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Abstract: The promise of lithia ceramics as candidate breeder materials necessi- 
tates investigations on radiation damage induced structural variations. Prepared 
porcelain systems consisting of /?-eucryptite (Liz0.Alz03.2Si0z), its solid-solution 
(Li20.A1203.3Si02) and b-spodumene (Li20.A1203.4Si02), previously character- 
ized, were irradiated by fast neutrons at room temperature. A 252Cf source 
(2 MeV) was used to give fluences of 1 x 105, 1 x lo8 or 1 x lOto n/cm*. Samples of 

each group received fluences in a one-shot technique, i.e. new samples were used 
for each fluence before being subjected to structural testing. Damage was assessed 
by X-ray diffraction (XRD) and infrared (IR) spectral analyses. Relevance dila- 
tation changes were followed through coefficient of change with temperature up 

to 1000°C. Surface morphologies were examined using scanning electron micro- 

scopy (SEM) and selected area electron diffraction (SAED). 
XRD patterns revealed various degrees of imperfections that were reflected as 

shifts in lattice planes. The IR spectral bands suffered shift, especially in the fin- 

gerprint region, parallel with the fluence intensity. Coefficient of contraction and/ 
or expansion evidenced various degree of damage, which upon intense irradiation 
annealed to the original values. SEM micrographs revealed that large grains 
comprising either /I-eucryptite or /?-spodumene bodies are much more affected by 
fast neutrons compared to smaller grains detected in the body containing the 
solid-solution. Additional evidence was obtained by the SAED results, where the 
continuous polycrystalline rings of both ,!I-eucryptite and /?-spodumene turned 
upon irradiation to the amorphous metamict state simulating the initial solid- 
solution structure. The latter acquired higher crystalline order, as well as poly- 

crystalline habit. The degrees of induced imperfections were found to be depen- 

dent on initial crystallinity. The higher sensitivity to fast neutrons of #l-eucryptite 
was related to its higher lithia content rather than its hexagonal spiral structure 
compared to the tetragonal B-spodumene. Intense irradiation caused annealing of 
the produced damage observed by fragmentation of the grains and various degree 
of amorphism. 0 1997 Elsevier Science Limited and Techna S.r.1. 

1 INTRODUCTION 

Lithia-bearing compounds, LizO, LiA102, LiSiOs 
and Li4Si04, were investigated to evaluate the 
possibilities of breeding in thermonuclear reactor 
blankets.’ The International Thermonuclear 
Experimental Reactor design team (ITER) recog- 
nized the promise of lithia ceramics as candidate 

breeder materials2 They could also replace coat- 
ings on fuel materials, e.g. A1203 and BeO, which 
have major problems of cracking during thermal 
cycling during elevated temperature irradiations.’ 
Fundamental aspects relevant to radiation damage 
are the nature and mechanism of the defects 
created by incident radiation and the extent of 
alteration in structural and physical properties of 
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solids. The possible changes in composition and 
internal structure during service must be primarily 
considered. Electron diffraction and gas release 
measurements4 of alumina and some other oxide 
ceramics revealed a quasi-stable amorphous phase 
after ion bombardment. Amorphism of porcelain 
minerals was reported.5 These induced changes are 
dependent on the type of solid material itself, its 
structure and the type of irradiation. Precise and 
distinguishable quantitative detection of radiation 
effects on the physical and chemical properties of 
solids is desirable to define the ultimate range of 
material performance in intense radiation fields. 

In the present work, the effects of low fluences of 
fission neutrons on the structural and physical 
properties of lithia-alumina-silica ceramics having 
different ratios of Li20:A1203:Si02 (LAS) were 
studied. X-ray diffraction (XRD), infrared (IR) 
spectral analyses, scanning electron microscopy 
(SEM) and selected area electron diffraction 
(SAED) were used to investigate radiation induced 
structural changes. Thermal expansion changes, 
being a unique thermophysical property of these 
ceramics, were used to exemplify physical property 
changes. 

