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MECHANICAL RELIABILITY OF CURRENT ALUMINA AND BERYLLIA CERAMICS 
USED IN MICROWAVE WINDOWS FOR GYROTRONS 

P. F. Becher and M. K. Ferber 

ABSTRACT 

The mechanical reliability was evaluated for the alumina 
and beryllia ceramics now used as microwave windows in the high-
power (>200 kW) high-frequency (>60 GHz) gyrotron tubes being 
developed for plasma heating In fusion systems. Analysis of the 
stresses generated in the various window configurations and tube 
operating conditions indicated that significant tensile stresses 
are generated in the ceramic window by dielectric heating. As a 
result, we characterized the static and dynamic fatigue behavior 
and the Inert strength distributions for these two ceramics (i.e., 
Wesgo 995 alumina and Thermalox 99 Standard beryllia). The 
fatigue studies Included the behavior in the fluorocarbon fluid 
used for window cooling at 22 and 48°C and tn both air (65% 
relative humidity) and distilled water at 22°C. 

These data were then analyzed in order to construct reli-
ability diagrams for these materials. Such diagrams revealed 
that the use of these particular grades of these ceramic 
materials will be limited by their time to failure at the ten-
sile stresses Imposed on them in gyrotrons operating at 60 GHz 
or greater and at least 200 kW in the continuous wave (CW) 
TEo2 mode (i.e., radial power distribution in beam exhibits two 
maxima). Both the fatigue behavior and inert strengths can be 
improved by the use of ceramics with increased density (>97% of 
theoretical) and a uniform fine (<10 pm) grain size. Use of 
these advanced materials would permit significant increases in 
the mechanical reliability of the gyrotron microwave window. 

INTRODUCTION 

The mechanical characteristics of two commercial ceramics employed as 
window materials In microwave heating devices (gyrotrons) were determined 
and used to describe the potential of these materials for long-term 
applications. The results of this study will be discussed in the 
following sequence: 
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1. flexural fracture strengths — Influence of surface finish, inert 
strength distributions at liquid nitrogen temperatures (i.e., no slow 
crack growth occurs), and the Influence of both the rate of stress 
application and the environment on strength; 

2. static fatigue; and 
3. prediction of mechanical reliability. 

Steps 1 and 2 constitute the actual experimental sequence followed in 
deriving the data required for formulating the mechanical reliability. 
Details on the factors affecting mechanical reliability and on the 
methodology are published elsewhere.1 This report describes the long-term 
mechanical reliability of both a beryllla and an alumina ceramic and 
demonstrates the significant effects that loading rates and environment 
have on their measured fracture strength values. These results graphi-
cally Illustrate the need to know both explicit test conditions repre-
sented by the data sets used for design purposes and to have data for a 
variety of test conditions that simulate the various conditions expected 
in service. 

EXPERIMENTAL APPROACH 

The materials examined included samples obtained from a single 
lsostatlcally pressed and sintered billet of Thermalox 995 standard 
BeO* and three disks of pressed and sintered AL 995 The BeO 
ceramic had an average density of 2.904 g/cm3 (96.5% of theoretical), 
spherical pores (1 to 3 pm in diameter) both within grains and along grain 
boundaries, and an average grain size of about 35 pa* The AI2O3 ceramic 
had an average density of 3.84 g/cra3 (96.4% of theoretical) with about 
2-pm average Inter- and lntragranular pores distributed tn a mlcrostruc-
ture consisting of regions of 5- to 8-pm grains In a 30-pm grain size 
matrix. Typical microstructures for the two materials investigated are 
illustrated tn Fig. 1. 

