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THE MECHANISM OF IONIZATION DAMAGE IN GLASSY CERAMICS 

* J. Y. Laval and K. H. Westmacott 

Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory 

and 

Department of Materials Science ~nd Mineral Engineering 
University of California; Berkeley, California 94720 

ABSTRACT 

The structural changes that occur in the glassy phase of certain ceraml.CS 

during exposure in an electron beam are analyzed in ;g. nitride, ferrite, 

and oxide. In Si3N4 containing MgO, which was investigated in the greatest 

detail, small void-like defects, postulated to be oxygen gas bubbles, 

nuc leate and grow to diameters in excess·· of 50 nm. Simi lareffects are 

observed in l1nZn ferrite and ZnO. The voltage and beam current dependence 

of the defect growth rate is consistent with an ionization damage process~ 

The results are compared.with previous work and a model proposed whereby 

certain additives or impurities concentrate in the glassy phase, modify 

the bonding, and increase its sensitivity to ionizing radiatiori. Free 

oxygen liberated by electron transfer processes saturates the glass leading 

to bubble nucleation and growth. The presence of polyvalent elements in 

the glass can inhibit gas liberation and bubble formation, and the relative 

amounts and valencies of impurities present will determine its susceptibility 

to damage. 

* .. Charge de Recherche, Centre National de la Recherche Scientifique, Paris; 
on leave at Lawrence Berkeley Laboratory. 
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I. INTRODUCTION 

In transmission electron microscopy (TEM) of metallic materials at 

conventional voltages (100 kV), changes in structures due to the interaction 

of the electron beam with the specimen can be neglected for two reasons. 

(1) The energy an atom receives from an electron in a direct nuclear 

collision is insufficient to displace it from its normal lattice site, and 

(2) ionization and excitation events resulting from electron interactions 

with orbital electrons ate transient (la-ISs long) and cause no permanent 

structural changes. Electron microscopy at higher accelerating voltages 

in a high voltage electron microscopy (HVEM) or in non-metals at 100 kV 

can modify the structure. For organic compounds the damage resulting from 

ionization and other electronic effects at any voltage imposes severe 

limitation on the information obtainable from TEM techniques. 
1 

Alkali 

.and alkali-earth halides are very sensitive to the electron beam. 2 

Dislocation loops are formed first, and then the salts decomposed into 

. 3 
bubbles (e.g., iodine) and metallic colloids. Glasses exhibit a variety 

.. . 4 
of .defects under an electron beam; and defects clustering can lead to 

the outgassing of oxygen. 5 Ceramics form an interesting intermediate class 

of materials because of their wide range of bonding properties. Reductions 

6 of the cation into metal may occur 1.n an oxide film (e.g., Al20
3

), at 

. . 7 
the metal-oxide interface or at the surface (e.g., Cu20). Changes 1.n 

bulk microstructure have been reported in Si3N4 and in siaions by Drew 

arid Le~is8,9 but the effects are confined to intercrystalline glassy phases . 

Makin lO observed extensive transformat·ion in microst,ructure in Sio.2-MgO 

glasses irradiated in an HVEM and studied the effects as a function of 

giass composition. 
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This paper reports an investigation of the mechanism and kinetics 

of ionization damage 1n glassy phases in several ceramics (a nitride, spinel, 

and oxide). We have analyzed the progressive development of structural 

imperfections under an electron beam for different voltages and intensities 

and compared the results to previous work. It is proposed that the formation 

of damage occurs only when certain network modifying additions are present 

1n the glass. 

1. Experimental Techniques 

The ceramics materials were performed by conventional sintering 

techniques. CaO and MgO, commonly used sintering .additives aid densification 

as they lower the liquidus temperature of the pure ceram1C, giving liquids 

at sintering temperatures. However, they readily segregate at .the gra1n 

. 'h b h b ' l' 11 d h boundar1es as 1t as een s own y x-ray m1croana YS1S an promote t e 

formation of intergranular glassy phase. The major constituents and 

processing history for each material are presented in Table 1. Specimens 

suitable for transmission electron microscopy were prepared from thin disks 

b · h'·' 12 Y l.on t 1nn1ng. For the silicon nitride, the specimens were coated 

with a thin layer of carbon by vapor deposition following the ion thinning 

to minimize beam-induced charging. Initial microscopy was performed on 

a Siemens 102 operated at 100 and 125 kV. Subsequently, observations were 

extended to lower accelerating voltages 60 and 80 kV in the Siemens, and 

to high voltages in the range 150~650 kV in an Hitachi HU 650. 