2 EXPERIMENTAL WORK 

2.1 lrradia tion facilities 

Ceramic disk specimens (previously prepared and 
characterized)6 having the chemical composition 
and the optimum ceramic parameters in Table 1, 
were prepared at their respective optimum firing 
temperatures. Disks were irradiated with fission 
neutrons emitted from a 50 pg 252Cf source with an 
average energy of 2 MeV. The yield of the source 
(Radio-chemical Centre, Amersham, England) was 
between 9x lo7 and 5.8x lo7 n/s. 

The source is kept in a cylindrical capsule 0.6 cm 
diameter and 1.2 cm height, situated in the centre of 
another cylindrical aluminium container (2.5 cm 4 
and about 4 cm height). Neutron fluences were 
measured simultaneously at the position of the 
sample using a calibrated fission track detector 
type LR-115 (Kodak, Pathe, France). Neutron 

Table 1. Chemical composition and optimum cera- 
mic parameters of LAS disks 

Notation Lip0 Al203 SiOn True density True porosity 
(s/cm31 w 

LAS1 11.86 40.46 47.68 2.40 8.33 
LAS2 9.57 32.67 32.67 2.38 5.46 
LAS3 8.03 27.39 27.39 2.68 23.88 

irradiations were carried out at room temperature 
in the centre of a square room of approximately 
4x 5 m and specimens were fixed in positions to 
allow for normal incidence of fission neutrons. Six 
separate fluences (4) in the range 1.1 x lo5 up to 
1.1 x 10” n/cm2 (i.e. up to 1 Gy) were used to 
bombard the three lithia-containing bodies, using a 
one-shot technique, i.e. a new specimen for each 
neutron exposure. 

2.2 Irradiation-induced defects 

The structure of the LAS ceramics post-irradiation 
with each fluence was assessed through X-ray dif- 
fraction analysis using CuK, radiation at 
28 = 0.25”/min. Complementing infrared spectral 
analysis by the KBr disk technique was used. 

Thermal changes were measured for the samples 
post-irradiation and post-annealing in order to 
distinguish irradiation-induced effects from those 
due to heating during measurements. 

Morphological changes were studied on the irra- 
diated powders of the finely ground ceramic speci- 
mens using scanning electron microscopy (SEM) 
and selected area electron diffraction (SAED).6 

3 RESULTS AND DISCUSSION 

3.1 X-ray diftraction analysis 

The XRD spectra reveal that several peaks suffered 
broadening with obvious reduction in their relative 
intensities. A recovery in the line intensities and 
angle shift were observed upon further irradiation 
in the intense neutron field. The line shift is indi- 
cative of macrostresses, i.e. non-uniform for var- 
ious planes of the phases.7 Maximum shift to lower 
diffraction angle was attained upon exposure to 
1.1 x 10” n/cm2 for B-eucryptite LAS1 (Fig. 1). Its 
solid-solution LAS2 (Fig. 2) shifted when exposed 
to both 1.1 x lo5 and 1.1 x lOi n/cm2. @-Spodu- 
mene samples LAS3 showed merging and broad- 
ening of the multiple peaks of 222 hkl plane and 
lower intensity of the 102 hkl plane with a fluence 
of 1.1 x 1O’O n/cm2, denoting partial amorphism 
(Fig. 3). The response to this high fluence could be 
attributed to partial changes in both glassy and 
crystalline phases constituting the body to a com- 
mon metamict phase. 8 Such an intermediate phase 
was reported earlier in quartz and silica glasses 
upon intense irradiation.’ 

