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PHYSICAI, PROPERTIES OF SINTERED BeO AS
INFLUENCED BY MICROSTRUCTURE

by R. E. Fryxell and B. ‘A. Chandler

Nuclear Materials and Propulsion Operation,
General Electric Company, Cincinnati, Ohio

Physical properties are presented for extruded and sintered BeO
from 25 to 1400°C as a function”BE'porosity (0-15%), grain size (5-1¢ Z100
microns), and grain orientation (random to 80% preferred). The elastic
constants and linear thermal expansion are sensitive to the degree of
preferred grain orientation. Measurements on polycrystalline specimens
have permitted calculation of the -anisotropy in single crystals of BeO.
Modulus of rupture data are treated in terms of the Knudsen equation,
and compressive creep dgpa in terms of the Nabarro-Herring equation, the

latter leadihg to estimates of the diffusion coefficient for Be at 1200°c._

Presented at two meetihgs of The American Ceramic Society: 15th Pacific
Coast Regional Meeting, Seattle, Washington, October 19, 1962, and the -
" 65th Annual Meeting, Pittsburgh, Pennsylvania, April 30, 1963.

. The writers are principal engineers, Nuclear Materials and Propul-
sion Operation, General Electric Company. . ,
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I. INTRODUCTION

In connection‘with a program for-evaluating.the effegts of neutron ir-
radiation on sintered'BeO, it was necessary to characteriég as accurately
as possible thé as-fabriéated material. For this‘étudy, éﬁecimens were pre-
vared from two types of powder; (1) tyve UOX, calcined from Be504, and (2)
type AOX, calcined from Be(0H); which was in turn prepared from the nitrate.
Tnése were original;y selécted as representative commercial raw materials of
different degrees pf purify, AOX having higher levels of impprities than UOX..
In addition, it was learned tﬁat UOX powder contains an apbreciabl; amount
| of needle-like partiqléé (crystallographic c-axis.in the direction of the long
dimension of the needles ) wﬁich tend to become aligned in the direction of
extrusion if tﬁis method of fabrication is used. The growth of these néedles
in sintering results in a high degree of preferred grain oriehtation(l). |

On the other hand, AOX powder consists of agglomefates which do not result

in an oriented structure.

Specimeﬁs wvere in the form of solid cyliﬁders,'5.5.inches long and 0.233
inch diameter after cehterlesé grinding. Some were made by isostatic pres-
sing but host were made by an éxtrusion process. Details have been reported
by Chandler,'Duderstadt, and White<2). Rods fabricated from UOX powder con-
tained 0.5 weightApercent MgO which was added as a.sintéring aid. This ad- |
"dition did not significantly affect the developmeht of pfeferred.érain ori-
entation which has been ébserved'aléo‘for undoped UOX afteriextrusion and

; L {1
31nter1ng\ ).




Specimens fabricated from Uok with the Mg0O addition will be referred to -
as UOX-MgO. Property data:will emphasiee'UbX-MgO and undoped AOX, but in
some instances, reference will be-made to other compositions.” Properties will
be discussed in terms of grain sizes in the range . 5 100 microns, and ‘of po-

A rOSIty in the range 0- 15 percent.

This report will embrace thermal'expansion, elastic constants, strehgth,

and compreseive creep, and where applicable differences between the two types..

of material will belinterpreted in terms of preferred grain orientation.

'II. THERMAL EXPANSION

(1) Method of Measurement

Linear thermal expansion to 1200°C was measured by a dilatometer tech-

nique with specimens‘of.either two inch or 3.5 inch length. The support mem-

bers were one-eighth inch sapphire rods and the differential sensing element
vas a strain gage whose dieplaeement was amplified 2000 times on ae'X-Y re-
corder chart which provided continuous readings of differentlal expansion and

temperature Heating and cooling rates were programmed‘as follows:

75°C per hour up to 400°C
- 100°C per hour up to 540°C
150°C per hoﬁr up to 650°¢

200°C per hour above 650°C

Under these conditions, the heating and cooling curves were generally in ex-
.cellent agreement, rarely differing by more than 0 0002 inch. The return to

~zero was even better, rarely disagreeing by more than 0.00005 inch from the
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‘ staftiog boint ?eadings from the chart were converted to net expansion of
'the BeO using sapphire data glven "by Creamer(B). At the time this work was
started, the more recent data of Wachtman, Scuderi, and Cleek were not avail- .
able(“); these would result in shall'positive correcﬁions in the low temper-
afure region and emall negative corrections at 1200°C., The corrections haﬁe'

- not been made, however, inasmuch as they are entirely negligible with respect

‘to the anisotropy calculations presented below.

(2) Experimental Results

The data for twenty-five speoimens of extruded AOX were submitted to a
multiple regression analysis and yielded the following equation:
) . o -4 :
5 expansion (25 to T°C) = 5.8660 x 10™° (T-25)"

. . - (1)
+ 5.8697 x 107 -(T-25)2-7.0345 x 1071 (T-25)3 |

A similar treatment was made of the data for eight specimens of isostatic preosed _

and sintered BeO made from various types of raw material The" following
equation resulted:

4 expansion (25 to T°C) = 5.9148 x 107" (T-25)
: -7 > 11 . @)

+ 3.539h x 107 (T-25)%-5.1600 x 10 _ {(7-25)3

Typical values calculated from these equations are given in‘iable I together
with 95% confidence liﬁits. Mean theimal expansion coefficients deduced from
these data are given in Table II. Also shown in Table I are individual data
for twenty- three specimens of’ UOX-Méo. These have not been submitted to a
- multiple regression analysis since the phenomenon of'preferred grain orienta-

tion eixposes thermsl expansion anlsotrcpy which varies with grain size.

-6




TARLE I

LINEAR THERMAL EXPANSiON OF AS-SINTERED BeO

Thermal Expansion from 25 to T°C, percent

Grain Size,

. Density, .
gfem® microns 600°C 800°¢ 1000°¢ 1200°¢
Extruded ' . ' '

ax® . 2teil2 0 o0.kslg 0.6543 - 0.8746 1.109% °
95% confidence limits 0.0007 0.0007 . " 0.0007 0.0013

UOX=-M::0 ‘
2079 ‘ H3 N O 5% ¢ 0.629 0.841 1.073 -
2.9k 13 _ 0.436 0.630 0.839 1.069
2.90 11 0.442 0.6%6 0.847 1.08%
2.90 . © 19 T 0.443 0.634 . 0.843% 1.069
2,56 : 7 - .0.438 0.635 0.648 | 1.085 "
2.5 . 35 . 0.428 0,015 0.823 1.05%-
2.9h 39 0.432 0.616 ©0.823 1.053
2.91 . L7 C . 0.k27- "0.612 0.819 . 1.046 -
2.7 o 5 - 0.Lh3 0.639 . 0.551 1.087
2.50 9 : 0.L46 0.643 0.859 1.097
C2.72 36 - 0.432 0.624 - 0.8%5 1.063
2.75 6% : 0.423 0.614 0.824 1.053
2.78 11 0.448 0.642 0.857 1.093
2.93 72 0.422 .0.609 0.819 1.048
2.90 Ly - 0.423 0.606 0.610 1.036
2.50 iy . 0426 0.611 0.81% J1.0Lk2
2.7 90 . S 0.428 0.612 0.816 1.0%8

L 2.95 (- 0.420 0.611 0.816 1.0k2
2.9 - 112 0.420 0.612 0.816 1.04) .
2.91 17 0.440 0.63%5 0.549 1.081
2.97 : 90 0.429 - 0.615 0.821 1.046
2.72 38 0.428 0.626 0.83%9 1.066
2.9k 89 - 0.420 0.6006 0.818 1.041

Isostatiz Pressed(b)

11 to 34 0.447% 0.ok70 0.86%5 1.1000

- 95% confidence limits 0.002% 0.0025 0.0025 0.0045

{

{o)

a)

Average o' twenty-five specimens with densities ranging

Prom 2.%0 to 2.97 g/em3.