2. Results 

2.1 Damage Nucleation 

(i) Silicon nitride 

Microstructural examination of the silicon nitride in the electron 

microscope at 100 kV revealed a fine scale structure of equiaxed grains, 
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During a short exposure to the electron beam, certain reg~ons of the spec~mens 

transformed. Mottled contrast developed, which was restricted to areas 

surrounding clearly defined grains and to other gra~n boundary layers 

(Fig. 1). These regions were subsequently identified as the glassy phase 

(G). Similar changes were first noted at 200 kV by Drew and Lewis ,8 who 

suggested that the effects were due to an unidentified irradiation damage 

process, and could be used for quickly identifying the regions of amorphous 

phase. A typical sequence showing the nucleation and growth of void-like 

features· is given in Fig. 2. The features always appeared lighter than 

background in bright field micrographs and vice-versa in dark field. 

Stereomicroscopy confirmed that the defects were distributed uniformly 

throughout the thickness of the affected regions (see Fig. 3) and not 

confined to the surfaces. In some cases the images of defects at different 

levels superimposed producing a lighter contrast in the overlapping region. 

The observed contrast features are consistent with the presence of 

irregular shaped cavities or gas bubbles in the bulk of the glassy phase. 

In crystalline materials a void or bubble imaged by diffraction contrast 

may appear dark on a bright background or vice-vers.a depending on the 

d 
.. . 13 

ev~at~on parameters. In amorphous phases, however, it will be seen 

only by absorption contrast and thus will always appear lighter than 

background. We now anticipate later conclusions and hereafter refer to 

these imperfections as gas bubbles. 

(ii) Manganese-Zinc ferrite 

The spreading of the glassy phase at the gra~n boundaries is much 

more restricted for manganese~zin~ ferrite fluxed with CaD than fOr silicon 

nitride. The glassy phase is mostly liinited to triple points, corresponding 

to maximum areas of 1400nm2 and generally much smaller. Under an ~lectt()n 
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beam, those glassy inter granular reg10ns appear to be susceptibl~ to 

ionization damage, too (see Fig. 4). If we compare the. micrographs with 

the case of Si3N4 we see that the contrast alterations are very similar. 

(iii) Zinc oxide 

In order to investigate the irradiation damage process further, a 

sample of "high purity" ZnO was examined. This sample also contained a·· 

glassy phase which seemed to be heterogeneously localized in some grain 

boundaries. The width of the glassy area is <16 nm and is generally smaller. 

The presence of a glassy phase indicates either that impurities such as 

Na, Ca or Pb segregated to the boundary regions during the forming process 

or that preferred reduction of zinc at the boundaries promoted glass 

formation. The glassy phase was again susceptible to the same characteristic 

ionization damage. 

2.2 Bubble Growth Rate 

(i) Silicon nitride 

The sequence of micrographs given 1n Fig. 2 illustrates the nucleation 

and growth of bubbles at 100 kV. In Fig. 2 (a), exposed within 20 s, the 

glassy phase (G), which may be identified from the electron diffraction 

ring patterns [(Fig. 2 (d»], shows faint speckled contrast, suggesting 

defects have already nucleated. 
2 . 

After 2 min in the beam of 9 A/cm , further 

growth of the bubbles is apparent and the average radius is now ~200A 

[Fig. 2 (b)]. Subsequent exposure to the beam resulted in continued bubble 

growth, Fig. 2 (c) .. A corresponding plot which represents the average 

of many curves of bubble radius as a function of time at 100 kV is given 

in Fig. 5, and it is seen that an initial rapid growth rate is succeeded 

by a progressively slowing rate. The accuracy of the measurements is limited 

because the bubbles show weak contrast and are not always spherical. However, 
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the initial form of the growth curve which 1S specific in fitting an appro

priate relation was reproduced in a number of experiments. 