3.2 Infrared analysis 

Complete disappearance of certain IR bands in 
/?-eucryptite and its solid-solution (Figs 4 and 5, 
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Fig. 1. XRD traces of neutron-irradiated /?-eucryptite characteristic planes (LASl). 
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Fig. 2. XRD traces of neutron-irradiated B-eucryptite solid-solution (LAS2). 
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respectively) denotes their higher sensitivity com- 
pared to B-spodumene (Fig. 6), which suffered only 
some shift in the band positions. Samples partially 
retained their original structure when subjected to 
1.1 x 10” and 1.02x 10*n/cm2 for the former and 
latter, respectively. Similar orderdisorder trans- 
formations were reported for potash and soda 
feldspar by IR when changing from low to high 
temperature structure.1° These changes, being 
more obvious with higher lithia content, could be 
explained on the basis that the incoherent scatter- 
ing of Li is about an order of magnitude larger 
than the sum of all incoherent cross-sections of 
other atoms in the formula unit of LiAlSiO+” The 
broadness of the bands corresponding to water 
species is related to surface oxidized radiolytic 
products that are dependent on the neutron 
irradiation fluence and temperature, as well as the 
matrix properties of lithium aluminates and 
lithium silicates.12 The radiolysis in Li4Si04 and 
Li2Si03 was assumed to be proportional to the 
number of Liz0 groups in each.i3 Also the bands 
characteristic of water species and those occurring 
at 12.8 and 13.3 urn, characteristic of A104-, 
A106- and Si-Al(Si) stretching, suffered diminu- 
tion in their intensities with a fluence of 1.1 x lo5 n/ 
cm2. These observations continued with higher flu- 
ence (1 .I x lOi n/cm2), though some bands par- 
tially reverted to their original shape. This 
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reversion occurred at earlier fluences for @-spodu- 
mene since the damage was not severe, denoting its 
lower sensitivity to neutron effects, therefore com- 
plementing and confirming the present XRD data. 

3.3 Thermdchanges 

Upon irradiation with 1.1 x lo5 n/cm2, the negativ- 
ity of the thermal expansion of all specimens 
increased (Table 2). 

At medium fluence all values increased towards 
the zero line, approaching the pre-irradiated 
values. This is explained by the recovery and heal- 
ing of the irradiation-distorted lattice, as well as 
the partial release of the accompanying stored 
energy. l4 The highest experienced fluence 
(1.1 x 10” n/cm2) increased the negativity values to 
approach those induced by the lowest fluence. The 
zero expansion temperature, To, was attained at 
higher temperature but without a linear relation 
with the neutron fluences (Fig. 7). This is attributed 
to the high concentration of fast neutron-induced 
vacancies and interstitials, as well as to their accu- 
mulation with intense fluence in addition to the 
energy stored in the lattice due to neutron colli- 
sions.i5 The reduced values of expansion are also 
attributed to the volume expansion resulting from 
neutron irradiation. Around the path of the neu- 
trons substantial defects in hexagonal minerals 
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Fig. 3. XRD traces of neutron-irradiated /3-spodumene (LAS3). 
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arise due to the internal stresses.16 The excessive (n, a) reactionsI contributing to the radiolysis 
heating and stored energy are expected to enhance phenomenon known in silicates.ls The relation 
gas movement, migration and outgassing due to between the gradual increase in the silica content of 

Table 2. Variation of coefficient of negative (cne) and positive (cpe) thermal expansion (x10’) with 4 

Coefficient 
Bodies notation 
Temperature (“C) 
Fluence 4 

LAS1 
cne 

LAS2 
ff75’5o 

LAS3 LAS1 

a350 
500 

we 
LAS2 

a450 575 

1.1 x105” -17.1 -9.3 -2.1 -50.3 21.6 
1.0x106” -14.7 -9.3 -4.0 -46.4 25.6 
1.0x10’ -10.7 -9.3 -2.7 -48.8 24.4 
1.02x 108” -8.0 -6.7 -14.7 -53.6 26.4 
1.03x109 -9.3 -6.7 -0.0 -43.2 24.8 
1.1 XIO’O -16.0 -8.0 -4.0 -51.2 24.8 
Pre-irradiated -14.6 -8.0 1.3 -46.4 21.6 

l Maximum effective fluence (n/cm*). 
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Fig. 4. IR-spectral analysis of /?-eucryptite (LASl) pre- and post-irradiated with fast neutrons. 
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the bodies and the maximum negativity produced 
by the corresponding neutron fluences (Table 3) 
demonstrates the decreasing effect of fluence with 
increased covalency. The percentage change A (%) 
in the negativity of thermal expansion is consis- 
tently decreasing with increasing silica, /I-Spodu- 
mene with its tetragonal symmetry needed a 
fluence of 1.02x lo* to give the lowest change. 
Covalent bonding being rigid and directional is 
much less able to accommodate lattice distortion.” 