4% to 2.96 g/em3,

Average of elght specimens w1th denaities ranging from




TABLE II

MEAN TUERMAL BEXPANSION COEF#ICIENTS 7OR BeC
OF RANDOM RAIN ORIENTATIOL

) : Mean expansion coggficient i'rom
T 9% 25 10.79C, 107" in/in°c
extruded : isostatic pressed
. ) ) R R o - } ) : ’ N
600 = TS E 0,013 TTI9 £ 0.0
500 C Gabas 2 0,009 - ta3hE £70.0%2
1000 . 8.970 % 0.007 © 3875 £ 0.026
1200 - G.h42 £ 0.011 | $.361 % 0.0%7

*95% confidence limits.
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“sion inaracsterisiiss did not siow & variability witu grain sice, in accord
w*t“ the avove.  Tuis is suown quite coavincingly in the exceedin.iiy narrow
o coniiueng> iinits for AOx. . Mean thermal exoa“olon coefiicients for AOX

5
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deduced ““oq e;jation’ (i) are shown 1n ¥igure 1 tocther witi: selected Liter-

‘ature datz. The oresent data cre in ;00d agreement with thiose oitained I

d‘
v

otaers, and in fect the latter almost without excection fall withi

. ta ag . . v e *
coafidence ilinmits for the inaividual data points of the 7“esent work .

In contrast to AOX, the UOX-Mi0 'exi.ivits tnermal expansion character-
"”t1~° whichi vary with grain size. This is shown in Figure O in which the
mean thermal expansion coefficient from Z- to 120097 is plotted versus orain’

ize for Lot: zrades of BeC. "Eince the degree of vreferre:d Jrain orieatation

m

i UYOi-2C varies witi grain size, it is clear tiat these data arce reflecting

the anisotvoﬂi; natire of BeO. It thus is nossisie to deduce tie single crys-

ta. thesml exjaunsion anisotropy. Boas' ’ nas sooun tiet t.e w-aais of an

inaividaal crystel contrivutes te thermal expansion in a given disection in

- - s ~ . ! 2. iy : .
& solyerystalliine sauple in a manner provortional to costi, winere . is tune

an _ie metweern tue c-axis ana tie given iirection of interest. Thiis is of tue

——— s e = e 1 4 S e b -+ St - o S +

-

»* . . . s
Tuc G corlisence limits ror individoal data points are auovt tveive times
the waliues guoted wiiich are estimated for tne equations.
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same form as tne summation used for calculating vercent orientation\l). Tre

consistenéy of the data is snown in figure 3 wvhich indicates tAe linear re-
lationship vetween percent orientation and observed linear e:xpancion of poly-
crystalline samples. Both properties are defined with reference to the longi-
tudinal axis of the s?ecimen. Witu this summation procedurs, differences in
tne linear exwansion Letween tae test sovecimen and that of a randonly oriented
specimen* vere conoined wifh tne measufed rercent orientation to ouvtain an
estimate of tie c¢-axis expansion of a single crystal. Tiis value, in turn,

led to determining tne a-axis expansion. The results for seven specimens are

given in Tavle IIT in detail and are summarized in Table TV togetuer with data.

obtained in tais labératory oy nigh temperature X-ray diffractometry<§).

The agreement vetween tie two metnods is generally good, at least at £G0°C
énd above, and indicates an anisotropy. of avout 13% eséentially independent
of temperature in the range (00 to 1200°¢. 'The results afe illustrated in..
Figures L4 and - together with data rfrom the literature. Tne results preSented
| /

\ . : .
by Mi].ler(12 were re-evaluated and found to demonstrate anisotropy although

this was not recognized in his report.

' ﬁThe average value for AOX was used as the best availanle fizure. The alterna-
tive would Ye to fit a curve to the seven points shown in Tigure 3 without
assuning a value for a randomly oriented specimen. This was attenpted, and
in terms of the anisotropy ratic as defined in Table III, the avera;e dif-

ference vetween the two methods of calculation was only 0.00% in the tempera-

ture range of <00 to 1200°C. _This is well within the general scatter of the
data and is further evidence that AOX consists of randomly oriented grains.

-12~
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TABLE

Be0 THEAMAL FAPANSION ANISOTROPY DEDUCED:

IIT

-‘FROM DILATOMETRIC MEASUREMENTS

Exvansion of
Single irystal,

: T(aeduced ) Anisotrony
Temperature, Linear Exnansion (1) - etio,
?C From 25 to T°C, # a axis c axis' 9 aoallp
. Sample #1, 72% grain orientation(j)
400 0.174 0.199¢ ©0.1831 L1575
00 0.429 0. beyd 0.4201. L.115%
500 0.51% 0.05350 0.5969 1.1uh2
1000 0.1y 0.91h7 0.7945 1.1::12
1200 1.045 1.1 1.0170 1.1362
Sample &, %2 srain orientation :
300 O0.17v 0.1959 0.1o9r L.1l727
£00 G436 0.4875 0.4211 1.1097
£00 0.030 0.6778 0..07% 1.1150
1000 0.4359 0.9090 0.807 1.1262
1200 1.069 - 1.1405 1..0%15 "1.113%6
Sample #%, %%k srain orientation
200 0.1 0.206k4 0.15h5 1.%3%
000 0.44%2 0.4350 0.k236 1.1000
&00 0.0635 0.0404 0.2020 1.1302
1000 O.éh?l 0.9140 0.7957 1.1486
1200 1..083 1.1u471 1.0340 1.1093%
Sample L4, d2% grain orientation
500 0.179 0.1953% G.1l7od 1.1046
00 Q.h2i 0.h&64 0.4228 1.10%1
300 0.ul? 0.6601 0.6027 1.220h
1.000 0.c18 0.909%1 0.80%6 1.1284
1200 1.041 1.1511 1.0200 1.1219
Sample ., T%% grain orientation
300 0.171 0.2015 0.lck2 l.2271
00 0.4k22 “0.472% 0.4103 1.1501
300 0.60% 0.68%5 0.5920 S 1.1579
1000 0.419 0.9128 0.7961. L1.1437
120G 1.0k 1.1516 1.0249 1.1236
Sample #o, 20> srain orientation
500 G170 : 0.1300 : 0.1753% 1.1180
500 0,424 . 4650 0.11196 1.1153
- @00 0.::11 0.6613 0.0003. 1.1349
1000 0.0L% C.9118 0.5005 1.1%93
1200 1.042 1.1514 1.0254 1.1220

C-lu-




TABLE III {Cont.)

BeO THERMAL EXPANSION ANISOTROPY DEDUCED
FROM DILATOMETRIC MEASUREMENTS

Expansion of
Single Crystal, %

. Anisotropy
Temperature, Linear Expansion ({?educed) (2) Ratio,
O¢c From 25 to T, % a axis ¢ axis b OHa/bdc
Sample é?,_79% grain orientation
300 0.175- 0.1961 0.1751 1.1199
600 0.428 0.4570 0.4216 1.1076
Jo0 0.0l 0.6798 0.603%3 1.1268
1000 0.319 0.9098 0.8042 1.131%
1200 1l.0k42 l.152; i 1.0241 1.1249
(1) . | (random - observed) x 1001
Rgndom ' L 2 x - orientation ]
N v
e } (random - observed; x 100
Random [ % orientation i

'ig) preferential ¢ axis grain orientation in. the direction of
measurement (longitudinael direction of cylindrical specimen).

