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ABSTRACT

This work describes the preparation of BeO samples for
a study of the effects of irradiation 1ncluding the in-
fluence 6f purity, additives, porosity,Aand gfain size.
These samples were prepared from three ﬁémmerciélly:
available grades of BeO using extrusion and sintering as
the main means of fabricatlion. One grade of BeO contained
 some lohg needle like particles and preferred orientation

was observed 1in gxtruded samples from this material.

The sintering behavior generally followed the normally
observed characteristics. Low density material, prepared by
adding an organic material, howeve?, showed the predicted
behavior expected from the presence_éf pores about 10 miqpons

in diameter.

The BeO powder characterlstlcs are glven along with the
sintering data and photomicrographs of typical sémplesn The
grain growth versus time at temperature for densities of 2.60,
2.75 and 2,95_gms/bm3 are shown for grain sizes up to 100

microns.



. INTRODUCTION

- Sintered BeO samples with a variety of micro-
structures wéré requlired for a study to define the physical
and mechanical properties of irradiated BeO-as they are
influenced- by purity, additives, and.poroéity at various
irradiation temperatures and dosages, SamplesAwere pré—
pared from three commercially available grades'of“beryliium
oxide or hydrokidé,"Two of the grades were.modified‘by
minor additions,of MgO oreroe to_prb?ide a tdtai of six
compositions, The desired densitiés;weré 2.60, 2,75, and
_2{90 g/cm3;with various grain sizes up tO'loo»microns“in
-diéme’cer°

This‘repdrt catalogues the raw materials; briefly

describes théﬂfgbstatic pressing andvextrusion-processes,
PN —
describes the sintering of the BeO samples, and contains an
o e : )

evaluétion<of the sintering data. These latter data were

examined to determine the significant effects of composition
N )

]

differences, sintering time and temperature'vafiations, and-
process variables which were introduced to obtaiﬁ-the

required microstructure variations..



RAW MATERIALS

study:

welght

Three grades (or types) of BeO were used in this

(2) UOX grade from the Brush Beryllium Company
which is prepared from a sulfatetand,is of”

relatively high purity.

(b) ADX grade from the Brush Beryllium Company
which is prepared from a hydroxide and. is

of relatively low pufity;

(e) B%O“deéignated“herein4as HRA grade which is .
From a hydroxide of felatively high ﬁurityi
(ﬂeri&eﬁ from the beryllium basic aeététe
.process(l)) and mostly supplied by the.

Mineral Conecentrates Company .

The ‘'UOX and HPA grades were modified by adding 0.5

percent Mg0 as a sintering 21d(2) and the vox grade

was also modified by the use of 3 welght percent'2r02 to

restrict grain growth(3)o An organic material was added

to two

of the "compositions" where it was desirable to

have both high porosity and large grain sizes in the same

sample.

© sl



BeO Powders

.. The Be0 powders were characterized by determining
the;chemiéél énalysis, specific surface aréay particle.
size and distribution, crystallite size, and examination

By both optical and electron microscopy.

Impurity Content -~ The impurity content of the three

types of BeO powders are shown in Table I fpr.phe lots

of each type used in this study. From’thgse data it is
séeﬂ that the AOX grade is thé less pure with respect to
non-volatile impurities, showing considgrably more
lithium, magnesium;, manganese, sodium,  silicon, strontium

and zinec than the other two tyﬁés,

© - Specific Surface Area and Crystallite Size - The speéific"

surface area of each lot of BeO was measured by the BET
met@od. The érystallite sizes\were measﬁred by X-ray d4if-
fraction line broadening,teehniques,' The data for both

of these characteristics are 1iéted in Table II along with
the cal@ulated particle size based on the specific surface
area., Aécording to these data, the AQX grade matepial is

of the smallest particle size,

Particle Size and Distribution '- The results of Coulter

Counter analyses of the three grades of BeO are shpwﬁ in
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L.0.D,