The values of coefficient of negative and positive 
expansion (Table 1) exhibited a wavy shape of 
change with neutron fluence which is related to 
defect annihilation. It was reported that several 
defect sites in oxide ceramics annihilate upon a 
second and subsequent irradiation.i5 Also, the 
ability of lithium to capture neutrons by the (n, CX), 
3H reaction”, giving energetic alpha particles and 

W. I. Abdel-Fallah et al. 

Table 3. Neutron fluences inducing maximum nega- 
tivity (~10~) 

Bodies Silica(%) Pre- Maximum % A* Neutron 
notation irradiation negativity fluence 

LTo LTirr 

LAS1 47.68 -16 -22 37.5 1.1 x105 
LAS2 57.76 -8 -10 25.0 1 .I x105 
LAS3 64.58 -1 -16 6.25 1 .02x108 

l % A in negativity = LTn-L~o/L~o~ 100 

tritium (3H) nuclei, along with defect migration in 
the network of the system, are expected to cause 
further additional damage contributing to annihi- 
lation. Radiation annihilation and the wavy nature 
of structural changes were reported on the basis of 
calculated crystallite sizes and stresses developed in 
/3-eucryptite and /?-spodumene porcelain.20 
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Fig. 5. IR-spectral analysis of B-eucryptite solid-solution (LAS2) pre-and post-irradiated with fast neutrons. 
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Fig. 6. IR-spectral analysis of B-spodumene solid-solution (LAS3) pre-and post-irradiated with fast neutrons. 

4 MORPHOLOGICAL CHANGES 

4.1 Scanning electron microscope 

The majority of the grains of irradiated B-eucryp- 
tite [Fig. 8(a)] are large and opaque. Their grains 
suffered fragmentation, yielding smaller and finer 
grains with several areas of contact and undefined 
morphology, upon irradiation with a fast neutron 
fluence (1.1 x lo5 n/cm2). On the other hand, /I- 
eucryptite solid-solution (LAS2) [Fig. 9(a)], upon 
irradiation with the same fluence, possessed 
enlarged and well developed crystals with high 
relief denoting volume expansion or grain 
growth. 21 The majority of grains of /3-spodumene 
are also large and opaque, and suffered the same 
fragmentation as j3-eucryptite upon irradiation 
with a fluence of 1.1 x lo5 n/cm2 [Fig. 10 (a)]. A 
higher fluence of 1.02x lo* n/cm2 developed larger 
areas of contact in both /?-eucryptite [Fig. 8(b)] and 

its solid-solution [Fig. 9(b)]. This fluence developed 
enlarged grains having higher relief in /?-spodu- 
mene [Fig. 10(b)]. This characteristic feature was 
not obtained for /%eucryptite, even when irradiated 
to the highest fluence. Great similarity could be 
seen between specimens of B-eucryptite S.S. and 
those of /I-spodumene irradiated with 1.1 x lOlo n/ 
cm2 as small grains seemed to be regrouped into 
larger ones without sharp edges [Fig. 9(c) and Fig. 
10(c)]. Those corresponding to /?-eucryptite still 
have structural hexagons beside the grain aggre- 
gates. 

4.2 Selected area electron diffraction 

For /?-eucryptite (LASl) specimens, the disorder is 
easily demonstrated with a limiting dose higher 
than 1.0x lo5 n/cm2, as proved by the faint devel- 
opment of ring patterns. The presence of streaks 
revealed different types of imperfections, as well as 
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weak crystallinity [Fig. 8(c)]. Additionally, as the 
central core grew smaller along with the streaks, 
devitrification in the glassy phase is suspected.22 
This common state of crystallinity was previously 
reported for reactor-irradiated quartz and fused 
silica.19 At higher fluence (1.02x lo8 n/cm2) [Fig. 
8(d)] a quasi-morphous phase, analogous to that 
termed by Crawford “radiation-disordered phase”, 
was obtained.23 The maximum experienced fluence 
(1 .l x lOlo n/cm2) [Fig. 8(e)] yielded the most 
defective pattern. 

