 22°C [CAL/CH-SEC-"C)

—L L 1

o N L 1 1 n L 1] L L L 1
500 600 700 800 300 loog o0 1200 o lo¢ 200 300 koo 5c0 606 700 Bog
IRRADATION TEMPERATURE (°C) TEMPERATURE (C}
Room-temperature thermal conductivity of Thermal conductivity of unirradiated and

pyrolytic f-silicon carbide irradisted to 2.7-7.7x 1021 neutron-irradiated pyrolytic B-silicon carbide, de-
njem? (E > 0.18 MeV), as a function of irradiation posited at 1400 °C, as a function of measurement
temperature. (O: material deposited at 1400 °C, temperature.

A+ material deposited at 1750 °C.

Thermal Conductivity of Neutron-TIrradiated Pyrolytic
f-Silicon Carbide

Reference| 5 1. price

i9 J. Nucl. Mater. 46 (1973} 268-272
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Material Al,05 {s0) Property Thermal conductivity 1/1

Irradiation) 2 MevV e 3 x101%/cm? + 3x1018 n/em? (E > 0.1 Mev)
Condition RT

Trradiations.
+(*Co} Electrons Fast neutrons
(E =2 MeV) (E>0.1 MeV)
A0, — =3 -10"%em? 3-10"%em?
AlOz + Ni =5-10"R =2-10%%em? 3-10"%em?
w?

. = Thermal conductivity as a funetion of ten:
Ki7% ve. T in the inset. Pure Al0.: before {rra T
duped AlLOg before frvadiution (), afler swentrow frradiotion (). The dashed Line in the insel is
calevlated (see text).

Thermal conductivity as a function of temperature. The results below 1 K are only shown in
the inset as KiT" ve. T. Pure AliOy: before irradiation (solid line); after electron irradiation (@) Ni-
doped AlyCy before irradintion (2); after y-irrediation (+); afler elecfron Trradiation (W),

Glasslike Behavior of a Neutron-Irradiated Ni-doped Al;0q
Crystal

Reference} A, M. De Goer and B. Salce

55
Eurcphys. Lett. 1 (1986) 141
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Material Al203 insulated cable |[FProperty| Electrical conductivity

Irradiation

y-ray, 10 rR/h, 20.800°C

Condition
IR 1 T T T 1 1
800 800 400 300 200 00 .
+— Jemperature [*C]
b
w0 \\
i © oRAT
nTL RN
[ ™ 2 410°R A"
E * 0*R.A'
.a :u +
0 C &,
2
Ll
L]
- 2
h-1
s
w0 O
0" \\\\\
0" \
'a'll 1 s L ] . L
as ' L5 2 2.5 f] 15
e F’"o. {X‘y
Conductivity as a function of temperature for a 1.5 mm
Al Oy insulated cable.
Investigation of Mineral Insulated Cables Exposed to High
Temperature and Intense Gamma Radiaticn :
Reference| H. Bock and M. Suleiman
25
Nucl. Inst. Methods 148 (1978) 43
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A-77
Material | MgO insulated cable Property | Electrical conductivity i1
Irradiation ,
Y-ray, < 109 R/h, 20-800'C
Condition
T T 1] T T T
00600 400 300 200 06 20
- lemperature [‘(_I]
e
* 0RAT
0T
(ol B
§
08 Ls--l
Eal
kS
,.o-lu é
[
S
U-" |
we
Dt i L 1 L L
05 1 L5 2 25 3 15
— ]
Conductivily us a function of temperature for a | mm
MgQ insulated cable.
Investigation of Mineral Insulated Cables Exposed to High
Temperature and Intense Gamma Radiation
Reference! H. Bock and M. Suleiman
25
Nucl. Inst. Methods 148 (1978) 43
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A-78
. SiC (self-bonded SiC, )
Material | norton NC-430) Property Resistivity 1/1
diati
frradiation | 5 101942 %1020 nycm? (8> 1 Mev) EFER (BNL)
Condition
( K) .
473 €73 B73 1073 1273 1473 1673
104 | I T T ]
SILICON CARBICE
5 {NORTON NC430)
104~
5 -
]
&
B
E 0
=
ar
B 5F
=
e
o
'_
T
;_: 102}~
= DOSE =2 x102%nf m? (E> 1 MeV)
= S
2
7]
ud
@
10 —
5 -
1 L | R | ! i 1 L | 1 1
0 200 400 600 800 1000 1200 1400
ANNEALING TEMPERATURE {°C)
Isochronal annealing (600 s at each temperature),
resistivity ratio vs. annealing temperature for silicon carbide
Radiation Damage in Silicon Carbide and Graphite for
Fusion Reactor First Wall Applicatiocons
Reference| R. A. Matheny, J. C. Corelli and G. G. Trantina
27
J. Nucl. Mater. 83 (1979) 313
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Material

Al03 (sc)

Property Conductivity

Irradiation

Condition

1.5 MeV electron

1 nA electron beam =

(BNL Dynamitron)
2.2 %102 rad/sec

LER LRSS

wrd

T T TTTT0

L1

[ ad

CONDUCTIVITY (' em™")

T T T Iy

Y ST

T Ty

T

1

s 66x10% rod
" 66 %103 rod
66 ICIz rad

sac-!
[ L
sac-!

X

10

1 A
1 8 2.2
$uo-3x

1.4

A
(4

30

Temperature dependence of the RIC for the
undoped Linde Al, Oy sample.

o

2
S
—— T

CONDUCTIVITY 10 comh

107

]

T T T

T T T

T
. UNOOPED

a &6 % 10% ol see=!
"8t x10) o pec-t
® 6.6 %107 rod sec-t

10y

T T
MELLER

L

ro 1t

L f
T @2
Yigs k)

"
(] [

!
26 30

Temperature dependence of the RIC for the un-
doped Meller Al; Oy sample at the dose rates (ndicated.