TABLE

I

CHEMICAL ANALYSES OF Be(O POWDERS

L.0.1°%& 135000

AOX Grade

UOX Grade’
Lot Lot - Lot Lot Lot Lot
Element 200-W-89  200-W-111  200-W-162 6 7 10
c 170 ppm 110 ppm 9C ppm - *¥ 350 ppm 290 ppm
F N'<10 - N<10 N<10 o owx 13 320
P 9 10 v&10 _ax 28 N
S 400 430 580 <50 54 9
Al 35 30 20 <1 20 10
Ag N<5 N<5 - N&s o o N<3
B - N<3 N<3 N%3 <) N'< 3 ‘N%3
o )
Ba N'<10 N%10 N'<10 10 . N<10
ca N'<10 100 N<10 65 30 40
cd N<10 N'<10 N'<10 <1 e N<3
* * ¥ *
Co- N<5 N<5 N<5 <1 I N<3
¢r  N<10 N'<10 N<10 19 10 20
* * ¥* . ¥*
Cu N<5 N<5 N5 6. — N<3:
Fe 15 15 30 6 10 40
Li N<1 1 N'<1 100 40 .50
Mg 15 20 30 135 250 90
Mn N<10 N<10 N%<10 285 90 100
M % ¥ #
Mo N<10 N<10 N<10 - XX — % N<10
- Na <8 20 20 200 1000 500
¥* * * * *
Ni N<10 N%10 N<10 7 N%10 N%&10
Pb N<10 Ne10 N%10 - - N'<10
si 35 25 15 230 475 300
* * :
Sn N<10 N <10 N<10 o w* - N'<10
* . *
r N<io N<10 N'<10 30 - xx 60
* *_ * *
1 N<10 N <10 N<10 - % - x N'<10
Zn N< 20 N< 20 N< 20 o . 60
é 110°C 0.07% 0.23% 0.21% 0.30% 0.244 N
0.25% 0.41% 0.21% 0.34% (10000C) 0.u46% 0.20%

* N means not detected and the number following signifies the

detectlon limit.
** - means not analyzed.



TABLE I (Continued)

HPA Grade

Lots Lot Lot Lot Lot Lot
Element K-96 & K—121(a) K—lll(a) K- 123(3) 1350(b) 1414(") 1u6-R(°)
c _ex o ok Y 158 ppm 210 ppm -
F N*%10 ppm 15 ppm 10 ppm N'<10 NE5 -
P 19 N<10 21 12 N - e
S 13 37 35 15 140 -
Al 15 = 25 30 25 70 30
Ag . : oo r N< 5 N<5 N<5
B. N%3 . N%3 N&3 N&3 N<3 N<3
Ba Coxx e e N<10 N'<10 N<10
Ca N%10 ' _wx x 50 N'<10 N'<10
' . »* * *
cd - *% - T N3 N<3 N<L3
' * * 3 #* *
Co o N<5 N< 5 N<5 N<10 N <10
»* * * T % * *
cr N<S : N<10 N<10 N <10 N <10 N<10
Cu o e e e N<5 N5 N<5
Fe 15 20 - 35 30 60 15
N . . * ¥* *
Li o o T o N<1 N <1 N<1
¥* * »* * * -
Mg N'<10 N<10 N <10 50 N<10 N<10
Mn o ' - % - N'<10 N<10 N<10
* : * * *
Mo N'<10 - - *x N <10 N<10 N<10
Na N<10 N%10 N <10 40 N'<10 N<10
Ni e L - %% N<10 N<10 ' N*<10
' »* * ¥*
Pb . e - — ** N<10 N<10 N<10
s1 10 20 35 70 170 80
. * +* *
Sn - *x - *% B N <10 N<10 N<10
¥* * »*
Sr - % - *% - N <10 N<10 N<10
™1 . ™ - N'<10 N<10 N<10
7n - % e . N< 20 N< 20 N< 20
(a)
L.0.D. @ 1100¢C - - e 0.04% 0.32% - e
(e
L O.I."é 1350°¢ I - - 0.01% 0.15% ~
{

b)

)

GE~-NMPO lot number,

GE-NMPO lot number assigned to Minox AAA BeO powder
calcined at 13500C.

Minox AAA lot number. d) L.0.D.
e) L.O.I.

loss on dfying.

loss on ignition.



TABLE II
SURFACE AREAS AND CRYSTALLITE SIZES OF BeO POWCERS

Specific surface(2) Equivalent(b) C?ystallite(c)
Area Diameter - - " Size :
(m®/g) (microns) ‘Angstrous)
UOX Grade
Lot 200-W-89 o11.8 0.17 1400
Lot 200-W-111 11.2 0.18 1400
Lot 200-W-162 13.5 0.15 650
" AOX Grade
Lot 6 17.9 0.11 450
Lot 7 19.8 0,10 600
Lot 10 18.7 0.11 500
HPA Grade |
Lot K-ijiy(d) 4oo
Lot AAA 1350(€) 0.843 2.35 1600
Lot aaa 144(f) 13.2 0.15 550
Lot AAA 145-R(T) 12.2 0.16 575
a) As measured by BET method, d) GE-NMPO 1lct aumber.
b) Calculated diameter of equal-size spheres e) GE-NMPO lct number assigned to
having measured specific surface. * Minox AAA Bel powder calcined at 1350°C.
¢) As determined by X-ray diffraction line . £) Minox AAA lot number.

broadening techniques,



Fig. 1. They are discussed beldw in conjunction with the

electron microscopy results.