*A product of Brush-WeiIman Corp., Elmore, Ohio. Test samples 
prepared by Ceradyne Corp., Santa Ana, Calif. ' 

product of Wesgo, Bellevue, Calif. 
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Y-186392 

F i g . 1 . F r a c t u r e s u r f a c e s o f a l u m i n a a n d b e r y l l i a c e r a m i c s c u r r e n t l y 
u s e d f o r m i c r o w a v e w i n d o w s I n g y r o t r o n t u b e s . ( a ) A b i m o d a l g r a i n s i z e Ls 
e v i d e n t i n t h e a l u m i n a , I n w h i c h r e g i o n s c o n t a i n i n g 5 - t o 8 - p m g r a i n s a r e 
d i s t r i b u t e d i n a m a t r i x o f l a r g e r ( ~ 3 0 - j j m a v e r a g e ) g r a i n s . ( h ) A u n i f o r m 
g r a i n s i z e a v e r a g i n g a b o u t 3 5 Jim i s o b s e r v e d i n t h e b e r y l l i a . B o t h 
m a t e r i a l s e x h i b i t 1 - t o 3 - n m - d l a m p o r e s , w h i c h a r e d i s t r i b u t e d i n t e r - a n d 
l n t r a g r a n u l a r l y . 
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Fracture strength and static fattgue data were obtained by employing 
four-point flexure tests for test span ratios (i.e., of distances between 
inner rnd outer load points) • ! 19.05:31.75 mm and 6.35:19.05 mm. To 
examine the effects of surface finish on the strength of the beryllia 
ceramic, a limited number of fracture strength tests were conducted with a 
three-point flexure fixture having a load span of 38.1 mm. The flexure 
test bars had cross-sectional dimensions of 2.54 by 2.79 mm and with edges 
chamfered at 45° (chamfer -0.06 mm in width). The tensile surfaces con-
sisted of 500-grit diamond-ground surfaces for the BeO specimens and 
either as-fired or 180-grit diamond-ground surfaces for the A1203 specimens. 
Except when the effects of the type of surface finish were evaluated, 
mechanical properties were determined with BeO bars diamond ground in a 
direction parallel to the tensile axis and with AI2O3 bars that had as-
fired tensile surfaces. Test environments Included liquid nitrogen, air 
(22°C, 65%—70% relative humidity), water (228C), and FC-75 fluorocarbon 
fluid* (22°C) for fracture strengths and FC-75 fluid held at both 22 and 
48°C for static fatigue tests. The solubility limit for water of about 
7 ppm in the fluorocarbon fluid was confirmed analytically. 

RESULTS AND DISCUSSION 

The fracture strengths of ceramics are influenced by surface finish, 
environment, and loading rates as well as by stress state (i.e., uniaxial 
versus biaxial). Because the Important effects of these factors vary foe 
different ceramic materials, we determined their effects on the strengths 
of the beryllia and alumina ceramics used to fabricate gyrotron tube 
windows. The results of surface and test conditions on the fracture 
strengths are presented in the following sections of this report. 

INFLUENCE OF SURFACE FINISH 

The fracture strengths In three—point flexure for the-beryllia ceramic 
were not significantly influenced by the direction of surface grinding, 
as shown In Table 1. However, the fracture strengths of as-fired alumina 
ceramic were slightly increased by surface grinding (Table 1). 

*A product of 3M Corp., St. Paul, Minn. 
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Table 1. Influence of various surface conditions 
on the flexure strength of polycrystalline 

alumina and beryllia 

M a t e r i a l Flexure strength 
(MPa) 

Alumina 

As-fired surface 251 ± 12 

Surface ground in 282 ± 12 
direction parallel to 
tensile axis 

Bevyllia 

Surface ground in direction 174 ± 12 
parallel to tensile axis 

Surface ground in direction 178 ± 8 
perpendicular to tensile axis 

DYNAMIC FATIGUE: STRESSING RATE AND ENVIRONMENTAL EFFECTS ON 
FRACTURE STRENGTHS 

Except for the data obtained for specimens Immersed in liquid 
nitrogen, the influence of decreasing the rate of application of stress in 
four-point flexure tests of the alumina ceramic with as-fired tensile sur-
faces is quite dramatic (Fig. 2). Similar effects are obtained with the 
beryllia ceramic (Fig. 3). In addition, both figures show that changes 
in test environment dramatically alter the fracture strengths of these 
materials. The dynamic fatigue data were fitted by linear regression analy-
sis to the standard expression 