Reference
31

Radiation-induced Conductivity of Al,0

theory

3:

Experiment and

R. W. Klaffky,

B. H. Rose,

A. N. Goland and G. J. Dienes

Phys.

Rev.

B 21

(1980)

3610
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Material| Alp03 (sc) Property Conductivity

Irradiation 1.5 MeV electron (BNL Dynamitron)

Condition

lo“: T T L) T T T
a LINDE A1,0,
- 10.004 wi % Cra0y}
0
-
% L
_0 B
2] L
ol
bt o
5 [val) 8
- e
%] -
5 L
=] L.
F
=] -
4]
- o .
|°-Il
- 3
o ) -
- & 866 10%rad sac” b
- DR&E 6103 r0d sac! -
L ceB 61020 sac! a
1 I3 ] L 1 A
0.6 1.0 4 1.8 22 26 30 34

+ 1103
Temperature dependence of the RIC for the
0.004-wt.%-Cr,0y-doped Linde Al, Oy sample.

Radiation-induced Conductivity of Al;04: Experiment and
theory

Reference| R. W. Klaffky, B. H. Rose, A. N. Goland and G. J. Dienes

31 Phys. Rev. B 21 (1980) 3610

— 140 —




JAERI-M 87-217

A-81
Material MACOR Property | Electrical conductivity 1/1
Irradiation 1016, 1018 14 Mev n/cm2 RTNS-IT
Condition room temperature
T (°C)
650 400 300G 200 150 100 50 30
LI | T i T
10"

E 10®

c

S AT

= 10

Pt

}- -

810

o)

=

O -

(] [0“

ol L L L
1.2 &6 20 24 28 32
1000/ T (K)!

Electrical conductivity of MACOR.
Lines are fits to controls; points are data
for samples irradiated to 1022 14 MeV n/m?.

14 MeV Neutron Irradiation Effects in MACRO Glass Ceramic

Reference| J.D.Fowler,Jr., G.F.Hurley, J.C.Kennedy and F.W.Clinard,Jr.

32 J. Nucl. Mater. 103 & 104 (1981) 755
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A-82
Material Al,04, MgAl,0y Property | Electrical conductivity 1/1
Irradiation < 3x1029 n/em? (E> 0.1 MeV)
Condition 445°C
I
o’r //"_‘V T
1 L d § N —— l,.:;_l-_i,g
"k
J S B VT R T N W T P R Ll il L
T " &f, neurons/ cm?
Electric conductivity o of plasma=de-
posited materials vs dose ®y of {ast neutrons.
a) Al,0, o fractionation); b) MgALOg ©)
30 :70 solid solution; dy Al,Oy (< 40 um frac-
tion),
Electrophysical Properties of Plasma-Deposited
Refractory Oxides under Reactor Irradiation
Referance V. M. Ivancv, G. M. Kalinin, V. F. Xuzovitkin, 5. P. Sklizkov,
N. V. Markina, V. V. Sarksyan and V. A, Skobeleva
3> Inorg. Mater. 17 (1981) 1203
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Material| SiC {(NC-430) Property Resistivity 11

Irradiation l.ZXlOZl n/cm2 (E>1 Mev) HFBR (BNL)

Condition 200, 1100 °C

108~

NC - 430 SiC
Tirr 8 200%C

©12x10%¥ n/m?, €3 IMev
8 9x10™ n/m?, £ 1veV
0 2210%* a/m2 ED tMev
0 220 n/mt E> IMev

T. = 100°c

e

m‘_ 1- + | 1 | 1
293 493 [3-1] 893 093 293 1693
Anneoling Ternperciure [*K)

Figure 9

Resistivity Ratio, D/Do. ve Annealing Temperature for NC-430 SiC

Irradiated at £200°C and 1100°C. The Two Lowest Fluences are data of
Matheny et al ?10). (Samples kept at each temperature 10 min.)

Ceramic Materials for Fusion Reactors

Reference| G. Hopkins, G. C. Trantina and J. Corelli

16 AP-1702, EPRI Research Project 992, Interim Report,
February 1981
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Material Alumina Porcelain Property Electric resistivity

Irradiation| 9.25 x 1010 n/em? (14.3, 2.3, 4.5 MeV)
Condition

o
)

LOG .~ ehm Em )

1L Hev

[ 4
E
E 221 May
E

0O = = =

rlS Mey

"

27 7 F x 13 32 n E B Llaik
G

F1G. 6. Varations of Tog o vs I/F for alumina porcelain samples afier irradiation with a constant
neutron fluence £9.25 ¥ 10" nfem’®) and of different fast-neutron energies.

Effect of Fast Neutrons on the Electric Resistivity of
Pcrcelain for Application in Fast Neutron Dosimetry

Reference| M.A.Fadel, W.J.Abdel-Faatlah, A.A.Abdulla and A.A.Kadum

a1 Radiation Res. 92 (1982) 221
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A-85
Material Alumina Porcelain Property Electric resistivity 2/2
. 252 241
Irradiation! < 3 x1011 n/em2 ( cf, AmBe)
Condition
Calculated Oxide Compositions of the Fired Porcciain Samples
Oxides (weight %)
Sarple
No. 50, D0, Fes0, M0 Ca0? 710, K0 Nl
! 7226 2301 0.63 034 .82 1.2% 1.03 (XS
2 53.52 41.17 0.67 0.40 1.03 1.48 1.03 070
15
1254
14
£
Eps
<.
13
3.2 nrerd
125 + 3eod nieed
T T
2 e et
=1+10 nicm
ALl
23«10 niem
ns E
k
7 L
n
27 E3 F) 0 EN EE) 34 ) &
L Z

Variation of log ¢ vs 1/T for alumina porcelain samples hefore and afer irradiation with

difierent fission neutren Meences,

Variation of log p vs 1/7 for quartz porcelain samples before and after irradiation with dificrent

fission neutron fluences.