(ii) Manganese-Zinc ferrite 

An example illustrating the microstructural changes after only 1 m1n 

exposure to an electron beam of 9 A/cm
2 

at 125 kV is shown in Fig. 2. 

The rate of bubble growth was slower for the ferrite than for Si3N4 S1nce 

the bubble radius was 25 A after 1 m1n and reached 100 A only after 15 

m1n irradiation, which corresponds to a ratio of 1/2 if compared with bubble 

growth1n Si3N4 at the same voltage. However, the form of the curve relating 

the bubble radius to exposure time obtained from several sequences of 

micrographs (Fig. 6) is similar to the Si3N4 curve. 

(iii) Zinc oxide 

The bubble growth was again very rapid as may be seen from Fig. 7: 

after 1 min irradiation, . the bubbles reached their maX1mum Slze corres

pond ing to the width of the glassy intergranular regions (r = 80 J\ ). 

A comparison with the growth rate for nitride and ferrite shows that the 

ionization damage rate in ZnO is comparable to the rate in Si3N4 . 

2.3 Voltage and Intensity Dependence of Bubble Formation 

A series of experiments was performed at progressively higher accelera

ting voltages, namely 60, 80, 100, 125, 150, 200,300, 400, 500~ 650 and 

at varying electron beam intensity in the range 9-32 A/cm2 (no aperture 

on the second condenser). In Fig. 8 (a,b) the growth rates of bubbles 

are given for voltages 100 and 60 kV for Si3N4~ They showthllt the growth 

rate increases with .the electron beam intensity and decreases with the 

voltage, which is characteristic of an ionization damage process. At 150 

and 200 kV the incubation period for bubble nucleation was much longer 

and slight changes were observed only after times in excess of 15 min. 
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Exposure at accelerating voltages of 300 kV and higher produce no visible 

alterations in structure up to times of 30 min. Since the rate of damage 

accumulation depends on the beam characteristic of the microscope, variations 

between the observations on the Siemens 102, HU 650, and the works of Drew 

and Lewis (on a JEOL 200) are expected, and the results cannot be correlated 

directly. 

3. Kinetics of Ionization Damage in Glassy Ceramics 

When the nitride and ferrite bubble growth data presented in Figs. 

S (a,b) and 6 are plotted as r against t1/2, reasonably good straight lines 

are found [(Figs. 9 (a;b) and 10)]. In Fig. 11 (a,b) the growth rates 

obtained from the previous figures are plotted against beam current I at 

constant voltage, and the inverse of accelerating voltage V at constant 

beam current, respectively. From the observed linear dependences it appears 

that the bubble growth obeys a relationship of the form dr/dt = AI/V, where 

A is a constant. 

It may be noted that if an electron produces only one ionization event 

during its passage through the specimen, as expected from typical ionization 

cross sections in materials, the growth rate will be a linear function 

of the beam current. Moreover, since theory predicts a 1/v2dep~ndence 

of ionization damage on the electron velocity v, the l/v dependence is 

also expected. Therefore, ~e may assume that the kinetics of ionization 

damage in glassy ceramics will follow the law: r = .J2 AI/V t. The reasons 

why bubbles are not observed in.specimens irradiated for comparable times 

at 300 kV and above in a high voltage electron microscope is understood 

from the cutoff voltages at 200 kV predicted from Fig. 11 (b). 
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4. Discussion 

4.1 Ionization Damage of Matter 

Previous work has indicated that gases can be evolved from glasses 

during exposure to an electron beam. 
. 5 

Lineweaver has shown that oxygen 

1S evolved from an aluminum coated soda glass during electron irradiation 

at 20 kV. Dudek14 has reported the formation of large gas bubbles in glass 

15 during electron beam exposure, and Yamamoto has made in situ observations 

of bubble formation in soda glass by transmission electron microscopy. 

