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This work describes the prepa:r:ation of BeO samples for 

a study of the effects of irradiation including the in­

fluence of purity, additives, porosity, ~nd grain size. 

These samples were pr~pared from three commerciall~. 

available grades of BeO using extrusion and sintering as 

the main means of fabrication. One grade of BeO contained 

.some long needle like particles and preferred orientation 

was observed in ~xtruded samples from this material. 

The sintering behavior generally followed the normally 

observed characteristics. Low density material, prepared by 

adding an organic material, however, showed the predicted 
' . 

behavior expected from the presence of pores about 10 microns 

in diameter. 

The BeO powder characterll:ltles are given alo~lg with the 

sintering data and photomicrographs of typical samples. The 

grain growth versus time at temperature for densities of 2.60 3 

2.75 and 2~95 gms/cm3 are shown for grain sizes up to 100 

microns. 



• 

INTRODUCTION 

: Sint'ered Beo sQ.mples witn a variety of micro-: 

structures were required for a study to define the physical. 

and mechanical properties ·of irradiated Be.o as they are 

influenced- by purity, additives,!) and. porosity at various 

irradiation temperatures .and dosageso Samples were pre-

pared from three commercially available grades_ o:r·beryllium 

o~ide or hydroxideo_ Two of the gr~des were modif~ed.by 

minor additions of mgo or Zro2 to. provide a total of six 

compositions o The desired densities· were 2 o60, 2·o 75~. and 

2~90 g/cm3·.with various grain sizes up to 100 microns 'in 

·diametero 

This·repdrt catalogues the raw materials, br:f'efly 
··. ------describes the isostatic pressing and extrusion-processes, 
.~---.. 

describes the sint'ering of the BeO samples,!) an~ contains an 

evaluation of the sintering datao These latter dat_a were 

examined to determine the significant effects of compos-ition 
~------:-__...._. . . 

differences!) sintering time and temperature va;riations, and-

process variables whi~h were introduced to obtain-the 

required microstructure variationsu, 

3 



4 

RAW MATERIALS 

study: 

Three grad~s "'(;;;·· ty{)es) of BeO were used in this 

(a) lTOX grade from the Brush Beryllium Colnpany 

which is prepared from a sulfate and,is or· 
relatively high purityo 

. (b) A'OX grade from the Brush Beryllium Company 

Which ±s prepared from a hydroxide and.is 

of l;'elatively l.ow purity o 

(c) :seo des'ignated·herein .as HjA grade wh1ch·i-B 

from a ·hydroxide of relatively high pu-rity. 

'(derived from the beryllium basi.c acetate 

process( 1 )) and mostly supplied by the 

Mineral ConcAntrates Compariyu 

The UOX and HPA grades were m,~dified by adding 9o5 

weight percent MgO as a sintering aid( 2 ) and the UOX grade 

was ~lso· mod1fied by th·e ·use of 3 weight percent Zro2 to 

restrict grain growth(3) e • An organic material was added 

to two· of t.he ''compositions" where it was desirable to 

have both high porosity and large grain sizes in the same 

s~mple. 

·'· . '-

{ 
I 

\ 

• 
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BeO Powders 

.. The BeO powders were characterized by determining 
. ,• 

the_chemical anal~sis~ specific surface area~ particle~ . 

size and distribution1 crystallite size 1 and examination 

by both optical and electron mieroscopyo 

Impurity Content The impurity content of the three 

types of BeO powders are shown in Table I f.qr.the lots . . . 

of each type used in this studyo From these data it is 

seen that the AOX grade is the less pure with respect to 

non-volatile impurities, showing considerably more 

lithium~ magnesium, manganese~ sodium,- silicon~ strontium 

and zinc than the other two typeso 

I 

Specific Surface Area and Crystallite Size The, specific 
.. 

surface area of each lot of BeO was measured by the BET 

met,hodo The 9rystallite sizes wer•e measured by X~ray dif= 

fr·action ·line broadening techniques o The data for both 

of these characteristics are listed in Table II along with 

the calQulated particle size based on the specific surface 

areao According to these data, the AOX grade material is 

of the smallest particle sizeo 

Particle Size and Distribution ·- The results of Coulter 

C.ounter analyses of the three grades of BeO are shown in 

5 
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TABLE I 

CHEMICAL ANALYSES OF BeO POWDERS 

UOX Grade' AOX Grade 
Lot Lot Lot Lot Lot Lot 

Element 200-\.J-89 200-W-111 200-W-162 6 7 10 
~-

c 170 ppm 110 ppm 90 ppm - ** 350 ppm 290 ppm 

* * * F N<lO ·N<10 N<10 ** 13 320 

p 9 10 * N<10 ** 28 * N 

s. 400 430 580 <50 54 9 

A1 35 30 20 '<1 20 10 

* * N!::: 5 * Ag N<5 N<5 -·** - ** N<3 
* * N:::3 <1 rf<3 . N~3 B N<3 N<3 

N*<10 * N*<10 * Ba N<10 '10 - ** N<10 

* * . 
65 40 Ca N<10 100 N510 30 

* * N*<10 * Cd N<10 N<10 <1 ** N<3 
* * * N"<3 Co· N<5 N<5 N<5 <1 - ** 
* * * Cr N<10 N<10 N.0:::10 19. 10 20 
* * * 6 * Cu N<5 N<5 N<5 - ** N<3· 