Effect of Fast Neutrons on the Electric Resistivity of
Porcelain for Application in Fast Neutron Dosimetry

Reference

M.A . Fadel,

W.J.Abdel-Fatlah,

A.A.Abdulla and A.A.Kadum

41

Radiation Res, 92 {1982) 221
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Material

Glass-bonded mica

Property

Electrical conductivity |1/1

Irradiation

Condition

18

v 10 n/cm2 (E>0.1

MeV) ORR

Conductivity (l-/¢{ohm-m})
1
wr

-11 | |

180 kHz

|

1@ kHz

188 Hz

/////,&‘“‘\lg_ﬂi__ﬂ
L L L 1 § L 1 i

1a
g4 12a

Electrical. conductivity of glase-bonded mica control sample

below room temperature.

-6

158 200 240 cen
Temperature (K)

Frequencies of measurement are Indicated.

ia

ml
~
T

GI
w
I

1

108 kHz

@ kHz

—
gl
L]
1

s

1 kHz

Conductivity (1/(ahm-m))

F11 1 )

10@ Hz

18 Hz

/] 1 L L I 1 1

8d 128

Electrical conductivity for plass-bonded mica sample irra-

dizced to 1022 fast n/mZ.

160 208 240 28e
Temperature (K)

Frequencies are indicated.

Electrical Conductivity of Neutrcn-Irradiated Glass-bkonded
MICA Insulator from 80-800X

Reference

J. D. Fowler, Jr.

44

DOE/ER-0113/1, August 1982, P. 57
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A-87

Material

SiC (NC-430) Property Resistivity

1/1

Irradiation

1.2 %102 n/em? (E>1 MeV) HRBR (BNL) < 147°C

Condition §.1x10%% n/em? (E>1 Mev) HFIR (ORNL) ~ 730°C
. & 4x10%% nsmE > 1 Mev) T, 51373 K
00 o12x 10 n/mPlE> | MevI T, £ 473 K
DBIx G nim?lE>1 Mev) T_=1013 K
s
Siliconized SiC
2k
w0*
15
2k
1%
e
a
2
1ot
sl
2k
10
F
Lo {
10°h g I i | i i L
200 400 600 800 1000 1200 1400 1600
anneahing Temperature K}
Relative resistivity vs annesling temperature for siliconized SiC;
sample was held at each temperature for 10 min, and resistivity was
measured at 296 K.,
Mechanical, Thermal, and Microstructural Properties of
Neutron-Irradiated S§iC
Reference| 7, ¢, Corelli, J. Hocole, J. Lazzaro and C. W. Lee
45 J. Am. Ceram. Soc. 66 (1983) 529
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A-88
Material Alz03 (pc) Property de conductivity 1/1
Irradiation| X-ray {(60kV peak) 7 Gy/s -500°C
Condition 200MeV proton, v 2 %106 W/m2 (4.6 x1073 Gys_l/nAm_Z)

10

Temperature {°C]
8?0.690 ) L\?D 300 2(130 WEJD 50 20
T T T

“a ‘ i

G- 4
.
2l
0 F i
g " \ﬂ% 1
T
- ., N
E N B,
2L sy S A
» . ~0-0-]
£ .
% ey \\:“‘7&_ -
ERIV N b FORN,
el -
5 —— 55 Gy/s Protons
Ry —-0-—500Gy/s
r -rees-- B BGY/s Y X-roys 7]
—o— 10 Oyis
!
1 ]
0 A
2
10 - T
10"5.111111;1_\:|I=|=1:7:1||'P ;\

Reciprocal Temperature K 9w 107?

Log dc conductivity of Vilox alumina as a function of
reciprocal temperature with and withoul irradiation.

Radiation Effects on the Electrical Properties of Alumina
from dec to 65 MHz

Reference| G.

FP. Pells and G. J. Hill

52 I,

Nucl,.

Mater. 141-143 (1986) 375
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Material

510>
a-Al203(coor AD-295)

Loss tangent, Density 11

Property | qielectric constant

Irradiation

6 x1017 n/em? (fast)

Brookhaven Reactor 95°C

Condition 2.5 x 1017 n/cm? (fast) Sterling Forest Reactor 47°C
Changes in dielectric constant ¢, dissipation factor tans, density,
and cell constants upon irradiation with fast neutrons.