Electron Microscopy = Electron micrographs of the BeO powders

are shown in Figures 2 to 5. It is to be noted that while

the 50,000 magnification miprographs show thg ultimate particles
to be similar in all three gfades of powder, ﬁhe_lower magni='
fication micrographs,Show'agglomeration to be éore prevalent

in the AOX HPA grades t__lr.lahi.;.n UOX. This is consistent with the
CoulterfCQunﬁer plots of Filg. 1, which sh&h ADX apd HPA to have
: felativély?large ffactions of material greater than two microns.
These are probabljfagglomerates of crystallite since thé;xmray
diffraction. and surface area measurements indicate a particlé‘
andgpr crystéllite siée of only a fraction of a micron. (%@e

| Table II). Evidence of the influence of agglomeration on |
Coulter Counter plots is contained in the two curves for HPA
-lot 10 in PFig. le¢, which show§ that comminutlon by a Jjet
pulverizer was effective in reducing the amount of powder

lafger than two microns.

'ﬁight Microscopy = The transmitted polarized light micro-

graphs in Fig. 6 show that many needle-like particles are present
in the UOX grade BeO. These needles%are considered to be the
primary cause of preferféd orientation bf grains.in extruded

and sintered UOX grade specimens(u).
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£AR ey 7 =00Y Moo - LOODR =
>, 628-C (a) 7 ,500X Neg. 630-B (b) 50,000X

Big. 2. Electron micrographs of
200-W-162. (Reference

s 4

Neg. 633-C (e¢) 7,500X

Lot 7
Fig. 3. Electron micrographs of AOX grade BeO powders.
(Reference mark equal 1 micron.)
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Neg. 452-A (a) 9, 100X Neg. 456-C (b) 3, 100X
Lot M-6, vibratory milled Lot M-7, Jet Pulverized

Neg. 45C4-T (c) . Ts500X

Lot M-10, Jet Pulverized

Fig. 4. Electron micrographs of HPA grade BeO: Mincon Be(OH 5
calcined by NMPO. (Reference marks equal 1 micron.



Neg. 644-E 7 s 500X

Neg. 645-C 50, 000X

lot 146-R -

Fig. 5 Electron micrographs of HPA grade BeO: Minox AAA
Powders (reference mark equal 1 micron)

13
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Neg. 1525 (e) 100X Neg. 1526 (a) 250X

Fig. 6. Transmitted polarized light micrographs of BeO powders:
(a) UOX lot 200-W-89, (b) UOX lot 200-W-111, (c) UOX
lot 200-W-162, and (d) AOX lot 7.
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~Additives

MgO Powder - The MgO powder used as a minor addition

(0.5 w/o) to some of the compositions was Mallinckrodt!'s
S.L. grade, lot number G1518 NYOl. Its impurity content
is given 1n Table III. The supplier's screen analysis
shows that 90% of the powder passes through 325 mesh

and less than one percent is retained on 100 mesh screen.

Zgga_ - ZrO’2 was added both as a powder and as a sol.
The Zr0y powder was Wah Chang Corporation's nuclear
grade having a particle size of less than five microns.
Its impurity content 1s given in Table III.

The Zr0y sql was supplied by W. R. Grace and
Company. It was a nuclear grade waFer suspension, lot
number 1207-35, containing 3.63 w/o Zro, of 3 to 7 milli-
micron partiele size, The impurity content (on Zroztbasis)
1s also given in Table IIlL. Other available information
on this sol are that the density is 1.036 g/em3;”the pH is
2.8, the relative viscosity is 1,94, and the specific con-
ductance is 6.21 x 10~2 mho/cm, .

Phenolic Resin - The ranges of densities and grain sizes
needed for the task were too breoad to be obtained by siﬁter—

ing time and temperature variations alone. It was also

b8



TABLE III

IMPURITY CONTENTS OF ADDITIVES

Zro_

Mgo(a) .pOWder(b) g sol(c) Phenolic Resin(d)
C 1000 ppm 7T ppm y
cl 40 20 ppm
F 40 188
N N%=<10 6.8% -
P 30 15 ppm
S 10 30 N< 54
A 10 N&5 N<5 N'<100 ppm
Al 30 Ne10 15 500 tu 3600
B N*=<1 N%0.5 20 N*%< 1000
Ba  N=<10 10 N% 100
Be 50
ca 300 10 99 500 to 3600
cd N*< 3 N%o0.5 N'< 9 N<100
Co N 5 Nk 10 N=100
cr 10 N< 10 50 to 500
Cu N 5 N*%< 5 10 P=<100
Fe 30 10 49 P =100
Hf 100 N*%99
Li 3 N%< 1 N'e 5 P <100
Mg N& 10 20 P <100
Mn N%10 N&10 N'<s N< 100
Mo NE10 nNE10 N*< 9 P=100
Na 500 30 1477 50 to 500
Ni 10 N<10 N'< 9 P<100
Pb N%&10 N<=10 15
51 100 10 395 500 to 3600
sn N£10 &0 9 N< 100
Sr N 10 P= 100
T1 N=10 N=<10 9 50 to 500
Zn N&20 N% 20 50 to 500 ;
Zr 20

a) Mallinckrodt S.L. grade, lot G1518 NYOl.

b) Wah Chang reactor grade, ANPG 311749.