The present work provides further direct evidence that in some specific 

conditions fine scale precipitation of the gas can occur in glassy ceramics. 

It is thus clear that many different glassy materials are susceptible to 

ionization damage and gas bubble formation. It has been known for many 

years that halides undergo dramatic changes in. structure when irradiated 

with electrons. 2 For example, Forty3 studied PbI 2 extensively using TEM 

techniques and showed that iodine bubbles and metallic Pb were formed by 

the reaction PbI
2 

-+ Pb + 1
2

,. In a similar way hydrogen bubbles can be 

. 16 17 created in organic compounds by break1ng of the C-H bond. ' . A similar 

reaction of the type 2MO -+ M + O
2 

could also account for the observations 

on glass. However, the formation of .a bubble must be preceded by formation 

of free gas, which depends on the nature of the chemical bonding and 

interaction with radiation. Two different cases may be distinguished: 

(a) if the single bond-energy between the anion and cation. is low «2 eV), 

the energy transferred by the electron beam in an elastic collision may 

be sufficient to~ break the bond and ionize the anion to a gas atom. Two 

possible paths to gas bubble formation then exist. The gas can diffuse 

1n the atomic state and agglomerate, or adjacent ions can form a gas molecule 

and diffuse as an entity to form a bubble. This mechanism will occur for 
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organic materials or halides 1n which the bond energy is <2 eV~ (b) If the 

single bond energy is higher than 2 eV ion displacements are impossible 

at 100 kV but electron transfer between network modifier cation in a glass 

and its associated oxygen half-ion may free atoms and positively charged 

0, which may again lead to O2 molecules formation and subsequent coalescence 

into gas bubbles. This is the case for alkali and alkali-earth glasses. 5 

4.2 Ionization Damage in Ceramics 

We will now consider the mechanism and possible criteria for ionization 

damage in glassy ceramics. From the similarities in network structures 

and observed effects with soda glass, it seemed legitimate to analyze the 

ionization damage mechanism by comparison with .the Lineweaver I s case when 

Na20 is added to pure silica. Thus a discussion of the different stages 

of the damage mechanism will now be given in these terms for each of the 

ceramics considered. 

(i) Damage Nucleation 

. d f· . h f· 01 0 18 ConS1 er 1rst t e case 0 • v1treous S1 1ca. The structure is such 

that each oxygen is covalently bonded to two silicon atoms and all the 

. 19 20 
valency e1e~trons are shared in strongly directional bonds ' (of bond 

strength = 4.6 eV). Oxidation of an oxygen by ejection of an electron 

froni the L shell is precluded by this high bond energy. Thus pure vitreous 

silica, like most semiconductors will be, insensitive to ionization damage. 

On the other hand if· NaiO is added to the structure and is dispersed in 

the lattice homogeneously we may postulate that a dangling Si-O- bond will 

f
. 18 orm. This configuration will be more susceptible to beam-induced changes 

+ . 0 
since ~he electrons will have the tendency to reduce N~ to Na by electron 

transfer from 00
• The remaining electron on 0 will be easier to remove, 

21 as according to the spectroscopic data, the bond energy is reduced by 
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20%. An atom of oxygen will thus be created simultaneously. A similar 