-15-
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TABLE IV

SUMMARY OF BeO THERMAL EXPANSION ANISOTROPY

Expansion ffor 2-00' 4 Anisotrovy Mean expansion_%oéfficient'
Temperature, pa - v 27C, b Ratio, rom 25°C, 10 in/in°C
¢ C a axis c axis N8/ Ac a axis c axis
. X-ray diffraction, powdered sample i '
00 ' 0.4633 0.4020 . 1.1525 o 8.06 6.99
800 0.5746 0.5985 1.1272 6.0 UT.T2
1000 . 0.8395 0.7881 1.1288 f 9.12 .08
1200 1.1639 1.0257 1.1347 9.9 © 8.73
Dilatometric measurements, TableIIT average | ‘
300 . 0.1991 0.1591 1177 7.24 . 6.15
600 0.4579 0.4199 ‘1.1l 8.k 7.30
- 800 0.5611 0.6006. 1.1341 . . 879 7.75
1000 _ 0.9116 -0.5005 1.1357 9.35 §.21 .
1200 1.1511 1.0261 1213

| 9.80 8.73 L
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III. DYNAMIC ELASTIC CONSTANTS

/

(1 Metnods.oflﬂéasurement

The d&namic Youné's modﬁlué and the shear modulus were calculated ffom
measurements o the‘fundgmenfal resonance frequencies of round rods, 0.233
inch in ﬁiametgt éni 5.500. inches lohg. _Young’s modulus vas calculated.from
thé resonance freouency measurenent of the flexufal mode of yibratién and

the shear moiulus from tue torsional mode in accordance with standard

. Ky
eguations: 7,

Tor room temperature measurements, the specimens were supported on two
fine cross-wires at the nodes of the fundamental flexurali mode of vibration.
The specimens were vibrated by means of a variable frequency oscillator
driving a plezoelectric transducer coupled to one end of the specimen through
a fine wire touching the énd- The resonance frequenciés Qére monitored by
a sécond piezoelectric transducer coupled to the specimen.by means of another
Tine wire touching the qthef end of the specimens. ' The received signal was
amplified, displayed on an oscilloscope, and the resonanée frequency ihdicated
on an electronic counter having an accuracy of 0.0l percent of the measured
freggengy. For this specimen size and shapé, the fundamenfal flexural

resonance frequency ranged from &-0 kilocycles per second and the torsional
resonance frequency from %5-40 kilocycles per second. Tae correction to
Youn,'s modulus for si.e, shape, and Poisson's ratio amounted to avout 2.5
vercent increase abqve thﬁt calcwlated from tne frequency measurément, and

3

was made in accordance with the equations and tables set forth by Spiunner and

AR
Ny,

, :
Teltt® Identirication oi' the vibrational modes was made by observation .

-19-




of the phase shift when traversing the specimen length-forithe\fundaméntal
resonance flexural mode and by traversing the diameter for the torsional mode

-as discussed by Spinner and'Tefft(l3).

Three rods sélected at random were chosen as standards. liese rods
héve been measured repeatedly to insure against drift in the equipment wifh
time and have served to estaﬁlish precision limits for the'elastic constants
measurements. Bésed upon approximately 100 readings_of tne standard rods
over a period of time, it is concluded that the precision limits are such
that at the 95% confidence level, the room temperature.Young's.modulus fbr
an individual rod is reproducible to within * 0.26 percent, the shear ﬁodulus

to within t 0.49 percent and the calculated Poisson's ratio to within

* 2.1 percent.

For elevated temperature measurements, the specimens were suspended in
. a tube furnace from two .0l0 inch platinum wires located near the fundamental

 flexural nodal points. The drivef crystal was attached to one wire and the

receiver crystal to the other Wire'external.from the furnace. The same elec- -

tronic equipment was used for elevated temperature measurements as was used '
for room temperature measurements. The frequency measurements at 20°C by
the two different specimen supportxmethods_employéd were repeatable within

the limits stated for theistandérd'rods:

(2) Experimental Results =

 Room Temperature Measurements

4~,The'dynam;c elaéficlconétants weré determined at 2C°C for extrﬁded AOX

=20~

T

R L IISC AR . S




and 10X-¥:0 over the grain size range of 5-80 microns and the fractional po-
resity range of 0.02-C.1lu. The data for the two compositions at eacih nominal
srain size nave been i'it uy the method of least squares to three different

porosity equations of tihe following types:

E = Eo'[l-bP}j | - (3)
E = Eo e-bP ' - (4)

B i AP , o
E = .Eo Ll -+ m' (5)

where E is the dynamic elastic modulus (Young's or shear) at the fractional-

vorosity, P, and Eg is the elastic modulus at theoretical density,’5.0l g/cma,

Equation (3) is & simple linear. fit of the daté and describes the data

sufficiently well for most practical purposes . Equation. (4) is an exponential

(14)

fit of thne data proposed by Spriggs, ‘and equation (%) is the semi-theo-

(l)). A comparison of results obtained from the.

retlcal‘equatlon of Hasselman
three equations is shown in Table V where it can be seen that the standard
error of estimate is less‘for equation (%) of Hasselman than for the othér
tvo equations. Eguation (5) also extranolétes to zero at a fractionai péro—
‘sity of 1.0. A comparison of results by the three equations for AOX material
‘randomly orlented/ is onown 1n rlbure & extrapolated beyond. the range of

l

the input daata to show the limits of the equations. The results are also com{
vared to a nrevious sur\ey oi the Literature tnat vas made by Llllie(lo)
'Llllie's surwey of Beo of -various mlcrostructures would indicate a greater

depeqdency on poros1tJ taan our own data
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COMPARISCN OF EGUATIONS RELATING DYNAMIC YOUNG'S

TABLE V

MODULUS TO POROSITY

. : 3 5 o= , AP
B =Eg [1 - bP] =Eg e °F B = Fo Jl " I-(A41) P
Range Stendard Standard Standard

Grain Size, Fraction No. Of Eo Error, - Ep Error, Eo Error,
microns Porosity Observations 10% psi b % " 10% psi b 4 10% psi A %

UOX-Mg0 S | |
2-5 ' 0.04-0.17 150 54.9 1.72 2.34 55,7 2.06 2.35 55.3 -1.99 2.08
T-10 0.02-0.156 _ 150 57.3 1.82 1.19 58.2 2.21 1.35 58.2 L -2.24 -0.76
15-20 0.02-0.15 150 59.2 1.80 l.09 59.9 2.14 l.28 59.9 -2.16 0.70
35-50  0.02-0.1k 150 62.8  2.25  1.86  6%.7 2.70 1.77 63.7  -2.81  1.36

AOX -
5-100 0.02-0.15 450 56.1 1.86 1.83 56.7 2.20 1.77 56.6 -2.19 1.27
"Bo = ‘the modulus of elasticity at zero porosity, 10° psi..

The variation of Ep with grain size in UOX-MgO is caused by an increasing degree of orientation
with increasing grain size; it is not a function of grain size per se.