¢) W.R. Grace and Company, lot number 1207-35;

values listed based on Zros.

d) General Electric Company, number GE-12368.

*N means not detected and the number following signifies

the detection limit.
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necessary to vary tﬁe initial porosity of the samples, and
this was done by adding to the BeO an organic "filler"
which burned out during the prefiring operation.

)

Several organic materials were evaluated for this
use, and GE-12368 solid phenolic resin was selected on the
basis of its particle size (10-50 microns) and the pore
size it produced in the resulting microstructure (5-10
microns). The ash content at 1000°C is 0,36 percent and

the impurity analysis is given in Table III.:
SAMPLE PREPARATION

For the most part, samples were formed by extru-
sion, although for comparison purposes, a relatively
small number of samples were formed by isostatic pressing.
The fabrication procedures employed have been desgribed

previously(5), but will be briefly summarized here.
Extrusion

The BeO powder was prepared for extrusion by add-
ing a 10.7 w/o aqueous solution of Penford Gum #300, a
hydroxyethyl ether derivative of starch, and mixing in a

Simpson Muller mixer. -Since a small amount of HAO was
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lost during mixing, the composition of the mix (for UOX
grade Be0O) as it was extruded averaged 69.6 w/o BeO,

3.8 w/o Penford Gum, and 26.6 w/o water. When additives
were used, they were mixed with the'plaSticizer prior to
mixing with the BeO., The mix was deaired and then extruded
at about 6,000 psi head pressure using a hydraulic extru-
sion press to form 0,352 inch diameter rods. The extruded
rods were drigd under controlled humidity conditions to
prevent warpiﬁg, then cut to approximately 5.25 inches in
length.

Isostatic Pressing

Rods of UOX, and UOX + 0.5 w/o MgO were fabricated
by isostatic pressing in order to prepare UOX type samples
with random orientation, BeO powder was dispersed in

water containing Mobilcer R wax emulsion to give 5 percent

binder (on a dry weight basis), dried, and crushed to

minus 20 mesh, The material was then prepressed isostati-
eally at 4,000 psi, recrushed to minus 50 mesh, then
isostatically pressed at 15,000 psi in rubber molds to

form 0,35 inch diameter rods,

Prefiring

All samples were given a prefiring in air at

about 800°C to remove the organic matter prior to sintering
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in hydrogen. Samples were stored at 110°C until sintered

to prevent absorption of moisture.
SINTERING OF SAMPLES

Sintering was done in molybdenum box furnaces in
an atmosphere of hydrogen. The samples were placed in
molybdenum boats as shown in Figure 7. Molybdenum pins
were placed between the BeO rods as shown to reduce the

probability of warping.

The boats and samples were slowly introduced into
the sintering furnace which was at a temperature of about
B00°C, The furnace temperature then was raised to the
desired sintering temperature at the rate of 200 to 250°C
per hour., After sintering, the furnace was allowed to
cool to 8000°C, and the samples were removed to the furnace

cooling chamber,

Approximately 25 cubic feet of dry»(—45°C dew point)
hydrogen per hoﬁf passed through the 1.5 cubie foot hbt

zone of the furnace.

Sintering conditions varied from 1 to over 100
hours at temperatures of 1340°C to 1700°C., Typical sinter-

ing conditions used to obtain the density and grain size



Fig. 7. Arrangement of Be0 rods in molybdenum boats
during sintering in hydrogen.

SHBDELBE
BeQ Rods
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for each composition are given in Table IV. Photomicro-
graphs showing the microstructure of typical samples are

shown in Figure 8.

POST-SINTER PROCESSING

The sintered rods, which were about 0,265 inch in
diameter, were centerless ground to 0,238 + .001 inch
diameter and cut to 3.500 + 0.003 inches in length. After
they had been cleaned, the rods were inspected for flaws
by Zyglo, X-ray, and ultrasonic transmission. They were
then heated to 4250C for 1 hour to remove the Zyglo pene-

trant.