process 'is likely to occur when MgO or CaO are added to Si3N4 or ferrites 

as it is schemed in Fig. 12 (a,b). In both 'cases three effects will combine 

to 1ncrease the probability that a corifiguration susceptible to ionization 

forms: (1) non-bridging oxygens, (2) impurity segregation, which leads 

to high local Ca or Mg concentrations in the glassy phase in grain boundary 

regions, and (3) shortening of bonds. Etchepare has shown that the 0-0 bond 

length varies in an alkali or alkali earth glassy phase and that it can 

be shorter than the 0-0 crystalline bond. 22 

(ii) Bubble Growth 

If the concentration of network modifying cation is sufficient, the 

glass structure becomes more open and we can assume that the case is similar 

to alkali glass and that, in agreement with the bubble contrast observed 

1n electron microscopy, bubbles are formed by aggiomeration of atomic, 

molecular or ionized oxygen. Since the solubility of oxygen in solid glass 

is low (typically 10-4), the gas supersaturates rapidly during the irradiation 

creating conditions favorable for bubble nucleation and growth. In order 

to.explain the rapid ,growth of bubbles it is necessary to invoke a large 

diffusion coefficient for oxygen 'in glass. Diffusion over the order of 

500 A in 30 s is required, i.e.,x= -6 -12 5 x 10 = 30 D, or D ~ 10 2 cm 

-1 
sec 

23 
From the available diffusion data for oxygen in glasses~ it 1S 

seen that even the largest reported values, when extrapolated to the 

estimated glass ,temperature of ISO-200oC (Ref. 14), indiCAtes 

D ~ 10-15 cm2/sec -1. Thus an alternate explanation for the fast diffusion 

1S required. 
. 25 

The spectroscopic data obtained by energy loss suggest 

an answ,'€r, S1nce it has been shown that the oxygen peak observed at !::'30 eV 

from an incident electron beam of 25 kV arises from an ionized oxygen 
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molecule (0;) corresponding to a scattering angle of 0.50 at 125 kV. 

Since the s~ze of the 02 molecule is greatly reduced by ionization a 

considerable enhancement in diffusion rate through the glass network is 

predicted upon ionization even if the rate of recombination of 0; under 

the electron beam is high. 

A theory to describe bubble formation in non-crystalline solids does 

not appear to have been formulated, but the case of gas bubble growth and 

d·· 1 . . 1 1 h b d b 26. 1 ~sso ut~on ~n mo ten g ass as een treate y Doremus, wh~ e Greenwood 

et al. 27 have derived equations for inert gas bubble nucleation and growth 

~n crystalline solids during neutron irradiation. If the growth rate is 

limited only by mass transport from the bubble, the extreme case of Greenwood 

et al. equation (6) may apply, viz., dr/dt = DvCov/r, where Dv is the vacancy 

diffusion coefficient and Cov the actual vacancy concentration. It follows 

( V )1/2 . that r = . 2DvCo t ,show~ng a square root dependence of bubble radius 

with time. This relation can be compared with that derived by Doremus 

for a shrinking gas bubble in molten glass which also shows the same 

dependence; r = (2S Dt)1/2 where D is now the gas diffusion solubility 

and S is related to the gas concentration in the bubble, matrix, and 

interface. It is noticeable that the bubble growth in electron-irradiated 

glassy ceramics seems to correspond to the same square root of time dependence 

as in molten glass or in neutron irradiated crystalline solids. A full 

theory of the bubble growth would be of interest to understand the growth 

mechanism and its implication on the structure of the glassy phase. 

(iii) Influence of the Oxidation State of the Network Modifying Cation 

Since bubble nucleation and growth occurs only when the glass becomes 

supersaturated with free oxygen, the absence of bubbles in some glasses 

implies the 02 liberation has been inhibited. This result can be understood 
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fr6m the effects of other impurity interactions 1n the glass structtire. 

For example, if polyvalent cations are also present in the neighborhood 

of the liberated oxygen, 0 will be innnediately reduced and re-dissolved 1n 

. .... . . . n+ (n+l)+ 
the latt1ce by an oX1dat10n-reduct10n of the type M + 0 + M + 0 

28 (II). This effect is analogous to that proposed by Greene et al. to 

account for the finning of glasses by selected impurity-additions. 

(1) In the case of Si
3

N
4

; the network modifiers, Ca and Mg, are not poly-

valent; therefore, the reduction of free oxygen according to equation 

2 is impossible.· 

(2) In the Mn-Zn ferrite the situation 1S more complex S1nce several of 

the ions present are polyvalent. The behavior in the glassy inter-

granular phase will depend on which 10ns have segregated to the grain 

boundary. We may assume that there 1S. a strong segregation of Ca2+ 

17 2+ . 
(>15%) at the grain boundaries. On the other hand the Fe concentra-

tion 1S small (>1.5%) and Sn2
+ concentration should be small too, since 

4+ Sn 1S soluble 1n the matrix. Therefore the relative concentrations 

. . 2+ 2+· of the. potentially reduc1ng cat10ns Fe and Sn will be too 16w 

to.allow the reduction of free oxygen. 