Fused Silica
Irradiation
{neutrons tanéd Density Density
per crm?) e {10~4) (g/cm®)  change {%)
Unirradiated 3.830.1 0.240.1 2.196 0
6 X 1016 3.7+0.1 0.2 £0.1 .
by @ty 3.7+0.1 0.440.1
6 X137 3.7 4:0.1 6.0£0.5 2,216 +0.04
210" 3.6 £0.1 14,01 2,238 -+1.95
510w 3.6 0.1 18,041 2.241 -+2.05
e Alumina .
Irradiation Demsity
(neutrons tans Lell constants change
per cm?) ¢ (10-Y) e {A) ¢ {A} (%)
Unirradiated 9.2 0.1 0.3+0.1 4.757 +0.002 12.978 £0.002 G
6 X108 92401 0.330.1
23107 0.0+0.1 035101
6 X107 89401 4005 4.750 £0.002 12984 £0.002 —(.28
2% 1. B.420.1 201025 4.759-40.002 12.996+0,002 —0.38
510 83401 104023 4.759+0.002 12.99740.002 —0.39
tan & was measured at 1 MHz
Room~-Temperature Dielectric Properties of Fast-Neutron-
Irradiated Fused Silica and o Alumina
Reference| J. B. MacChesney and G. E. Johnson
14
J. aAppl. Phys. 35 {1964) 2784
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A-90
Material | A1205 ( sc ) Property Dielectric strength 1/1
Irradiation | ~ 2x 1022 n/cm? (E> 0.1 MeV) EBR-TT
Condition 650°C, 827°C
g3 | E— | | T
<)
N 1y SINGLE-CRYSTAL Al,0
S l ’
) — —
i—""z ————— -0—5—‘ —-—-0——6-0-——-""‘*-—&— —————— A—
] A 8
| [»] Oﬁ (o]
dE (L. © UNIRRADIATED B
52 ¢ JRRAD AT 925 K
E a IRRAD. AT 1100 K
no ! ] ] I
10’ 10% 10° 10* I0°
EFFECTIVE NO. OF PULSES TO BREAKDOWN
RT, short-pulse dielectric breakdown strength of Alz03
before and after elevated~temperature irradiation to
~2 x 1026 n/u? (35 0.1 Hev).
The Inorganic Insulator Program at LASL
F.Qef-erence F. W. Clinard, Jr. and D. M. Parkin
37 USDCE Report No. CONF-801237, 1981, P17-1
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A-9]1
Material | Al,03 ( sc,pc ) Property Loss tangent 1/1
Irradiation | 5x1017 n/em® (RTNS-TT)
Condition | 1x1018 n/om? (LAMPF)
2 T T T T T
-8
- s 107 nrmt 7
z 21 10% asm?
o s -
?_ IO"n/ml
g
2} -
- 5x10"® nlm'
G ANO CONTROLS _
1 I 1 i |
2 s 0 2 5 1 ]
FREQUENCY [Hz)
Loss tangents for polycrystalline A1203 irradi-
ated with fast neutrons.
2 T T T 1 T 2 T | T T 1
=4
[ L B
2 g . -
2 2 C 51102 pomd
o 0n
[7:3
& g .l k
1o —‘
| | 1 i 1
2 s o° 2 s w0t 2z 2 s s 2 5 ef 2
FREQUENGY [Hz) FREQUENCY [nz)
Loss tangents for single crystal A]203 irradi- Loss tangent of single crystal A1203 irradi-
ated with high-energy neutrons. ated with 14-MeV neutrons,
Radiation-Induced RF Loss Tangent and Thermal Stress
Caiculation for Ceramic Windows
Reference;{ J. D. Fowler, Jr.
47
J. Nucl. Mater, 122 & 123 (1984) 1359
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Material Alp03 (pc) Property Dielectronic los

S

Irradiation| 1 x1017 410620 n/cm? (E > 1 MeV) Herald reactor
Condition 67°C

Permitiivity and dielectric loss factor {e’ tan &) for two grades of neutron irradiated aluniina

Material Neutron fluence Permitivity Diglectric loss factor (¢’ tan §)x 1073
(n/m%) at ] MHz at the stated frequency (MHz)
(£, > 1 McV) 01 1 6 30 55
Vitox As received 10130 - 1.68 4.59 8.49 11.9
(99.9% ALOy) 16% 16.228 - 2.80 6.71 15.5 18.2
10% 16,298 - 4.14 10.8) 10.7 26.4
102 10.234 - 412 7.03 13 133
103 - - 10,54 9.53 10.40 5.57
Deranox As received 8.516 1.75 1.2¢ 1.45 1.41 1.07
(§7.5% AL,Oy) o 9567 177 1.60 1.59 1.78 1.55
0% 9.547 2.19 1.68 1.74 1.84 1.66
103 9,588 386 203, .255 231 2.43
102 - 271 273 2.73 3.29 3.50

_ﬁgl_;_.__\l_-il
1 6 10 30. 6% ¢
Log Frequency [MHz)

z

M

°

c

2

‘h; 1D?t

5

< <,

[ 3

o Ko

w i e

0 K80

&

-

¥

£

3

& i i 0

S Unirradiated o7 1 5 10 30 68

: . Log Frequency [MHz]

Unirrgdiated ™ N g Frequency

Dielectne Lass Factor € tan 51072

The dielectric loss factor (¢’ tan &) as a function of
neutron fluence { E, >1 McV) and measurement frequency for
{a) Vitox (99.9% purc ajumina) and (b} Deranox ($7.5% pure

alumina). Note the change in ordinate scales.

Radiation Effects on the Electrical Properties of
from de to 65 MHz o

Alumina

Reference| G. p. Pells and G. J. Hill

52
J. Nucl. Mater. 141-143 (1986) 375
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Material Al203 (pc) Property Loss tangent 1/1

Irradiation| 1 x1018 n/cm2 (E > 1 MeV) Herald reactor 670°C
Condition +X-ray, v8 Gy/s

T
L

Atandw 10

0 L | 1 J
0 1 2

ww 0% (s

The increment in dielectric loss of 97.5% pure alumina

fast neutron irradiated to 103 n/m? (£,>1 MeV) at 340 K

as a function of reciprocal frequency, while exposed 1o 60 kV
peak X-rays al a dose rate of ~ 8 Gy/s.