Standard error is the mean error between the observed and calculated values of E in percent.
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DYNAMIC YOUNG'S MODULUS, 10 psi
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‘As mentioned previously, BeO extruded'fron UOX material exhibits a degree

‘of'preferred grain orientatlon in extrusion which is enhanced with grain

growth during sintering; consequently, the larger the grain size4in the sinQ*
terea oody the larger is the vercentage of grains having the c-axis oriented
in the direction of extru51on . This effect. results in higher elastic con-

stants at.a given porosity for extruded UOX material as grain size increases. -

On the other hand, AOX is essentially random in-orientation and there is

‘little change in the elastic constants as grain size increases. The best

estimate of E as a.function of pneferred grain orientation in‘polycrystalline
BeO has veen- obtained from seleeted specimens of UOX-MgO for which both |
Young'slmodulus and orientation distribution functions were measured. The
results of neasurements mace on eleven such specimens'are_shownfin Figure,7',

where the Youné's'modulus values, corrected to zero porosity, are plotted as

" a function of percent orientation of c-axes with the axis of extruslon, cal- .

).

4culated by the method of Sjodanl and Bartram . Corrections to zero porosity

for Young's modulus are made according to the equations presented in Table VI,n

A summary of Yonng's and shear moduli data fit to Hasselman's equation

(5) is preSentedAin-Table VI for the nominal grain sizes of ﬁOX-MgO and AQX
investigated. In addition; composite equations for the two moduli are pre-
sented ﬁor (1) isostatically pressed UOX, isostatically pressed AOX, and hot
pressed basic acetate derived BeO (fabricated by Atomics International) all
of which are essentially random in grain orientation, and (2)lthe above ran-
domly oriented bodies and all of the extruded AOX;over_the_grain size range
5-80 microns. The latter equations. represent tne:oest estimate of dynamic

elastic constants for randomly oriented BeO.
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MEASURED E (NORMALIZED TO THEORETICAL DENSITY),. 108 psi
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TABLE VI
YOUNG'S AND SHEAR MODULI VS. POROSITY (HASSELMAN EQUATION) _
Fractional Density ’ . ) ’
Porosity Range 3 Grain Size, No. of Standard Error
Composition - _Range g/jcm microns Equation Constants Observations of Estimate
| AP e ’
YOUNG 'S MODULUS A E = Ep l_l,+ IT(As1)P E = 10° psi
. _ Eg A . % 108 psi
UOX + 0.5 wt. % MgO 0.0k - 0.17 2.50 - 2.90 2-5 5%.30 -1.99 150 2.06 1.15
(Extruded ) 0.02 - 0.16 2.5% - 2.95 7-10 58.24 -2.24- 150 0.76 0.k
: 0.02 - 0.15 2.56 - 2.94 15-20 59.91 -2.16 150 0.70 0.42
0.02 - 0.1h4 2.60 - 2.95 35-50 63.72 -2.61 150 T 1.36 0.87
0.02 - 0.10 2.7 - 2.96 60-80 61.08 -2.10 100 2.50 1.53
AOX 0.02 - 0.16 2.55 - 2.95 5-100 56.66 -2.19 ' hgo 1.27 0.72
(Extruded) - 0.06 - 0.16 2.55 - 2.83 2-5 55.09 3 -2.12 100 3.07 1.69
0.03 - 0.16 2.55 - 2.91 7-10 55.82 =2.03 150 0.43 0.24
0.03 - 0.16 2.54 - 2,91 15-20 57.07 2,22 150 0.21 0.12
0.02 - 0.1k 2.60 - 2.96. 35-50 - 57.28 - -2.32 150 0.56 0.32
0.02 - 0.09 2.73 - 2.96 6-80 . . 55.85 -2.10 100 0.93 0.52
Composite of 0.00 - 0.16 2.55 - 3.00 . 5-80 56.42 -2.19 © 786 0.99 0.5
:Rgmdem Material R . :
" vox, aox, Epa®) ‘ : : o :
(Isostatic and 0.00 - 0.06 2.83 - 3.00 20-40 56.55 -2.33 136 0.26 . 0.15
Hot_Press) ’ . : c
: ’ = AP = e
BHEAR MODULUS G =Go [1 + ETTZII7§] G = 10% psi
S : G _A : '
UOX + 0.5 wt. % MgO 0.04 - 0.17 2.50 - 2.9 2-5 21.04 -2.00 150 0.57 0.12
(Extruded) 0.02 - 0.16 2.53% - 2.95 7-10 22.01 -2.28 150 0.27 0.06
. 0.02 - 0.15 2.56 - 2.94 15-20 22.75 -2.28 150 0.22 0.05
0.02 - 0.1h4 .2.60°~ 2.95 35-50 23.90 -2.80 150 0.46 0.11
0.02 - 0.10 2.71 - 2.96 60-80 23,16 -2.31 100 0.73 0.17
: 'Abx 0.06 - 0.16 2.55 - 2.83 2-5  20.95 .-2.13 . 100 1.10 0.23 ¢
. (Extruded) 0.03 - 0.16 2.55 = 2.91 7-10 21.23 -2.12 150 0.19 0.0k
" 0.03 - 0.16 2.54 - 2.91 15-20 : 21.61 - -2.20 150 0.42 0.09 -
0.02 - 0.14 2.60 - 2.96 35-50 21.78 -2.33 - 150 0.18 0.04
0.02 - 0.09 2.73 - 2.96 60-~80 21.22 -2.14 100 0.33 0.07
Composite of 0.00 - 0.16 2.55 - 3.00 5-80 21.45 -2.22 ‘786 0.04 0.10
Random Material
U0X, AOX, HPA(a) 0.00 - 0.06 2.83 - 3.00 20-40 21.68 -2.75 136 0.14 0.03
(Isostatic and - .
Hot Press)
(a) HPA = BeO derived from basic acetate. “\
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Inspection of the values for Eg and Go.for both UOX-MgO and AOX in Table
?i reveal ratﬁer loﬁ values in the 2-5 micron range and a drop-off in tine
00-.0 microm range. It is known that the small grain size material \2-% micron;
conteined mostly intergranular porosity of different siée,,shape, and distri-
. bution than specimens of larger grain size whichlcould account for the dif-

(1k) has discussed the effect of dif-

ference in porosity dependence. Spriggs
ferent forms of parosity on the elastic constants (60-100 microns). In the
larger grain size specimens, intragranular cracks were observed, increasing

in number and severity in the 100 micron grain size range to a point where it

. was sometimes impossible to measure the elastic constants.

Elevated Température Measurements

‘Young's modulus and the shear modulus as a function of temperature were
deterﬁined for representative samples of the various grain sizes gnd densities
up to 1400°C. Wo consistent trends with grain size, deﬁsity, or prreferred

grain orientation were apparent and the data from both AOX and UOX-MgO speci-
| mens covering the entire grain size - densify range were comoined for a sta-
tistical least square fit of the datg_in tgrms of percent decrease in either
Young's modulus (E) or the shear modulug (Q) from the 20°C values presented
in Table VI. The f{ollowing equatiohs indicate the percent decrease from the
20°¢ value iﬁ the elastic constants E and G with tempefaturg in the range 20

to 1400°c.