Table V gives the average content of the most
abundant impurities in the rods of the three types of
BeQ after this processing. These data show that there
is little difference between samples of the three types
after fabrication as far as impurities are concerned.
Comparison of the data in Table V with the data in Table
I, the impurities present in the starting powders, shows
that some impurities such as fluorine, sulfur, lithium,
and sodium have decreased in content while others, prim-
arily aluminum, iron, chromium, and nickel have increased

slightly.
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TABLE IV

TYPICAL SINTERING CONDITIONS FOR TARGET DENSITIES AND GRAIN SIZES

Grain Size Density ; Sintering Conditions _ Phenolic Resin
Composition Microns g/cm3 in Hydrogen Atmosphere " Added
Time in Hours Temp. in “C Weight Percent

HPA 15-20 2,90 - 2,95 4 1700 None

38-50 2.90 - 2,95 24 1700 "

60-80 2.90 - 2.95 35 1700 o

90-120 2.90 - 2,95 64 1700 "

<5 2.75 - 2.80 1 1670 "

UoX + 0.5 w/o Mgo <5 2.90 - 2.95 1 1430 "
9-12 2.90 - 2.95 2 1445 n

15-20 2.90 - 2.95 2 1510 "

38-50 2.90 - 2.95 24 1700 "

60-80 2.90 - 2.95 60 1700 "

90«120 2.90 = 2.95 100 1700 "

=5 2.75 - 2,80 1 1400 4

q-12 D75 = 2.80 ? 1425 h

15-20 2.75 - 2,80 2 1530 6

38-50 2.75 - 2.80 10 1700 8

60-80 2.75 - 2.80 125 1700 8

<5 2.60 - 2,65 1 1400 10

9-12 2.60 - 2.65 2 1425 10

15-20 2.60 - 2,65 2 1560 12

38-50 2.60 - 2.65_ 50 : 1700 16
AOX 9-12 2.90 - 2.95 2 1460 None

15-20 2.90 - 2.95 3 1570 o

38-50 2.90 - 2.95 24 1700 5

60-80 2.90 - 2,95 60 : 1700 o

90-120 2.90 - 2.95 120 1700 "

<5 2.75 - 2.80 2! 1490 2

9-12 2.75 - 2.80 2 1575 (a)

15-20 2.75 - 2.80 3 1600 4

38=50 2.75 - 2.80 20 1700 8

60-80 2.75 - 2.80 120 1700 8

<5 2.60 - 2.65 2 1430 8

9-12 2.60 - 2,65 2 1530 8

15-20 2,60 - 2.65 8 1625 10

38 50 2.60 - 2,65 4o 1700 16
HPA + 0.5 w/o MgO 15-20 2.90 - 2,95 2 1540 None
UoX 15-20 2.90 - 2,95 il 1700 Al

UoX + 3 w/o Zr0, 15-20 2.94 - 2.99 i 1700 L
UoX + 3 w/o Zr0p sol 15-20 2.94 - 2,99 2 1700 o

Isostatically Pressed Rods

UuoX + 0.5 w/o MgO 15-20 2.90 - 2.95 2 1550 it
AOX 15-20 2.90 - 2.95 3 1570 5

UuoX 15-20 2.90 - 2,95 2 1700 3

One-Inch Diameter Specimens £

UOX + 0.5 w/o Mgo 15-20 2.90 - 2.95 2 1640 "
AOX 15-20 2.90 —.2.95 2 1700 e

UoX 15-20 2.90 - 2.95 2 ' 1700 %

UoX + 3 w/o Zro, 15-20 2.90 - 2.95 2 1700 4

a2

a) Batch contained 50 w/o AOX powder calcined for 2 hours at 1290°C.
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TABLE V

MOST ABUNDANT IMPURITIES IN SINTERED BeO SAMPLES .

vox(2) aox(P) mpa (¢)

C 133 139 192

P 12 N<10(d) 17

P 2h 13 24

S Lo 23 27

Al 132 50 76

Ba 22 : 24 32

Ca 95 65 22

Cr 15 9 27

Fe 113 73 164

Li 1 5 N<l

Mg 80 125 o

Mn N<10 35 N< 10

Na 12 11 12

Ni 23 ' 28 - 26

si 110 303 123

Sr N<10 4s ~ N<10

a) Average of 32 samples including some UOX +
0.5 w/o Mg0O and UOX + 3 w/o zZrO, samples;
samples with MgO added not included in Mg
.analyses.,

b) Average of 18 samples.

¢) Average of 9 samples including some HPA +
0.5 w/o MgO samplcs; samples with MgO added
not included in Mg analyses.

d)

N < = not detected; less than (number).
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The aluminum may have been introduced during sintering since
it has been observed that'aluminum content increases slightly

with incrgaSing,sinter;ng temperatures and times. mThe iron,

.chromium;. andi nickel contaminants were 1ntroduééd duﬁiné:

fabricdation.

Part of the Mgl added fo,BeO is lost during sintering in
hydrogen, apparently by volatilization(62 " The amountilost
is dependent on the time, temperature and pordsity as shown

by the data in Table VI.