1 l n = r l n a + a , (i) 
f n + 1 

where af is the fracture strength, o Is the stressing rate applied, n is 
the stress corrosion susceptibility factor, and A is a constant. Small , 
values of «, of course, reflect greater susceptibility to slow crack 
growth and hence more rapid degradation of strength with time under.load. 



ORNL-OWC 82-15672 
STRESSING RATE (psi/s) 

325 

300 

275 

O 250 Q. s 
^ 225 
o 
5 200 Q: v-
V) 
III o: =) t-o < at u. 

175 

150 

125 

LIQUID NITROGEN 

t 

LIQUID NITROGEN 
FLUOROCARBON -
(7ppm H20),22°C 
AIR,22°C,65%RH 
DISTILLED H2O, 
22 °C 

46 
44 
42 -
40 8. m 
38 9 

36 I 

34 | 

32 £ 30 5 
28 § 
26 y 

Oz 
24 

22 

10 ,"2 10" to 10 ' 10 
STRESSING RATE (MPa/s) 

Fig. 2. Dynamic fatigue behavior of polycrystalline alumina. Four-
point flexure strength at 22°C illustrates dependence on both environment 
and stressing rate, Indicative of slow crack growth. Such crack growth 
occurs even in the fluorocarbon fluid used as a window coolant in the 
gyrotron tube. 
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INERT FRACTURE STRENGTH DISTRIBUTIONS 

To obtain the statistical parameters required to describe the 
variability of fracture strength of these brittle materials due solely to 
the variability of critical flaw-size populations, flexure strengths were 
measured In a liquid nitrogen bath to avoid slow crack growth effects 
during loading. The results of these tests are shown in Fig. 4 as a plot 
that describes the probability that a specimen will fail when a known 
stress is applied. The data points, which represent the distribution of 
strengths obtained In four-point flexure, are then fitted by a linear 
regression analysis to 

where Pf is the probability of failure, m is the Welbull modulus reflecting 
the breadth of the flaw size range, ajq is the inert strength, and a0 is a 
constant. A large value of m reflects a very narrow flaw size range and 
thus a minimal variability in strength. 

In In 1/(1 — Pf) » m In(ojq/o0) (2) 

ORNL-OWG 82-1M10R 
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STATIC FATIGUE BEHAVIOR 

Static fatigue tests were conducted In four-point flexure In a bath 
containing the fluorocarbon fluid maintained at 22 or 48°C. The time 
required for the flexure bar to fall upon application of a known stress 
level Is then used to construct the fatigue plots (Fig. 5). The data at 
22°C for the AI2O3 ceramic exhibit considerably more scatter than do the 
BeO data (Fig. 5), which undoubtedly reflect the less uniform bimodal 
microstructure of the AI2O3 ceramic. 

The BeO data at 22°C give the first firm evidence of a fatigue limit 
in a polycrystalllne ceramic. At applied stresses of less than 40% of the 
mean inert strength of the BeO, no fatigue (slow crack growth) occurred in 
the FC-75 fluorocarbou at 22°C. Keep in mind that this •'oes not reflect 
the statistical nature of failure, only that the fatigue limit is reached 
at a probability of failure level of approximately 0.5 (about one out of 
two samples fall). 