Radiation Effects on the Electrical Properties of Alumina
from dc to 65 MHz

Reference| G. P. Pells and G. J. Hill

52 J. Nucl. Mater. 141-143 (1986) 375
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A-94
Material BeD Property Lattice parameter 1/1
Irradiation| 1 x 1020~ 1 x 1021 n/cm?  HIFAR
Condition 75 % 100°C
Details of materials
Materianl ‘ Powder Fabricati hod Density Grain size
reference | source abrication metho {9 theoretical) {1erm)
A Pechiney ' Hot pressed at 1750° C 96-98 10-20
t for § h at 1 tsi
B Brush TOX | Cold pressed at 20 tsi 97-98 7.5-15
pre-ground | Sintered at 1600-1620° C
C . Cold pressed at 20 tsi 95-06 2-3
- Sintered at 1500-1550° C
D b Cold pressed at 20 tsi 90-94 1-2
Sintered at 1450-1500° C
Lattice parameter changes i raterials A and €

irradiated to 5 x 1020 nvt.

¢ Parameter | « Parameter
Material | Condition change change
' (%) {%0)
A Powdered 1.6 = 0.2 | 0.105 4 0.005
C Solid 0.5 01 [0, 14 4+ 0. 01
C Crushed 1.4 0.1 [0, 10 4+ 0. 0l

Lffect of Microstructure on the Irradiation Behavior of
Beryllium Oxide

Referenceip. 5. Hickman and D. G. Wlaker

2
J.

Nucl, Mater. 10 (1963)

243 -
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A-95
Material | mgo (sc) Property Lattice parameter 1/1
Irradiation| 4 x 1019 n/cm2
Condition < 200°C
anﬂ
“zlg:\
4 E\
42[{ :
\;
E“ NORM AL
w24 / CHTSTAL
4213 r . .
a] 400 800 1200 TEMPERATURE “C

The recovery of the Xeray lattive parancter toeasured with Culy radiativ,
The values have been correvied to 25 0,

Neutron Damage in MgOQ

Reference; G. W. Groves and A. Kelly

4

Phil. Mag. 8

{1963) 1437
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Material | pep (DOF pressed, Property Lattice parameter 1/1

sintered

Irradiation| < 1 %1021 nvt
Condition 75 7 100°C, 510~ 700°C

@ onrn’|
b
[N
it 0. * ]
b //
- - s I A N T S AR L TN
3 g e T |
I3
: E :
- z
w
= H oer
- . et
- 4
H -
H
H 2 Vet |
g g
o &
vt v
«
- i ¥
N
o
N -
L] 1o *o o w» - e [ 37 = L3
L) {1-223"c

T

rovigt” i’

INTEGRATED  Fi55:OM  KEUTRON  DOSE  net

Variation of ¢ and & paramcters with neutron dose for material irradisted at

Therinal expansion of the ¢ and 8 parameters

7o o O
Details of materials uscd in the investigation,
Material J} Starting . Fibrication i Drensity v Gruin Size

No. Materiul i Method i o Theoreticnl o #
1 Pechiney P Hot prswd st 19307 C at 1 tsi .. ... .| gpos 15-25
2 Drush UOX | Cold pressed at 20 tsi and sintered for 1 hour at J 1

B 95-46 : Tu-15
3 Hrush TOXN Cold pressed at 20 tsi and sintered for ] hour at ! !

13007 C . H3-46 2-3
4 Brush L'OX Cold pressed at 20 tsi and sintered {or 1 haur at

Hau €L G093 I-2

© paramcter changes during elevated temperature irradia-

tion
Temperature Dose | e " Arje for sunre
C oyt oo ‘ dase at 1007 C
Slu~dst | BSxlow | S
SAU-5a ! [ e 30
Gnih i) | 4.4 % 10 ‘ 1.4
CAT-Be, | LIx10m | | 3.3
GBI Bl .5 10 - ; 21
Gy=Tru | 1.2 Jo ‘ : 34

X-ray Diffraction Studies of Irradiated Beryllium Oxide

Reference| -D. G, Walker, R. M. Mayer, and B. $. Hickman

9

J. Nucl.

Mater, 14 (1964) 147-158
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A-97
Material BeO {sc) Property Lattice parameter /1
Irradiation| 8.1 x 1018 v 6.5 x 1020 nyt
Condition 7.5~ 100°C
21
o
Ay
2.2008F
aan °
-
= ©
3
-
z
a3y 3 e @
- a
af
2
g
H B
H
up Aem 2680 H
LR L1
s IR IR B S A R
INTEGRATED FISSION NEUTRON DOSE
The variation of the a parameter with neutron dose,
ann — —= = = T . 098
i new 100 L) Lap 8 g
INTEGRATED  FIS5/0M MNEUTROM DOSE
The variation of the ¢ parameter with neutron dose. 007 n/
98]
'5 oes
w
=]
; D.O4
[+
-
s ¢oy
H
z
@
a
1
! v - Mocroscapic
Denuty
oal / — e —
12197 2g® e’ dap’® 5™ 82107 1007

INTEGRATED FISSIQN NEUTRON OOSE

Comparison of the variation of macroscopic density
and XN-ray density with ncutron dose.

Single Crystals

Compariscn of Macroscopic and X-ray Growth in Irradiated BeO

Reference|B. S. Hickman,

D. G. Walker and R. Hemphill

10

J. Nucl Mater. 14 (1964} 1le7-174
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A-98
M " BeO (hot-pressed, .
ateria sintered) Property Lattice parameter 1/1
jation| 1.2 % 3.65 x1021 2
Irradiation| 1. .65 x n/cm ETR
Condition 583 ~1100°C
Results of X-ruy diffraction exmninations of irradiated BeQ
Capsule no. aod Newtron doge Temperatore ;
Bet) type $t (nvt) ") Aefra chetfteo | (Aefea)f(Aai)
|
! (% HOzy (> 1 [
i o 3 1.2 O3t 0.6G2 0.2 1.9
2 CP 1904 I 0.43 0.10 4.3
HE ! 0.57 0.07 7.7
\
3y L40 915 1.12 a1 16.2
HP 0,75 0.08 9.0
4 CP 3.28 G159 0.658 0.14 4.9
HL w7l 0.06 i1.3
5 CP 3.44 024 1340 014 9.0
nr 1.07 | 012 8.0
6 {1 3.63 825 L.44 0.G7 20.6
HP 1406 0.04 36.5
7 0P 3.05 $35 0.07 ol 7.0
HI* 044 06 8.4
8 Cr 2.25 1100 0.32 14 2.7
HP 0.23 0.08 2.7

t Tho values of the lattice paramcters of the control samples aro as follows: cold-pressed, ap=2.00782 +