RESULTS AND DISCUSSION

The two major occurrences diring sintering are densifi-
cation (shrinkage) and grain géowth, While growth of grains is
not a requisite-of the sintering process, it usgally occurs
simultaneously, particularly during the sintering of very
fine particles such as those used in this work. The
densification and grain growth characteristics of the BeO
types are described,ﬁinpluding the effects of Mgo and z;oz
additions to the BeO, amd the effect of porosity produced

by adding a resin which burned out during prefiring.



TABLE VI

MAGNESIA CONTENTS OF BeO - 0.5 w/o MgO RODS SINTERED IN HYDROGEN

Sintered

Dénsity =
fg/0m35

2
e
2

. 97
.95
.91

.76
T

.66
.64

095
.92

63
62
[ 95

.78
.75

.61

Mgo - : Sintering.
.Content (%) Temp. (OC) Time (Hrs.)
0.23 1700 100
0.17 1700 161
0.14 1700 118
0.02 1700 140
0,04 1700 15
0.008 1700 50
0.002 1700 64
0.4l 1540 1.75
0.45 1540 1.5
0.38 1540 3.5
0.38 1540 2
0.44 1480 2,5 -
0.45 T480 2
0.30 1480 2
0.28 1480 2

Resin

Cbntent'(w/o)

0
0

16
16

12
12

12

27
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Densification - The sintered deﬁsities of samples made from
on'grade BeO and UOX grade BeO + 0.5 w/o MgO are plottéd

as a function of the logarithm of time of sintering at'1700°C~
in Figures 9, 10, and 11. An approximate time correction has

been made to times less than 20 thrs to compensate for the

'densification that occurred during the heating cycle since’these.

i

_are!not strictly isothermal data. The correction was based on

3

the assumption that the rates 6f sintering(7) (and grain growth(8))

rare proportional to exp(-Q/RT), where Q is the activation energy,

for these two processes, R is the gas c(onstan’c‘9 and T is the
absolute ﬁemperéture. As§uming o activation energy of 150
kcal/mole for BeO and 100 kcal/mole for BeO + 0.5 w/o Mgo(2b),

approximate corrections of 2/3 hour and 1 hour, respectively,

‘were obtained.

The data include samples which contained various
quantities of phenolic resin added to lower thé sintered
dénqity. The steeper slopes of the curves for éamples
whicﬁ containegyl2 and' 16 w/o resin are probably é gesuit
of their lower densities, since during the course of:sinterm
ing the densification rate does decrease as theoretical !
density is approached. The pores in these samples pro-
bably affect the densification rate also, since the size

of the artificially induced pores (about 10.- 20 microns)



-Fig. 9. 'Density of AOX grade BeO rods as a. function of sintering t:une at 1700°C in hydrogen

(Tmes under 20 hours corrected for heating and cooling by adding 2/3 hour.)
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DENSITY, g/cm’

Fig. 10. Density of UOX grade BeO 4+ 0.5 w/o Mg0 rods as a function of sinterihg time at 1700°C in

hydrogen, .
(Times under 29 hours corrested for heating and cgng;g' g by sdding 1 hour,)
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Fig. 11.
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Density of UOX grade BeQ + 0.5 w/o MgO rods made from lot 200-W-162 as a function of sintering

time at 1700°C in- hydrogen.

- (Times under 20 hours correctsd for heating and cooling by adding 1 hour.)
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is larger than normally present in the compacted BeO pow-

ders of the types used 1n this study.

Figuré 10 contains curves for UOX grade BeO + 0.5
w/o0 MgO without resin additives., Three lots of the UOX
grade powder were used; and three separaté curves can
be drawn through the data points. The slopés of these
curves are slightly different, although this may only be
Scatter in data. The average green densities of the
samples plotted ih Figure 10 were 1,437 g/cm3 for speci-
mens from lot 200-W-162, 1.489 g/cm3 for lot 200-W-111,
and 1.392 g/em3 for lot 200-W-89. Therefore, the dif-
ferences in green density are not thé primary cause of
the sintered density differences, Coulter Counter and
surface area analyses of theée powders do not indicate
that they are significantly different with respect to
average particle size, but the X-ray crystallite size
measurements show them to be different, with lot 2@0-W—162
having an average crystallite size of 6502 and lots 200-W-
111 and 200-W-89 both having an average size of 14004 .
Photomicerographs of the bowders in Figure 6 ‘show that the
amount of large'need1e~like-particles increase in the
same order that the sintered densitlies decrease. This
suggests_that thé différences in sintered densities are
related to the large needle-like particles, which cause
localized shrinkage rate differences leading to the devél;

opment of large relatively stable pores.
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The data for the UOX grade BeO + 0.5 w/o MgO
samples which contained phenolic resin are shown in

Figure 11,

Isothermal sinterings were made at 1500° and
1700°C on UOX grade BeO samples, both with and without
0.5 w/o Mg0O and 3 w/o 2ZrO, (powder and sol). All samples
were fabricated from the same lot of BeO (200-W4162) and
had approximately equal densities after prefiring (47 -
49%\of theoretical). The sintered densities .are shown in
Figure 12 as a fuqction of the logarithm of time of sinter-
ing. These data show that all qompositions reached densi-.
‘ties in exéeSS'of 97% of theoretical in the first hour of
sintering at 17000C, and continue to slowly increase in-
density with time at this temperature. At 1500°C, only
the samples contaiﬁing MgO sintered to 97% of theoretical
density in the first hour.