ORNL-DWG 82-1I409R 
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KP K)2 lO3 K)4 Kfi tO7 108 
TIME-TO- FAILURE (s) 

Fig. 5. Static fatigue bt.iavior of ceramics in fluorocarbon fluid 
(~7 ppm H20), showing time to failure dependence on applied flexure stress 
level at 22°C. Note that the BeO data exhibit a fatigue limit. Both curves 
represent time to failure for a 0.5 probability of failure. 
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On the other hand, the fatigue problem is made more severe by 
increasing the temperature of the fluorocarbon bath. The average time to 
failure at a given applied stress at 48°C is about one tenth that at 22°C, 
as seen in Fig. 6. 
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Fig. 6. Increase in temperature increases slow crack growth rates in 
BeO tested in fluorocarbon fluid. Such increases in temperature could 
occur in the gyrotron tube as a result of dielectric heating of the ceramic 
and cooling fluid. 

Analysis of the data obtained is possible by linear regression 
methods except at longer times to failure in the case of BeO, ln which 
nonlinear behavior occurs. This nonlinear region was treated by incorpo-
rating a fatigue limit and fitting the data by Iterative methods. The 
linear portions of the time to failure t versus applied stress o data ln 
Fig. 5 were analyzed by two different approaches. To derive the .stress 
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corrosion susceptibility exponent n and the A parameters used In the life-
time prediction, the following was used: 

In t " -n In o + A" . (3) 

A more general form, 

In t - bio + fc0 » (*) 

can be used to describe the stress corrosion process (e.g., activation 
volume). The terms b\t and A' are constants. The rvalues determined 
by static fatigue (Fig. 5) and by dynamic fatigue (Fig. 2) are in 
excellent agreement for the alumina ceramic tested in the fluorocarbon 
fluid, 19.8 and 22.1, respectively. 

The static fatigue limit in the BeO was described by using the 
general Integral representation of fatigue life: 

t - Wo*!2)?™ (Kl/V) AKjr , (5) 
O{Kic!oic> 

where the crack velocity V is determined by iteration processes by 

V - fi2 exp(C3^j){l - exp[-L(Kjr - K*))} , (6) 

where Kj is a crack tip stress intensity factor and is less than Xjc, the 
critical stress intensity factor; Y is a geometric factor; and fi2> ^3, L, 
and K* are constants obtained by iteration; L and K* characterize the 
fatigue limit. 

FATIGUE RELIABILITY DIAGRAM 

When combined with the probability-of-failure data, the measured 
static fatigue behavior can be used to predict the fatigue behavior for 
various levels of probability of failure (i.e., 1 —probability of surviv-
ability). One can recognize that the predictions are influenced by the 
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number of data points In the sets (I.e., the confidence limits for each 
probability level will decrease with Increasing number of data points). 
However, It Is extremely useful to observe what happens when desired prob-
ability of failure levels are prescribed. 

This Is accomplished by applying the analysis for the time to failure 
t at various applied stress aa levels, 

* . .„-» L i„ ' 2 ) / m . ( „ 
*r*<»-2) \ i - Pf/ 

where the values of the required parameters (Table 2) are obtained from 
the experimental data ln Figs. 4 and 5 except for the values of the 
critical stress intensity factor Kj(j, which were obtained from the 
applied-moment double-cantilever test specimens. 

Table 2. Fracture mechanics parameters derived for the 
window materials 

Parameter 995S BeO AL 995 A1203 

Ky0% MPa-m1/2 4.8 4.5 
n 17 19.8 
A" 1-07 X 1 0 - H 7 . 3 4 x 1 ( r i 3 

y fS iR 
m 13.3 14.4 
a0, MPa 193 286 

The resultant design diagrams for the Thermalox 995 standard BeO and 
the AL 995 alumina are shown in Figa. 7 and 8, respectively. Incorporated 
Into each diagram are estimated levels of the tensile stress generated in 
a window of a CW gyrotron tube operating at 60 GHz in the TE 0 2 mode at n 
200-kW power level.2'3 