0.00005 A, cp=4.37770 4 0.00020 A; hot preased, ap=2.69781 £+ 0.00005 A, c0=4.37792 4 0.00023 A.

The ranges of probable errors in the paramcter measurcments of the icradiatad samples are as follows:
4 I ]

a, 0.00004—0.00010 A; ¢, 0.0004—10.0010 A
t1 The symbols CP and HP refer to cold-pressed and sintered amd hot pressed BeQ, respectively.

The Effect of Fast-neutron Irradiation on Beryllium Oxide

Compacts at High Temperatures

Reference

G. W. Keilholtz,

J. E. Lee, Jr.

and R. E. Moore

12

J. Nucl. Mater. 11 (1964) 253
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L

A-99
Material Mg0 (sc, pc) Property Lattice parameter 1/1
Irradiation| 1.4 x201% v 6.5 %1020 n/cm? (E>1 MeV) HIFAR
Condition 75 v 100°C
+ ...5ingle Crystal Measuremaent
Q... ..Powder Camera Measurement
X, Oatz trom RS Sharpe {1963) -~
Bouoe Data from Groves andg Keily {1963)
i
: |
|

El
COSE >1Mev

Variation of lattice parameter with neutron dose.

|
4 5 x 1920 nut

The results of Sharpe

(1963) and Groves and Kelly (1063) are also shown for comparison.

Reference

13

Growth of Magnesium Oxide during Neutron Irradiation

B. 8. Hickman and D. G. Walker

Phil. Mag. 11 (1965) 1101
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A-100

Material

Al;03 (sc, pe)

Property

Lattice parameter 1/1

Irradiation
Condition

< 5x1020 n/em? (E>1 MeV)
75 100°C, 500~ 700°C

HIFAR

changes as a function of
neutron dose at T5-1007 C.

Qa3+

°fy CHANGE

Q.2

Lattice parameter

olr

A- L PARAMETER
T- 9 PARAMETER

Results of lattice parameter measurements on alumini-
um oxide irradiated at elevaied temperatures

. L ;
3 a 5ri0f

DOSE nvt, > | MaV

Dose Temperature | dcfe daja | AV/V

(nvt) (°C) (%) (%) | (theor.}
2.8 x 1020, 550 0.12 011 0.34
3.2 x 1020 600 0.12 0.13 0.38
2.5 x 102 700 0.06 0.07 0.20

Reference

15

The Effect of Neutron Irradiation

on Aluminium Oxide

B. 5. Hickman and D. G. Walker

J. Nucl. Mater. 18

{1%66) 197
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A-101

Material

BeO { sintered ) Property Lattice parameter

/1

Irradiation

< 2x 102l n/cm? (E>1 Mev) ETR

Condition 110, 650, llo0°C
Results of X-ray Diffraction Examination of BeO Irradiated at 110°C*
Fast-Neutron | Fast-Neutron
BeO Dose Flux .
Type | (>1 MeV) (>1 MeV) Aajag Acfeo av/V,
n/cm®) [n/(em" sec))
(< 10°") (x 10*) {+ 0.0001) | (+ 0.0003) | (+ 0.0003)
v 0.4 0.9 0.0010 0.0100 0.0120
1 0.7 1.7 0.0012 0.0256 0.0280
v 1.0 2.4 0.0013 0.0298 0.0324
I 1.0 2.4 0.0013 0.0328 0.0352
Fast-Neutron | Fast-Neutron
« | BeO Dose Flux Temp. b
Experiment Type| (>1 MeV) (>1 MeV} (C} aa/as Ac/co av/V,
n/cm?) [(n/{em* sec))
x 10% x 10 ( 0.0001) ! {+ 0,0003) ] (+ 0.0003)
431-9 v 0.8 1.0 650 0 0.0150 0.0150
41-8 1 0.9 1.1 650 0 0.0158 0.0158
41-9 1 1.1 2.1 650 0.0001 0.0140 0.0142
41-9 v 1.7 2.1 650 0 0,0226 0.0226
41-8 v 1.3 0.8 650 0.0001 0,0152 0.0154
41-8 o 16 1.0 650 0 0.0114 0.0114
41-8 i 1.8 1.1 650 [+ 0.0205 0.0205
41-8 n 1.8 1.2 650 0 0,0181 0,0181
41-8 o 2.0 1.3 650 [} 0.0154 0.0154
41-8 1 2.9 1.8 650 [} 0,0212 0.0212
41-8 v 4.3 2.7 650 0.0004 0.0209 0.0217
41-8 I 4.5 2.8 650 0,0005 0.0204 0.0214
41-8 1 0.7 0.9 1100 0 0 0
41-8 v 0.8 1.0 1100 0 0 0
41-9 v 1.9 2.4 1100 0 6.0019 0.0018
41-9 I 18 2.4 1100 4] 0.0034 0.0034
41-8 it 1.0 0.6 1100 0.0001 0.0016 0.0018
41-8 v 1.8 1.1 1100 0.0001 ) 0.0002
41-8 v 3.2 2.0 1100 0 0.0028 0,0028
41-8 I 3.4 2.2 1100 ©.0001 0 0.0002
*Lattice parameters were calculated from measurements of the 21-.1 and 21.0 reflections
of Ni Ke x radiation from Be(Q compacts irradiated in Experiments 41-8 and 41-8, which
were ground to a {ine powder. .
*Irradiation times of Experiments 41-8 and 41-9 were 1,50 x 10" and 7.55 x 10°sec,
respectively,
bThe fractional volume increase aV/V, was calculated from the equation AV/Vy = 2 da/ao
+ac/en.
Irradiation Damage to Sintered Beryllium Oxide as Function
of Fast-Neutron Dose and Flux at 110, 650, and 1100°C
Reference| G. W. Keilholtz, J. E. Lee, Jr. and R. E. Moore
16 '