. A -3 . . .8
#» Decrease in E = 6.¢3 x 10 (T-20) + 1.29 x 10  (T-20)3 - (6)

[

, . . . .8
% Decrease in ¢ = 8.80 x 107" (T-20) + 1.66 x 10"~ (T-20)® . (7)
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'Figure‘ﬁ to. summary curves presented by Lillie

The standard errors of estimate for the individual 001nts about the calculated

llnes are t 1, lﬁ percent decrease for E and + 1.70 percent decrease for G. -

The laréer standara error of estimate for G results from & greater difficulty

in measurlng tne tors1onal vibrational mode, especially at elevated tempera-

tures. ' A comparison ‘of curves plotted from equations & and 7-is made in -

(16) 41 which he compares data

3-obtained by Atomics International and Argonne National Laboratory. It can

be seen that all data are in quite good agreement. There apparently is little
if any real difference in the temperature dependence of E and G and from a
practical point of view either equation (6)- or {7) adequately describes the

behavior of boti conatanta.

(3) Discussion of Results

When it was observed that the degree of preferred grain orientation had

such a large effect on Young's modulus, it wasconcluded that the polycrystal-

line Young's modulus data, obtained from UOX-MgO rods.over a wlde range of
grain size, could be used in conjunction with orientation distribution functions .
to deduce some of the'compliance modull for single crystals'of BeO. This
appeared to be possible since ‘in a polycrystalline body, Young's modulus is
reasonably well represented oy the space average of the individual crystal
Et's in the direction of measurement(l7). Consequently, the eleven rods for
which orientation distribution functions were determined, those presented in
Figure 7, were used to establish an equation for Young's modulus of single
BeO crystals as a function of the angle of measurement from the c-axis(la).

The "resulting equation,

o -

= 0.0L78 sin®e + 0.0151 cos*6 + 0.0410 sin?6 cos2e (8)
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waere E is Yoﬁngfs modulus in 108 psi measured at the angle Glfrom the c-axis,
Oredlctu a value for ¥ of et . 2 108 psi in the dlrection of the c-axis and
50.1 % 105_psi in the direction of'the a-axes. These vélues lead to an aniso-
tropy ratiO‘Ea/EC'of.O.éﬁ for Young's modulus. Equation 8 is plotted as

fgure 9 along with two reference curves for cadmium sulf;de (same space group,
<C¢7, as Pe0) which vere normalized to the BeO curve for cpmparlslon of curve -
Shapef The CdS curfes, were piotted from data obtained by Berlincourt(l9)

and Bolef(gof, et.al., from measurements of CdS single crystals. A single
noint renresenting a measurement oia single crystal of BeC made by Austerman, -
et. al gn the basali ﬁlane is also shown for comparison and is higher than

the value for thne basal plane vredicted from equation 6. It is velieved that
the calculated value of tﬁe c-axis Young's modulus for sihgle cryStais is

quite good since the calculation of the equaiion was obtained from ;ods baving'
preferred orientation of the c-axis in the direction of ext:usion rahging

from 3Q to 20 percent. lThe Qalue for the a;axes 1s not aSHreliable but it 1is
obvious from the measurements that Yduno's modulus is less in the plane of

' the a-axes than in tne directlon of the c-axis, and that a mlnimum occurs.'

petween the two extremes. A maximum crystal anisotropy of about 0.8 for

E

6,E is predicted from equation_é when 6 equals about 55°,

A larpze discrepancy exists in ﬁhe.calculated values of Poisson's ratio

(22)

for Re oetxeeu ueasurewents reoo"ted oy Bentle and our date when cal-

cuzated from tne well known equation:

—
\C
e

V= & -l)
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DYNAMIC YOUNG'S MODULUS, 106 psi
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LY

’Bentie,féports values for Poisson‘s.ratio in the neighbofhood of 0.20 for
.'Beo whereas calculated.foisson's»ratios based ubon theueqpétiogs p:eéented
-in Table VI predict values of 0.3 of greater. It is knéwn thai Poisson's

ratio calculated by means of ngation 9 is an approximation and applies onlj
. to isotropic bodies. vHowever, in a polycrystalline ﬁody composed of aniso--
trobiq crystals A random distribution of these crystals constituteé an iso-

(13)

tropic condition on a macroscqﬁic scale Therefore, Poisson's ratio for
~the - randomly orientéd.material, extruded AOX or isostatically oressed material,
‘stould be approximately correct if the prober values for:Young's modulus and
the shear modulﬁs are used in equation 9. The advisébility of using equa- |
tion 9 to predict Poisson's ratio in prgfereniially orienﬁed bodies composed
of anisotropic crystals is debatable and subjecf to an unknown amount of

error. The largest chance for error in the resonance frequency teclnique

is in the possible mistaken identity of a resonaqée peak. For example, it
could be possible to mistakenly identify the second oyertone of the flexural
fundamental frequency as the torsional frequency.since both are within'2,000'
cycles for tihe specimen size and shape that was used.‘ Hdwever, the second
overtong'appears at a fixed_ratio ébove fhe fundamental and it was possible

by using the technique described by Spinner‘and Tefft(l3) to identify the
:particle motion both for the secondldﬁertqne of the flexural vibrationél mode,A'
and the tofsional modé»fundamental f;equency. Since both the equafions for
Young 's modulus and the éhear modulusiare‘very acqufaté for round specimens
having a large L/D ratio wahen tﬁeAYoung's mo@ulus is corrected for size and
shape of tine speciméh, there is e?ery reason fo believe that tne Valué for
Poissonts ratio in randomly Qriented BeO 1is as accurate. as equation 9 permits

- and that the best estimate of this calculated value is 0.31%.
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Iy. MODULUS OF RUPTURE

|
|

(1) lMethod oi Measurement

hodulﬁs bf'rupture'measufementé were made using the standard cyiindrical
rod specimen previously discussed. All measurements reported are kL-point
loading over & 3-inch span witiy a constant moment over the middle one inch
(frequenﬁly referred to as third.point loading). A constant loading head

travel rate of 0.0. inch per minute was used.

(2) Erperimental Results

-* The average modulus of rupfure‘strength for the nominal grain sizes and
densities of Aqx.and U X-Mgo are shown in Table VII as well as the numver of
speéimens ruptured, and the standard deviation for the individual measurements
about the mean value for the si% measurenent temperétures,EO, 300, 00, 600,
1000, and 1200°C. The nominal grain sizes and densities for fhe rods are
also shown. An inspection of Table VII shows that thére'is a wide variation
in the standard deviation of different microstructures but the mode lies be-
tween 3,000 and 4,000 psi indicating a rather large scatter in sample
- strengths about the mean values. " The data of Table VII are further -summa-
rized in Table VIII where the room temperatﬁre strength data for each micro-
siructure is given and the ele§ated tenmperature data presented in terms of

the fractional room temperature strength.

(%) Discussion of iReswlts

AR

Inspection of Teble VIII revealc several interesting trends. wirst,
it will. be notedi that for a given composition-density combination, the room
temperature strengtu increases as expected with decreasin;; grain size with

the excewntion of tie I micron rein size material which snhows a decrease

-33-
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in strengtii from the 10 micron grain sizes. Tals difference in behavior of
the U micron grain size nnterial'has appeared in the elastic constants, and
in compressive creep measurement§ as weii as in modulus of runture measure-
ments. This anomaious henhavior as mentioned before is attriovuted to a dif-
ferent distribution,'shape, and size of porosity compared to tne otaer grain
si;es beéause oi' incomplete sintering. Thermal soak tests for ©00 hours have
shown tne » micron grain size material shrinks considerably at l2OOQC with-
out apnreciable grain growti indicating that intergranular.p res are closing

wiiile all other microstructures appear to be stable under these conditions.