(3) Since the ZnO studies was prepared from pure materials, the polyvalent 

impurity level should be low. Moreover, if it is accepted that the 

glassy phase at the grain boundaries arises from an excess of Zn as 

a result of firing in a reducing atmosphere,reductionof the Zn will 

be favored over reduction of the oxygen to preserve charge neutrality 

and free oxygen liberation again occurs. 
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II. CONCLUSION 

A mechanism of ionization damage in ceramics is proposed which is 

compatible with the mechanism of Lineweaver for outgassing from an aluminum

coated alkali glass. The nucleation of bubbles under the electron beam 

depends on the presence of non-bridging oxygen, and bubble growth will 

occur if the ratio of polyvalent catioris to non-bridging oxygens is low 

enough. Thus, such ionization damage is likely to occur in glassy oxide 

phases formed with cations such as alkalis and alkali-earths and Ag, Au, 

Zn and Cd. This effect is not likely to occur with transition elements 

which can easily change their oxidation state and reduce oxygen. 

The effect should also occur with glassy phases formed with anions 

having an electro-negativity higher than, or comparable to oxygen, i.e., 

with halides or with nitrogen and sulphur. This possibility will be 

considered in more' detail in a subsequent paper in which the structure 

and the chemical bonding of glassy phases in ceramics is considered. 
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Table 1. St~rtirtg composition and heating treatment of the nitride, spinel, 
and oxide ceramics. 

Starting 
composition 
{weight ~O 

Heating 
treatment 

additives 
Mg 1. 25 
Al 2.5 
Fe 0.5 
Ca 0.25 
others :< 0.03 

sintered 

Ferrite MnZn 

Fe203 
MnO 
ZnO 
CaC03 
Sn02 

52.8 
29.6 
16.7 
0.2 
0.7 

sintered at 
1280oC, 2 h l.n 
an oxygen 
atmosphere 
slow coating 

ZnO 

impurities 
Fe 10 p.p. 
Ph 10 p.p. 

sintered in a 
reducing 
atmosphere 



Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. ·5. 

Fig. 6. 

Fig. 7 • 

Fig. 8. 

Fig. 9. 
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FIGURE CAPTIONS 

Ionization damage in a MgO fluxed silicon nitride irradiated by 

100 keV electrons. 

Electron-induced nucleation and growth of bubbles in silicon nitride. 

a) t = 20 s., b) t. = 2mn, c) t = 5 mn, and d) microdiffraction 

on the glassy phase. 

Stereo-pair of micrographs of an ir~adiated area. 

Ionization damage in a CaO fiuxedMn-Zn ferrite electron-irradiated 

at 125 keV. a) exposure time, t = 0; b) t = 1 mn. 

Bubble growth rate at 100 keV in silicon nitride (each symbol 

corresponds to an average of a growth experiment data). 

Bubble growth rate at 125 keV in Mn-in ferrite; 

Ionization Damage in zinc oxide electron-irradiated at 125. keV. 

a) t = 0; b) t = 1 mn. 

Va·riation of the growth rates of bubbles with the electron beam 

density in Si3N4 " a) 100keV; b) 60k~V. 

Bubble growth rate in Si3N4 as a functio~ of the square root 

of time 'for different ~lectron beam densities. a) 100 keV; 

b) 60 k~V. 

Fig. 10. Bubble growth rate 1.n Mn-Zn ferrite as a function of the squar~ 

~ root of time. 

Fig. 11. Bubble growth rate. in Si3N4 as a function of: a) electron beam 

density and b) the inverse of accelerating voltage. 

Fig. 12. Schematic representation of: a) silicon oxynitride structure 

and b) modification produced by addition of CaO or MgO: 

Si-O- dangling bonds are created. 
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(a) 

(b) 

(e) 

XBB 791-500 

Fig. 2 
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797-8913 

Fig. 2d 
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XBB 797-8914 

Fig. 3 
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XBB 780-13433A 

Fig. 4 
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Fig. 7 
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