Nucl. Soc. and Eng. 26 (1966) 329
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A-102
Material 8iC (w-5iC) Property Lattice parameter 1/1
Irradiation | 3x 102l n/cm?2 (E> 1 MevV)
Condition 450, 650°C
4
; T Ty
=09l L g
i [
% 30eap ./
i
3.084*
3.0BDL1 2 n N 1 L Lo b
a ]
s 580 }/—'} ~
-
? 15140
C
[
|5.|20tA
¢
15.000, n n n 5 : 1 a " i 1
0 2 3 e s 6 7 8 9 10 30
DOSE, nscm2 x 10?0
a-SiC Iattice parameters as a function of irradiation at 450°C,
3095'r .
- ———“‘;‘—*_‘-——«h}
b 25092.l § i
bl ! -
% 3088-
¢ a.oeq}l
3030LA 1 1 il il 1 L L . . [ —
12 180T {
s i7of T T T,
=I5 160" b
X 15140
X /
& wazor /
IS‘OOH n I 3 N N L L L 1 n e
0o | 2 3 & 5 & 7 B 9 10 30
DOSE, nrem? 11020
o-5iC lattice parameters as a function of irradiation at 6350°C.
Irradiation Damage in Reaction-bonded Silicon Carbide
Reference{ R. B. Mattews
22
J. Nucl. Mater. 51 (1974} 203
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A-103

Material| Si,N20

Property Lattice parameter 1/1

Irradiation 1017ru3;<1020 fast n/crn2 SILOE (CENG)

Condition < 327°C

a‘a.
1008

: '
1004
1002

1000 b

1000

nnoa

Gvt

1000 ¢

0§98

0996

0994

0997

0986

0.994

0.952

‘l bfbo

Y\ C/C.

\\\

\V/V.
0998

—

Dose [n/cm’)

S-D 100 150 x 10"

Relative lattice parameters and unil-cell volume change of or-

thorhombic SN, O with fast neutron irradiation.

Variation of the Lattice Parameters of SipNz0 with Fast
Neutrcon Irradiation

Reference| p. Billy, J. C.

Labbe, A. Selvaraj, G. Roult and I.. Cartz

239 J. Am. Ceram.

Soc. 62 (1979) 540
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A-104

Material| Si3N,,Sialon,SiyON;

Property

Lattice parameter

1/1

Irradiation | 3x1021 n/cm? (E> 0.1 MeV) EBR-TI
Condition 742°C
Materiai Major Phase Impurity Phases
Forton S5isNy B-S13Ny o-513Ng
51,0Ny
Mgl
Ceradyne SiaNy B-51i3Ny MgO
$1,08, 51,0N, B8-SiyNy
sic
Lattice Parameter Changes
sa/a, Ab/b se/c
S1,0N; 40.17% 0.172 -0.26%
13K, 3 +0.022 — +0.01%
513N, b -0.08% - 0
Sialon -0.17% - +5.18%

4Norton NC-132
bCeradyne

Silicon Nitride and

Oxynitrides

X-ray Analysis of Internal Strain in Neutron-Irradiated

Reference| G. F. Hurley and F.

H. Cocks

38

USDCE Report, DOE/ER-0113, Nov.

1981, P.2-3
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A-105
. Optical absorption
Material| Al,05 {sc) Property | olcrficient L2
Irradiation 5715 MeV proton {(LASL Tandem Vaan de Graff)
Condition 14 MeV n RTNS {LLL)
Optical Absofption vs. Particle Energy
Energy Fluence Optical Ab_si Coeff, Ratio of Abs,
(MeV) (cm?2) {cm °) to Fluence
In Out
5 2 6.75 x 1015 24 3.6 x10 1°
% -
9 6 5.6 x 1018 55. 8 1.0 x101°
12 9.5 2.1 x 1018 37 1,8 x 10717
15 13 2.1 x 1016 30. 5 1.5 x 10 1°
14MeV n 1 x10!7 124 %% 1.24 x 107 1%
* Estimated

**This may have underestimated by ~30% because of spectrophotometer

stray light.

High Energy Proton Simulation of 14-MeV Neutron Damage in
Aln03

Reference

D. W. Muir and J. M. Bunch

24

Conf. Proc. Radiation Effects and Tritium Technology for
Fusion Reactor, CONF-750989 (1976) II-517
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2-106
; Optical akscrpticon
Material | Alp03 (sc) Property Coofficient 2/2
Irradiation| 5~ 15 MeV proton
Condition 14 MeV n RTNS (LLL)
i - ,’\":-Trwmf:ﬂuun L g
- i T™F
g i : vy §
v y
5‘0— Incuprt 13 e pomtons '”5
LAE « 1 v} -
3 210" pralt ]
§ §
E wrLe - |
2o (68 0% paml} e 2
i H
]
— TR
Photon Esargy V)
Optical Absorption of Sapphire Irradiated and Measured
at Room Temperature,.
40|
o
¥ 0
K3
gn
f»
™
o
‘i 0
E s
| -
L
a0
-
[
o [+
Temporolurs LK)
Isochronal Annealing Curves for the Three Principal
Absorption Peaks of sapphire
High Energy Proton Simulation o¢f 14 MeV Neutron Damage in
Al2GCy
Reference| D. W. Muir and J. M, Bunch
24 Conf. Proc. Radiation Effects and Tritium Technology for
Fusion Reactor, CONF. 750889 (1976), II-517
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A-107