Anotner trend tnat can be seen 'in Table VIII is that the peak strengtn

'(vaiues underlined; occur at lower temperatures as grain.size decreases. 1In
addition, it will be observed that generally speaking tie Strength behavior
witn temperature can be grouped by small, medium, and large grain size for
eacn of the composition-dens;ty combinations. Tnat is, tne. 3, 10, and 20
micron grain size material behaves in a similar manner for all porosities,
wiiile the 50 micron grain'size material behaves in a different manner, andb
tine w0 and 100 micron grain size material vehave in stili a different manner.

he strengtn dépendencies with temperature grouped as above are shown in

Figure 10 where tne ratioc of the strength at elevated temperatures is shown
as a function of tewmperature for tne three sub-divisions of material, small,
mediuwn, and large grain sizes disregarding the poroéity variavle. Tt will
be seen tuat tue strengsth idcr;ase from 20°C.to 000°C is greater wita in-
creasing grain size. Thisfobsérvation is in agreemént with Coble(gb) who
states tiwat internal étresses at room femperature are greater for larger grain

sizes and relax as tue temperature approaches the stress free temperature
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'(sintering temperaturé;. At temperatures aovove dOOOC, apparently inelastic
strain ogcuré whicn causes é reductioﬁ in tne modulus of rupture. The re-
auctioﬁ is largefias tne grain éiée decreases and in the'small_grain sizeg,.
~a difference in inelastic béhavidr 1s seen between AOX and UOXngo. Tnis
differencé between'AOX and 1i0¥-Mz0 coserved at the lower grain sizes and
not at tne higher could be relétei to the modulus of rupture loading rate.
It is ‘possible tuat For the loading rate used the inelastic deformation of -
the mmﬁll grain size material is Tast enough to show a difference between -
.materials while the inelastic derormation rate ‘of the larger grain size.

material is too slow to permit observation of the material differences.

- - The data of Table “III are ©w.otted on an absolute scale in Figure 11
to show the effect of orientation in the temperature range 2% to 300°c. It
can be seen that in this temperature range there is little if any real dif-

ference in strength between tne randomly oriented AOX and the opreferentially

oriented UQX-MpO for grain sizes up to and including O micron. However, there’

is a éignificant difference between the vpreferentially oriented UOX-MgO and the
randomly oriented AOX in the %0-100 micron' grain size range witiathe (U0X-MgO
showing consistently about a 30 oercent highér strength. Perhaps it 1is neces-
~sary Tor the degree of preferred orientation to reacu some hinimum value

nefore a significant increase in strength can be observed because of the larze
Staqdard deviation in material strenzti or.because of the‘reiati;ely'insen-
siti/e modulus of rupture'meéSurement. The preferred orientation ot grains
naving; the crystallographlc c-axis oriented with the axis of extrusion in

JO¥-Mi;,C avproaches 0O nercent for grain sizes of about 20 micron, ©0-c2 percent
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-for 0 micron grain size, and 3O percent or greater in the 60-100 micron

range.

The modulus of rupture data for UOX-MgO and AOX have also been ana-

' . 24
lyzed by fitting the data to the Knudsen equation( ”)

for grain sizes of 16 .
microns-dr greater. The nominal 5 microp material was not included since |

the strength of thne materiai as péinted out previously was consideradbly less

than would be predicted wiph the Knudsen cprrelation. For these correla-

tions, the individual rod modulus of rupture, the grain size by lineal analy-

sis determined for the sinter bétéh; and the average batch density were used

to determine  the least square fit of the data for each test temperature to

the equation:
InS = lnk-2alnG - bP. (10)

which is the logarithmic form of Knudsen's equation,

5 = kg% °F (11) |
| . ‘ |
© where S = modulus of ruptﬁre (4 pt, 3 in. span), 103 psi
G = grain size by lineal analysis, microﬂs
P = fractional pofosity (total) based uéon‘5.01

g/cm® theoretical density

Table IX shows the results of the curve fitting for AOX and for UOX-MgO at
each temperature'inveétigated. In addition, the table shows.the'number of
samples used in each correlation, the applicable range of'porosity and grain . L
size, correlation coefficients to indicate'the degree of correlation of gach

independent variable to the dependent variable, tne 95 percent confidence.

. -ho- .




TABLE IX

(p)

CORRELATION OF MODULUS OF RUPTURE DATA ®’w1rn KNUDSEN EQUATION
s = kg% PF
, A Average 95% Confidence Limits
Rupture No. of ‘ Grain Size, for S, %
Temperature, °C Samples k a b microns (b) (c)
UOX + 0.5 w/o MgO ‘ -
20 239  87.7 .35 2.18 28 : +2.7 t30.8
300 J12h  65.3 .24k 2.31 31 3.9 . 39.4
500 126 87.8 .31 3.57 30 | 2.6 28.5°
500 125 764 .23 2.85 28 3. 57.1
1000 123 4.0 .19 2.97 30 5.0 34,2
1200 125 . 49k .11 4,25 29 2.9 = 32.3
AOX
20 318 1k.2 .50 2.51 26 1.6 28.9
300 136 1k.2° 49 2.95 26 ‘3.7 46.3
500 137  11.3 .4k 1.s54 25 3.1 39.3
200 135 . 75.7 .28 2.32 25 : 3.1 36.0
1000 136 41.7 .15 1.2 26 3,7 3.0
1200 148, 23.9 .03 1.k 26. . 3. 1.2
(a)h point, 3 incn span, 0.06 in/min head travel. 4
S = M/R, 102 psi; G = lineal grain size microns (range: 7-100 microns);
.P = fractional porosity, (range: 0.01-0.15). ‘

95% confidence limits for the mean value of M/R at the average grain
size. The limits at the ends of the applicable grain size range are
approximately twice tne value shown for the average grain size.

(c )9,p conf'idence limits within which 95% of measured values would be:
: expected to fall. .
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limits for.the,liné, and the 95'percen£'éonfidénce limits for the,scafter'of
individual points about the Lise. . Although the scatter of the points about

a line (e.g., S vs G at.conétant porosity) are quite large as seen in the\

last column of the tabie, a'suffiqiently large number of samples have been
testéd to.narrow the 95 percent éonfidence limits of a‘least square line to a
reasonable level. These limité, assuming a normal distribution for eacin grain
size - density éroup, wéuld be those within which the true mean value of
moduius_of rupture would be expected to fall as a funct;on of grain size for

a given porosity, or as-a funcpion of porosity for a given grain size. How-
ever, the distribution of the modulus of ruptu:e stréngths was not normgl,

but rather skewed and irregular which adds a degree of uncertainty to the
statistical results. - Figure 12 is a log-log plot of modulus of rupture strength
as a function of grain size plotted from the Knudsen correlation for UOX-MgO

at 20°C rupture temperature.for the three nominal porosities, 3.7, 8.6, and‘13;6
percent. The narrow limits_abouf the 3.7 percent porqsity line are the cal-~ ”
culated 95 percent confidence limits on that line. The points are the average
values, taken from Table VII, for the five grain size groups of 2.90 gm/em3. |

nominal density (.037 fractional porosity) to compare to the calculated line.

' It is clear that % of the'5 points fall somewhat outside of the 9% percent

limits although from the statistics 1t would be predicted that all should be

within. The outer dashed.lines are the limits at 95 percent confidence within

whicn 95 percent of any measured modulus of rupture woul& be expected to

fall for rods having 3.7 percent porosity.