Figure 13 shows the effect of temperature at a
constant éintering time of 2 hours on the density of UOX
grade BeO samples both with and without MgO and Zr0,
additions:. These data show that the MgO addition acceler-
ates sintering at temperatures below 15009C. These data
also show somewhat less but similar effects of the Zroo

addition.



DENSITY, % of Theoretical

Fig, 12, Effect of additives on densification of UOX grade BeQ at 1509°C and 1700°C in hydrogen.
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Effect of additives on density of UOX grade BeQ at various sintering temperatures
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Grain Growth - 'In a polycrystalline body having grains

~of uniform size, the grain growth rate is inversely pro-

portional to the size of the grains according to Burke(7),

or:

a .
at

o=

(1)

where D = instantaneous grain sige

and K = temperature-dependent constént

When this equation 1s integrated to give D as

a function of time, the following equation results:
i .
D-D, = Kt=? (2)
wherédDO = grain size at £t = 0O

In practice, the exponent of t has frequently
been found to be closer to 1/3 than 1/2 for grain growth
in oxides(g)u When the initial size of the grain, Do?
is éxtremely small compared to D, it may be 1ghored; with

thejresult:

(3)
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o In Eigures 14 through 19, grain size and time
are shown in a log,-log plot in order that the exponent
of time in squation (3) can be computed Trom the slopes.
‘of the curves, Here again, the data for tiﬁés‘less'than
20}hours have been eorrected for grain growth whioh
occunred during the heating and cooling cycles by adding

2/3 hour to AOX data and 1 hour to UOX + 0.5 w/o Mgoldata°

Figure 14 shows the data for AOX grade BeO, both

with and without phenolic resin additions, sintered at
1700 Cvin hydnogen° The curve.for 0 w/o resin has a_slppe.

'Qfll/g’. The slopes of the:éﬁrves for the Beo'oontaining |
;phenolic resin deeneaszwith increasing quantities;of
resin, a result not Entinely unexpeoted‘ since the pres-
ence of- pores decreases the rate of grain growth as shown
by Burke and Turnbnll(IO), and porosity increases with .

resin oontent°

The data for the three lots of UOX + 0.5 w/o Mg0
powder are shown in Figure 150' These curves all have'a slope
of approximately 0.3. The relative position of each acurve
is the same as in the density vePSus time and'témpefaﬁure'

\ plots}(see Figure 12). The lot with the largest portion
”“of,larée‘needle-like particles has the smallest sintereé

grain gize, and the lot with the smellest portion has the

37
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Fig. T~ Eirect of resin zaditions on’ grams-;eﬂof AOX grade BeQ at 1700°C in hydrogen.

(Times under 20 rours corrected for heating and cooling by adding 2/3 hour.)
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Fig. 15.

Grain size of UOX grade Be0 + 0.5 w/o MgO rods as a function of sintering time at

1700°C in hydrogen.

{Times under 2C hours corrected for heating and cooling by adding 1 hour.)
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largest sinte?éd)grain §ize. This is qualitatively consistent
St N T AR
with Cutler's observations in sintering Al O, specifi-
St Gt e T et
cally that grain size is an inverse function of the proportion

of "nuclei” or large particles present.

S Figure'lé shows the effect of phenolic resin'additions
gnwppeugrain size of UCX grade BeO + 0.5 w/o MgO samp;es

sintered at 17QO°C in hydrogen. (All‘df the samples were. ,
made from UOX lot 200-W-162.) As with the AOX grade Beo'sampies,1

the slopes of the curves decrease as the resin content increases,

Grain size data from the isothermal sinterings of

UOX grade BeO samples with and without Mg0 and Zr0 additions-

at 1500° and 1700?0‘an§ giveﬁ in Figﬁre'l7, Thé sibpes of

the: curves range from about 1/5 to 1/3 for the compositions
which attained densities in excess of 95% of theoretical
within the first hour af-the sintering temperétufe (see Fig., 12).
An exception to thisjis unadulterated UQOX grade Be0O sintered

at 170000; This material shbwed a steeper initial slope which
decreased with time. This would suggest that once the sinterw
ing process has reached}bhe péiht where densification is almost
complete, grain growth proceeds at a-rate nearly linear with
time and that ‘the rate later diminishes to a square root or
lower dependence whén'fheféVerage gpaintéize reaches some
critical value. One possible exélanatién of this observation

is the occurrence of secondary (discontinuous) grain growth.