Use of the fatigue data for the flexure bars with the calculated 
service stress levels in a window disk will yield a somewhat greater 
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Fig. 7. Design diagram for BeO ceramic represents time to failure 
versus applied flexure stress level for various probability of failure 
levels at 22°C. The service stress level was determined by analysis of 
radial and axial tensile stresses generated in a double-disk window struc-
ture (each disk being about 76 mm in diameter and 2.5 mm thick), in which 
fluorocarbon coolant passes between the two parallel disks. The gyrotron 
operating conditions consisted of 200 kW of power at 60 GHz. 
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parable to those used for BeO windows. 
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reliability for the design life of a window disk. This Is related to two 
factors. First, the service stresses have been calculated In a manner 
requiring that the energy level and energy density remain constant with no 
spurious increases in local energy density as might occur in actual tube 
operation. Second, the fatigue data are based on samples having both 
smaller surface area and volume than the actual window. Because both the 
strength distributions and the time to failure increase with decreasing 
surface area or volume, the reliability diagrams will predict slightly 
longer time to failures (at each chosen probability of failure level) than 
may occur in an actual window. 

For either material, the design diagrams indicate that about one of 
two windows will fail in approximately one month under such calculated 
service stresses at a temperature of 22°C. On the other hand, if only 1 
in 1000 windows can fail, then the service lifetime would be less than 1 h. 
Obviously, neither of these results is satisfactory if long lifetimes and 
high survivability are desired for the window. In addition, the present 
results, which show decreasing fatigue life with increasing temperature of 
the fluorocarbon fluid (Fig. 6), point out that the above predicted life-
times will decrease with any increase in the temperature at the 
ceramic-coolant interface due to microwave heating. 

These materials are, however, adequate for short-term testing during 
the development of 60-GHz tubes, although reliable long-term tube operation 
may not be achieved with such materials. 

One therefore needs to look for materials improvements that can be 
achieved in the near term. Recent findings on the fatigue behavior of 
anisotropic noncubic polycrystalline alumina indicate that greater 
fatigue resistance can be obtained by reducing the grain size.4 It is 
also well known that the critical fracture strength of polycrystalline 
ceramics can be increased by increasing their density or reducing their 
grain size. Thus, substantial improvements in the mechanical reliability 
of the window can be obtained by additional refinements in processing the 
materials to achieve both densities greater than 97% of theoretical and 
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uniform grain sizes of less than 10 van. In fact, a small effort In 
progress has shown that BeO ceramics having densities greater than 99% 
of theoretical and grain sizes of less than 5 jam can readily be achieved 
by hot-pressing fine (submicron) BeO powders obtained by ball milling 
and the use of less than 4 wt % MgO additions.5 Studies are under way 
to determine the mechanical reliability of windows made from such improved 
materials. 

SUMMARY 

1. The mechanical properties pertinent to the gyrotron window 
reliability of both the Thermalox 995 standard BeO and the AL 995 
A1203 ceramics have been determined. These properties include the criti-
cal (inert) fracture strength distribution, static fatigue behavior In the 
liquid fluorocarbon environment used as a window coolant at 22 and 48°C, 
and dynamic fatigue in air and water at 22°C. 

2. These results show that environmentally assisted slow crack growth 
(fatigue) occurs in both of the polycrystalline ceramics in the fluoro-
carbon fluid, which contains only 7 ppm H20 (the solubility limit). The 
fatigue rate is increased nearly tenfold by increasing the test tempera-
ture from 22 to 48°C. 

3. Design diagrams based on the above data reveal that these 
materials are probably not satisfactory for long service life and high 
survivability levels at the estimated service stress levels determined 
by analysis of mi crowave heating in the T E q 2 mode. However, such 
materials are probably adequate for tube design development and short-term 
testing except at operating frequencies greater than 60 GHz. 

4. In the near term, advanced materials could be obtained by 
Improving the process for BeO and A1203 ceramics. Materials having den-
sities greater than 97% of theoretical and uniform grain sizes of less 
than 10 ym offer the potential for significantly improving the mechanical 
reliability of the gyrotron window. 
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