Figure 13 sihows the individual Knudsen equation constants, "k", "a",

and "b“, as a function of temperature for the two grades of material, and
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the average of both grades.--It-can be seen that the constants "k" and "a"
follow the same pattern and decreaée with temperature. The cénstant "k" re-
flects the basic stréngth of the material, and the constant "a'" the effect of
grain size on the strength. The decrease in "a'" indicates a decreasing de-
pendence 6n grain size as the temperature‘increaées.' Since internal st;esses
are a function of grain size and should reduce as temperature increasés, the
decreaée in "a" may Ee the result of the decrease in internal stresses.

The porosity coefficient, *'b", apparently'remaiﬁs fairly constant,
although there is considerable scatter, with increasihg temperature, the
average value being about -2.5. It will be noted that the constant "a" for
AOX 1s signif{cantly higher than that for UOX-MgO at temperatures below 800°C,

indicating a greater dependency upon grain‘size for AOX than for UOX-MgO.

V. COMPRESSIVE CREEP

(1) Method of Measurement

Compressive_créep tests were run ih a conventional creep‘stand with one.
inch diameter high density alumina push rods. Specimens were the standard
0.238 inch diameter, oné inch long, and were column loaded with dead weight.

Ends of the specimens were square and parallel, generally withinCLOOOEiﬁch..

In addition to dimensions, weight, and density, they were insneéted béfofe

test and found free of flaws-by X-ray-and Zyglo techniquesv After test, Zyglo

1nspebtlon occasionally 1ndicated some small cracks, partlcularly on the ends,

‘but otherw1se tne specimens were intact in every respect.
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The objective of these fests was'pr1marily to study the effect of grain
sizé, pofosity, aﬁd composition variables. 'Cbnsequently, all tesfé were
pgrfofmed at a single tempe;ature, 1200°c¢, forla period of 500-hoursf"After .
assembly, the test rig was broughf up to temperature with minimal load,'then
the desired load appliéd. At the end of the test, the rig waé cooled to room
température before removing'the load. At all times, the furnace was'swept‘
out with slowly moving dried air to prevent vater vapor corrosion of the
BeO. That this was successful 1s bornme out by the observation that the average

weight loss was only one milligram for the typical 2.0 gram sample.

Many of the early.tests weré run without benefit of a satisfactory
continuous record of deformation vergus time. TFor theée tests, the only re-
liable measurement was total deformation. Later in the program, this situ-
ation vas corrected by installation of & sapphire rod dilatometer arrange-
‘ment in which the moving member was in direct contact with the end of the
specimen via a hole througn .the pushrod. Exterior' to the .furrlxace, movement
was detected by a linear voltage diffefehtial transformer and the'signal.fed

Yl

into a chart recorder.

(2) Experimental Results

Data from thirfeen @ests operated with the dilatcmeter arrangement are
sumarized in Teble X. Seven are iliustrgted in Figure 14. It is
apparent that the curves are fairly linear and that totﬁl défo;mation in
most cases may be used as a'gbod estimate of strain rate. ‘The éomparison in

Table X includes strain rates {(percent in 500 hours ) calculated from the
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TABLE X

COMPRESSIVE CREEP OF BeO SPECIMENS AT 1200°C -

‘ Porosity, - gii:? ' VStress, Creep, % in 500 hours
“Material % - microns . psi (a) . (b) (c)
AOK. k3 6 2000 . 4.88  4.99 4.8
3.1 . 0 ¢ 11 " 3000 '1.37 1.38  1.36
7.1 3' -~ 1000 6.59 6.50 4.30
8.3 - '  12 3000 1.2i 1.32 1.16
5.0 8 3000 1.5k 1.6k 1.31
8.3 15 6000 3.09 . 2.89 2.86
W 15 30000 1.77 1.72 1.75
UOX-Mg0 " 15.0 5 3000 0.92 0.91 0.85
1.0 7 3000 - 2.56 2.5  2.10
3.8 | 11 3000 0.33 0.46 0.35
7.9 5 2000 1.52 1.54 0.67
7.4 | '11 6000 1.31 1.30 1.22
2.2(@) 20 - 6000 0.36 0.36 0

.25

(a) Total change in length of sample.
(b) Total deflection on chart recorder.

(c) Calculated from constant strain rate portion‘of curve.

(d) Isostatic pressed and sintered.
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limiting slopes of the time curves, with two exceptions aé noted in Figure 1k.
On the basis.of this compa;ison, and recognizing the scatter of data which
otherwi;e exists, all test runs are repdrtag including those for whiéh total
deformation is the only availa;le measuréﬁent. These tests are summarized

in Table Xi. Included are result; for‘four tests of specimens of UOX contain-

ing 3 weight percent ZrOs.

(3) Discussion of Results

If one equates totel deformation with strain rate; it is possible to
digcuss the data in terms of thelNabarro-Herring relationship(25) which states_
\Nthat strain rate; é ,‘is préportional to‘stresé, o ., and the diffusion coef-
ificient of the diffusing species, D, and invefsely proportional to the square
of the grain size, u.. This is‘valid if creep.is diffusion controlled,'and '
is expressed as foilows: | | |
kDo
p.ekT

¢ = (12)
where K is a proportionality-consfant which includes the volume of the dif-
fusing species. At a single temperature, both T and D are constant, and it '

is apparent that stfain‘rate,should be a linear function of the parameter

o
-z

)

The gxperimental.data may be manipulated in various ways. For example;
strain rates»(total deformation in 500 hours) may be hormalized to a éingle
grain size according to the above expression. Such normalized data plotted

versué_stress should be & stfaight line. 1In actual fact, such a plot.(bof
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TABLE XI

COMPRESSIVE CREEP OF BeO SPECIMENS AT 1200°C

ACreep,(ajiv
percent in
500 hr

Grain

Size,

Parameter,
psi/microns®

Density, Porosity, Stress,
% psi

microns
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TABLE XI (Cont.)

COMPRESSIVE CREEP OF BeO SPECIMENS AT 1200°C

(a)

Grain Creep,

Size, Density, Porosity, Stress, Parameter, percent in
microns = g/em® % psi psi/microns® 500 hr
UOX~-2r0s - ‘ (c);

14 2.93 4.0 €000 30.6 0.19(c) :
15 2.93 4.1 6000 26.7 0.22
19 2.94 3.3 3000 8.3 0.07
21 2.95 3.1 6000 13.6 0.09

{(a) Colum loading on specimens one inch long by 0.238 inch diameter.
Tested in dry air. . . ’ ’

(b) Further details given in Table X.
(c) Deformation versus time shown in Figure 1b. . .
(d) Isostatic pressed and sintered.
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shown) suggests that'at,stresses greater than 6000 psi, strain rate depends

on stress raised to a power greater than unity. .This is'particularly apparenti'

'in the AOX data. Also, two tests attempted at 15000 psi resulted in specimen
- failure durlng the flrst twenty hours Taken together, these observations*

. suggest that above a stress levei of. 6000 psi microcracking may oceur. which

leads to enhanced deformation rates and in the extreme case, catastrophic

ffailure.