Although the average size of the grains is smaller.than that
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Fig. 16. Effect of resin additions on grain size of UOX grade BeO + 0.5 w/o Mg0 rods made from
lot 200-W-162 and sintered at 1700°C in hydrogen.. ,
(Times under 20 hours corrected for heating and cooling by adding 1 hour.)
T T T T T T T T T T T
@) 0 w/o resin
O L w/o resin 7
A 6 w/o resin
G 8 w/o resin
" B 12 w/o resin
O 16 w/o resin 0% resin
b —
L O i
- O g —1
. /,~<)f" L% resin -
" A 8% resin .
|~ -
16% resin
L. & =
Q
@]
1 ] TS W T N B I ] ] T T S I B L
1 10

h



AVERACE GR.IW DI-METER, microns

100

Fig. 17.

Effect of additives on grain size of UOX grade BcO at 1500°C and
170C°C in hydrogen.
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many intragranular pores are observed in these relatively small
grains. Felten (9c¢) made a similar observation with respect to grain
growth rate and also attributed it to the occurrence of secondary

growth,

N A test which circumvents some of'tpe complications intro-

duced by densification was conducted in which sintered samples

of UOX grade BeO, both with and withoug MgO and ZroO 'additiqns

anq‘with'appréxiﬁatély equal borosities and grain s?zes; were
giyegqlqné time'high tempefature treétments in air. Density
therefore remained practically constant throughout the test and
6n1y grain size changed. The results of this test at 154000 in
dry (-6500 dew point) air are given in Figure 18. Interpretation

of these data 1s complicated by the fact that the grailn size at the
start of the test, Do,,is no longer small enough to be disre-
gardéd° Qualitatively, though, these data show that the gpain
growth rate of the UOX - Zro, (sol) samples is definitely lower

than that of the other samples.

Relationship Betweeﬁ'Density:and Grain Size

N Figures 19 and éO show the grain.sizés and sintered densities
of AOX and UOX + 0.5 w/o MgO samples, respectivély, regardless of
their sintering times or temperéturesn The effect of changing the
initial porosity of the samples by adding varioﬁs.quantities of

minus 200 mesh phenolic resin or by calcining part of the ACX at

129000 resulted in a lower final density. These curves are (12)
) ' . 12
similar in shape to those given by Murray, Livey, and Williams



Fig. 18. Grain size of UOX zrade BeO wiih and without additives as a function of time at 1540°%¢ in
dry air. (At begirning of tesz, sintered densities ranged from approximately 36 to 99% of
theoretizal; grain sizes were as shown for 1 hour.) '
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Fig. 20. Eenslty -~ grain size relatlonshlp of UOX grade BeO + 0.5 w/o Mgo
and effect of resin additions,

Lcts 200-¥W-111 &
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for sintered and hot-pressed Beo, and ‘consistent with the observa:
tions of Bruch(l3)on Al O'.
. 2 3
CONCLUSIONS - ‘
Tt was possible to prepare irradiation test samples of
Bg@_wipp_varying’dénsities; grain sizes and impurities. The

ﬁost important coneclusions from this work are asjfollows:

1;' The sintering of thé BeO samples pﬁepared.in this
study followed the conventional sintering behavior with respect
to density increase and grain growth as a function of time at

temperature.

2. Loy density samples could be prepared by the
addition of an organic substance which volatilized during
Sintering, leaving pores of about 10 microns in diameter in
the sintered piece. These péres~were large enough to be un-

affected by further heat treatment at the sintering temperature.

3. The desired microétructures were prepared by varying
the sintering.ﬁemperature and time at this temperature.
It is to be noted, however, that grain growth at a given
sintering temperature was observed to be decreased as the
density was decreased, probably due to the relativelyrlarge

pores broduced by the resin additions,

L, The addition of 0.5 w/o MgO reduced the sintering
tempefature for 97% of theoretical density of high purity BeO
(UOX and HPA grades) by abotit 200°C.

5. Some of the MgO used as a sintering aid was lost

by volatilization during sintering in a hydrogén atmosphere.
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The amount logt was dependent on the sintering temperature,

the time. at this temperature and the porosity of the sample°

D T S g

6. The presence of large ;s’ifain_s. in the BeO’powder

b

used to prepare Fhe“?’:a'.‘?ﬁle;s.‘rfetar@?@ the sintering. Since

_theSe large grains were needle‘shapedrthey were aligned with

‘the ‘axis of extrusion,' Also, eincedthe "e" axis -of the

e e

crystal was the long axis of these crystals, these extruded

'samples upon sintering showed enhanced preferred orientation

with the“"c" axes of the grains in- the direction of extrusion°
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