The patterns of j%eucryptite S.S. (LAS2) speci- 
mens [Fig. 8(d)] possessed an exceptionally poly- 
crystalline nature with more sharp and continuous 
rings even than pre-irradiated ones denoting devi- 
trification of the glass when irradiated to the lowest 
fluence (1 .l x lo5 n/cm2). Upon irradiation with a 
neutron fluence of 1.02x lo* n/cm2, the structure 
tended to revert its original nature [Fig. 9(e)]. The 
maximum experienced fluence (1.1 x 10” n/cm2) 
also yielded the most defective structure [Fig. 9(f)]. 
The j%spodumene patterns (LAS3) [Fig. 10(d)] 

W. I. Abdel-Fallah et al. 

showed its polycrystalline nature by numerous 
streaks and spots with faint rings upon irradiation 
to 1 .l x lo5 n/cm2, coinciding with volume expan- 
sion of the crystals with devitrification of the sur- 
rounding glass. 22 At higher fluence (1.02x lo8 n/ 
cm2), the rings grew faint with fewer spots [Fig. 
10(e)]. This continued with 1.1 x 10” n/cm2 fluence, 
leading to a larger core denoting more vitrification 
[Fig. 10(f)]. The higher sensitivity of /%eucryptite to 
fast neutron irradiation is proved by the ease of 
formation and subsequent stability of lattice 
defects under the same given set of radiation con- 
ditions.23 

The phenomenon of annihilation of induced 
damage and reversion to the original condition 
could be explained by a postulated thermal spike 
mechanism. The temperature of the area of neu- 
tron bombardment is raised up to lOOo”C, fol- 
lowed by quenching for a period of less than 
lop3 s.15 This might cause the ordering of some 
crystal planes, relief of certain internal stresses and 
perhaps some amorphism. The expansitivity of a 
glass that has been quenched differs from that of 
the same glass when slowly cooled.24 

The neutron fluences 4 can be expressed as a 
function of the neutron irradiation induced chan- 
ges in the thermal contraction measured at 1000°C 
for B-eucryptite specimens (Fig. 11). The following 
equation is applied: 

AL% = LTir - LT~ 

where Lrir and LTp are the thermal contraction 
post- and pre-irradiation, respectively. The plots, 
when mathematically treated, are found to obey 
the following semi-empirical formula: 

4 = exp 16.674 x lop5 - AL/l.734 x lo-’ 

Figure 11 shows the values calculated from the 
equation, along with the experimental values. 

5 CONCLUSIONS 

The following conclusions can be drawn from the 
experimental work described above. 

Destruction to both crystalline and amor- 
phous phases was found to be parallel with 
the increase of the lithium concentration at 
the expense of silica, denoting higher sensitiv- 
ity to fast neutron fluence. 
Radiolytic reactions as a result of dissociation 
of water species are represented as dis- 
appearance or reduced intensities of IR- 
bands. The annihilation phenomenon of 
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Fig. 8. (a)-(f) SEM of /I-eucryptite LAS1 irradiated at I$= 105, 10’ and 1O’O n/cm2, respectively. 

Fig. 9. (a)-(f) SEM of B-eucryptite solid-solution LAS2 irradiated at C#I= IO’, IO” and IO’” n/cm2, respectively. 
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damage with intense fluences was proved by 
reappearance of some silicate bands. 
The retarded zero-expansions with higher flu- 0 
ence are related to stored energy beside 
lithium hopping and consequent lattice defects. 

Maximum effective fluence was composition 
dependent. 
Low fluences resulted in large crystallite size, 
and sharp rings of /?-eucryptite and /I-spodu- 
mene changed to smaller ones with faint rings 

Fig. 10. (a)-(f) SEM of ,%spodumene LAS3 irradiated at @= 105, lo8 and 1O’O n/cm2, respectively. 
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Fig. 11. Variation of ALT measured at 1000°C for p-eucryptite LAS1 as a function of neutron fluence considering non-irradiated 
specimens as a base. 
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and streaks. The reverse occurred for 
p-eucryptite solid-solution. At higher neutron 
fluences, expansion of the small crystallites 
and fragmentation of large ones were coupled 
with faint rings and glass devitrification. Signs 
of defect saturation and partial annihilation 
were also noted. 
A convenient semi-empirical formula was 
derived for calculating neutron fluences as a 
function of the variation in the negative ther- 
mal expansion for /3-eucryptite (LASl). 
j3-Eucryptite LAS2 solid-solution is preferable 
as a breeder for its intermediate characteris- 
tics, high lithium oxide content and resonable 
thermal expansion coefficient. 
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