Secondly, there is a strong subgestion in the data that samples of very -

small grain size (< lO microns) exhibit total deformations more than expected.,

on the basis of results ocotained with coarser structures. a Evidence is im- -

plicit in Table X in which the greater disagreements between total deforma-
tion (a) observed and (b):calculated from constant strain ratelcnrves occur
for the smallest-grain size samples~in each group. .In nart, this disagree-
ment is accounted for by the fact that the small grain‘size samples undergo
some additional sintering at 1200°C. The magnitude of this shrinkage was

separately determined in thermal sogk tests but was found'insufficient in most

. casesito account for the anomalous behavior. This "anomaly" is therefore

considered real, and is similar to that discussed above with respect to

Young's modulus and modulus of rupture, all three perhaps a_manifestation:of'

-a different type of porcsity distribution;

Third, there is the possibility that specimens with a high degree of
porosity will deform more rapidly than specimens with low porosity. In
Figure 15, all date are presented, and tests in the above categories are con-

sidered anomalous and coded separately according to the arbitrary descriptions:
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(a) stress & 8000 psi -
(b) specimen S 7 micron .grain size

(c) specimen > 8% porosity

Figure 15 is a log-log plot of total deformat;on in‘500‘hours versue the.
parameter psi/pz. If the enomalous points are ignored lines with unit slope,
as drawn, are good representations of the data for the three types of speci-
men*; This is considered evidence that compressive creep at 1200°C is a dif-

fusion controlled procesé according to the Nabarro-Herring relationship.

It is interesting'to note that the anomalies areiﬁore pronounced for ACX'
than for UOX-MgO although in both groups cf specimens similar ranges in grain
size, porosity, and stress were included. A B

Since the data satisfy the requirements of the Nabarro-Herring relatioh-
ship, it is pertinenf to review the data for UOX-MgO ﬁiiﬁ fespect to the
phenomenon of preferred grain orientation. If the degree of orientation were.
affecting strain rate, samples of small and large grain size'would not fit .
a plot such as Figure 15 with gnit slope since degree:of orientation varies
with grain size. Putting it another way, data for UOX-MgO should separate -

into a family of such unit slope curves, each corresponding fo & different

grain size. However, inspection of the data indicates that thefevis ncx trend

‘with grain size.

.*For AQOX, the data pointsﬁéouldvﬁerhaps'be‘better represehted By a straight .
line with a slope greater thRen unity, but this would involve an unwarranted

degree of confidence in those tests for which the total deformation was less |

than 0.001 inch.

my
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If preferred graia orientation i1s not a factor in determining creep
rates, the differences between the three groups of points'in Figure 15 prob-
ably must be ascribed to composition differences. Using the Nabarro-Herring
relationship, the following diffusion coefficients may be estimated from the

lines drawn in Figure 15:

' - 4 -~
AOX 4.2 x 107 cnP/sec
S P AR -
UOX-Mg0 2.4 x 10 cmr® /sec }- - at 1200°C
UOK-2r0z . 0.86'x 10™** cu/sec

These values are shown in Figure lo together with other data from .the
literature, all of waich were obtained at higher temperatures. The data of
(26) |

Chang were deduced from bending creep measurements and required extrapo-

lation from lo“OOC which was his lowest temperature of measurement. The data

(27)

of Austerman were ootained directly from measurement of beryllium-7 pene-~
tration at temperatures'rangieg from 1566 to 20lO°c. The particalar data

shown in Figure 15 were obtained for 99.3% dense éeo and are considerably

lawer than he found for 92.4% dense BeO. The latter are omitted from this com-
parison since it is felt that at the extremely high temperatures of his measure-
ments, mecnanisms other than bulk diffusion are more likely to complicate the
experiments for the more porous materlal The results by Vandervoort and'
Barmore(ga) are of particular interest,since tae temperature range of 1370

to 1540°C is close to that of the preaent work. In their report; only strain
rates vere given; nowever, adeduate sample descriptions were available and |
difiusion coefr1c1ents were estimated from the Nabarro-Herring equation.

Data for eight runs designated by these investigators(gé) as "standard creep

tests" are shown‘in"F;gure 16, The line representative of these data is
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drawn‘with a slope co;responding to the heat of activation of 96.0 kcal/mple.
Th¢~valueé-for_diffusion coefficients obtained in the present work are seen |
to bracket the range covered by the extrapolated lines from Adgferman and

from véndérvoqrt apdlBérﬁo;éi . Thls is considered evidence'fhét the diffuéihg

species wiiich determines the‘strain rate at 1200°C is berylliunm.

VI. SUMMARY

. The‘degreé'of vreferred grain orientation in polycrystalline sintered -
BeO influences elastic constants and linear thermal expansion. Measurements
of ﬁhese properties, éombined with péle‘figure determiﬁatipns of graiﬁ bfir
‘-entation, have,permitted the developmenf of mathematical expressions.relating
- the direction of measuremeﬁt in a single crystal with Young's modulﬁs gnd
witn thermal expansiqn. Youngz's modulus in the basal plane (a-axis) is
15% lower than in the direction of the c-axis. Thermal expansién is 13% higher

in the direction of the a-axis.

These properties, as well as modulus of rupture and compressive creep,
have been found sensitive to microstructural parameters of grain size and -
pdrosity. A numoer of émpiricél equations are presented to relate these

various factors.

senerally, the ovservations are in reasonable agreement with expectations.
' The primary anomaly avpears witn the behavior of specimens of very small
grain size. Tnese exhibit lower strengtn than predicted by the Knudsen equa-

tions, nigher creep rates than predicted by the Nabarro-Herring equation,
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and somewvhat lower elastic constants than larger grain size randomly orilented
samples of the same porosity."This is postulated to be'the result of a higher.

proportion of inter-granular porosity in the fine grained structures.
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FIGURE CAPTIONS

Mean tiermal expénsion coefficient for Beo.'

Mean thermal expansion coefficient from 25 to 1200°C versus

grain size for AOX and UOX-MgO.

Demonstration of linear correspondence between axial expan-

sion and percent c-axis orientation.
Anisotropy of BeQ thermal expansion coeffient.
Anisotropy of Be( thermal expansion.

AOX data fit to (1) a linear equation, (2) Spriggs' exponential

equation, and (%) Hasselman's equation relating Young's

.modulus to porosity and compared to an earlier literature .

survey made by Lillie.

Young's modulus for polycrystalline BeO as & function of

percent orientation of the c-axes with the axis of extrusion.

Comparison of Young's'and shegr modulus.as & function of
temperature with Atomics International and Argonne .National

Iaboratory data reported by Lillie.’




Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

. pigt sl

Calculated Young'é modulus for single crystal BeO as a func-
tion of the angle of measurement from the c-axis. Measured

values (normalized to BeO curve) for CdS single crystals are

presented ‘for comparison of -shape.

Ratio of modulus of rupture at temperature to modulus of
rupture at 20°C as a function of temperature for UOX-MgO and

AOX segregated by."small", "medium”, and "large" grain size.

Modulus of rupture as a function of temperature for. UOX-MgO
and AOX segregated by "small", "medium", and "large" grain

size.

Mean values and the.maiimum spread in the modulus of rupture
of UOX-Mg0 at 20°C at the 5 nomipal grain sizes at 3.7% poro-
sity are compared‘to‘the least squa?g‘fit of the Knddsen equa-~
tion. Limits at 95% confidence are shown'for'the line and for
the scatter of points about the.liné. The two other ﬁominal

porosity curves are shown for comparison.

Behavior of the constant "k", grain size exponent "a", and
porosity coefficient "b"'in the Knudsen strength equation,
oP

S =k 6 %™°", as a function of temperature for modulus of

rupture of UOX-MgO and AOX.
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lo.

compressive creep deformation vs. time at 1200°¢.

Percent creep in 500 hours at 1200°C as function of stress

psi

‘andugrain'size} (~——-——-2) .

microns

Comparison of data for bulk diffusion coefficient in BeO.
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