Material

BeO, Al303,A1,04-5i0,

Helium libkeration

P ) ;
roperty Helium migration

1/1

Irradiation

0.73 v 1x1¢21 n/cm? (E> 0.8 Mev)

Condition
Concentration of Helium in Stored Vacancies in Different Speclmens after Irradia-
ton in 8 Reactor
Kl . . of
3 Chermical composition, mass % Noclear reaction g::::rjzz L’:;dj" g:%i;n:: Cr;"ﬁvfm
4 . 0.8 MeV), alom i 1
2 | auor| s10i | Pey0p| cao | myos [ mgo | 110 “m"’,m: pemp. X (cn?culcauuu c:ma"[P[?;-u]
BeD *Be (n, 7)LI 61009 ~ 15 144100 2,85 lpnt
*He (n, 2n)2'He
GB-7|87,7 nmio0e |09 [o02f — | — | B, arli 5.20.908 | ap0 | 6.i-t0 b og15.10m
1.0. 108 1,22 4080 9.,2.108
MG-2 |60.14} 21,12 04 | 2,32 | 1,67 | 2,54 | — | "Bin, )Lt 1,360 960 | ~ 100 | 9.38.400% | 1,510
1,0-101 1, 66103 9,2.10m
L-24 47,5 |41,67| 2,01 | 0,8¢ _— .2 0,% § *Li(n, a)’H 1,26 1Rt -~ 10D | 2,52. 105 1,15 10m
IR 3.85-10 | 9,2-10%
Activation Energy for Migration
of Hellum in Different Irradisted Ceramic
Specimens
75 Speci- |Activation en- [Annealing Fluence, 10°*
. men gy, eV temp., ‘C newtrons £m*
o
g Re0 0,1—0,3 100—250 6.0
- 0,6—0,8 400500
§ MG-2 0.1—0.3 100— 300 1,28
o5 1] 0.5—1.2 350—500
5 0, 100— 300
S 0,5—1,4 350— 500 10,0
: 200 GB-7 0,1—0,8 100—300 t.26
E’ 0,5-1,0 .. 400—B0G
= 0,1=0,4 10— 300
T 0,4—0,6 400— 600 10,0
cu L-24 0,4—0,5 100—300 1,28
o 0,B—1,2 500— 700
€ 0,25—0,5. 100— 300
-7 1,0—1,3 500--700 10,0
s AN 0,1~0.2 100300 1,26
2 0,5-0.8 200~ 400
= 0,25—1,0 600—800 12,0
= 2
£ Note, Temperature of BeQ irradiation ~ 75°C;
< for the remalning materials studied ~100°C,
¢ w2 i W8
Temperature, *C
Fig. 3

Temperature dependence of the rate of lUberation of helium out of

beg?']llum oxide, irradiated to a fluence of 6- 107 (@) 7.10% (O); and 1.2-
10

{4) neutrons/cm?’, The annealing rate was 5°C/min,

Helium Liberation from Irradiated Ceramic Materials

Reference

A. V. Khudyakov, G.B.Shchekina and A. N .Lepikhov

42

Sov. At. Energy 52 {1982) 173

— 167 —




JAERI-M 87-217

A-108

Material Mg0 (sc) Property Optical absorpticn 1/1

Irradiation! 1.4 x 1010 n/crn2 KUR < 100°C
Condition 8 x101% n/cm?2 (E =14 Mev) RTNS-II RT

& O

& 570nm banc
e

#

seoeneirs 44 MgV-ribigh pure (1]
—O— t1aMevT , undoped

Absorpton Coefficient (cm'}

107 — ~#-— fgsiorn | undoped
A © , Fe doped
o ", Mn doped
10"2 L it 1 1
b) a
101 ,/" 4
o O
I+
- . . . J
10 10'® 167 10/ 10°

Neutron Fluence (nrem? )

Ahsorption coefficzent of the (a) 250 (F-type centers)
and 570 nm bands, {h) 10454 nm line (F, center) resulung
from neutron irradiations in the RTNS-JI and KUR as a
function of neutron fluence. The dosted line of the upper part
in (u) iv 8 curve of the absorption coeflicient of F-type cenlers
for the high-purity MgQ crystals irradiated by 14 MeV neu-
trons from the RTNS facility ehtained hy Chen et al. [1] Sohd
lines: the ohservations of the nominally pure samples irradiated
by 14 McV neutrons. Broken Jines: the observations of the
nominally pure samples irradiated by fisston neutrons.

Optical Properties of MgO Irradiated by Fast Neutrons

Reference: M. Okada, T. Seiyama, C. Ichihara and M. Nakagawa

a1 J. Nucl. Mater. 133 & 134 (1985) 745
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7. Summary

A data base of radiation effects on ceramic insulators
was made by collecting the published literatures during 1960
to 1986. The data were classified according to the properties
of ceramics. As to swelling, the data were compiled as a
function of neutron fluence and irradiation temperature. As
the study of radiation damage on ceramics 1is now in progress,
the data base is thought to be insufficient for getting sound
understanding of radiation effects and optimizing materials to
radiation environment. However, in the present work, general
response of ceramics to radiation, especially swelling
behavior, would be clarified to some extent.

The effort for extending the data base and for studying

the fundamental process of radiation damage will be important.
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