-Fe 15 15 .10 6 10 40 

* N*<1 40 Li N<1 1 100 ·50 

Mg 15 20 30 135 250 90 

Mn N"!.:::-1o N*<10 * N<10 285 90. 100 

* * N"<1o 
+ 

Mo N<10 N<10 - X·X -** N<10 

* · Na N<5 20 20 200 1nhn 500 

* N<-10 * N*<10 N-1!<10 N1 N<10 N<10 7 

N*<1o N~lO N!-: 10 * 
Pb ** - ** N<lO 

Si 35 25 15 230 475 300 
* * * N*<10 Sn N<10 N<10 N<10 - ** -** 
* * * 

3r N<10 N<lO N <.10 '30 - ** 60 
* * * N*<10 Ti N<10 N<10 N<10 - ** - ** 
* * N'<' 20 60 Zn N<20 N<20 - ** - ** 

L.O.D~d4 11ooc 0.07% 0.23% 0.21% 0.30% 0.24% * N 

(e4 L.O.I. 1350°C 0.25% 0.41% 0.21% 0. 31.(% ( 10000C) 0.46% 0.20% 

* N means not detected and the number follo;11ing signifies the 
detection limit. 

** - means not analyzed. 



TABLE I·(continued) 

HPA Grade 
Lots ( ) Lot ( ) Lot Lot Lot (c) Lot ( ) 

Element K-96 & K-121 a K-111 a K-123(a) 1350(b) 144 146-R c 

c - ** ** - -~H·!· 158 ppm 210 ppm ** 
F N~lO N~lO * ppm 15 ppm 10 ppm N<5 ** 
p 19 N.~lO 21 * 12 N ** >.1 

s 1'3 37 35 15 140 ** 

Al 1'5 25 30 25 70 30 

Ag * * * ** ** ** N<5 N<5 N<5 

B. N:::3 N:::-3 * N<3 N::::3 * N<3 * N<3 

Ba ** - ·** ** N~lO * N<lO * N<lO 

ca. N'<lo ** ** 50 * N<lO * N<lO 

* * * Cd - ** - ** -** N<3 N<3 N<3 
\ 

* * * * * Co - ** N<5 N<5 N<5 N<lO N<lO 

* * * '* * * Cr N<5 N<lO N<lO N<lO N<lO N<lO 

* * * · Cu ** ** ** N<5 N<5· N<5 

Fe 15 20 35 30 60 15 

* * * Li ** -** ** N<l N<l N<l 

* * * * * Mg N<lO N<lO N<lO 50 N<lO N<lO 

Mn - ** - ** - ** N~lO N :::1o N<lo ; .. 

* * * * Mo N<lO - ** - ** N<lO N<lO N<lO 

N<lo N ~::10 * * * Na N<lO 40 N<lO N<lO 

N::::1o N~lO * Nl - ** - ** - ** N<lO 

N!:: 10 * * Pb - ** - ** - ** N<lO N<lO 

Si 10 20 35 70 170 80 

* * * Sn - ** - ** - ** N<lO N<lO N<lO 

* * * Sr - ** - ** - ** N<lO N<lO N<lO 

* * "" Ti -** - ** - ** N<lO N<lO N<lO 

N~20 * * Zn - ** - ** - *'"' N<20 N<20 
(d) 

0.04% 0.32% L.O.D. @ uooc -** -** -** -** 
(eJ o 

L.O.I. = 1350 C -** -** -** 0.01% 0.15% - ** 

....,.._ 

f 
a) GE-NMPO lot number. 

b) GE-NMPO lot number assigned to Minox AAA BeO powder 
calcined at 1350°0. 

c) Minox AAA lot number. d) L.O.D. loss on drying. 

e) L.O.I. = loss on ignition. 



TABLE II 

SURFACE AREAS AND CRYSTALLITE SIZES OF BeO POWt-ERS 

UOX Grade 

Lot 200-W-89 

Lot 200-W-111 

Lot 200-W-162 

. AOX Grade 

Lot 6 

Lot 7 

Lot 10 

HPA Grade 

Lot K.-.i1l(d) 

Lot AAA 1350(e) 

Lot AAA 144(f) 

Lot AAA 146-R(f) 

Specific Surface(a) 
Area 

(m2/g) 

.. 11.8 

11.2 

17.9 

19.8 

18.7 

0.84:;) 

13.2 

12.2 

a) As measured by BET method. 
b) Calculated· diameter of equal-si2:e spheres 

having measured Bpecific surface. 
c) As det_e-rmined by X-ray diffraction line 

broadening techniques. 

Equivalent(b) 
Diameter·- .. 
(microns) 

0.17 

0.18 

0.15 

0.11 

0.10 

0.11 

2.35 

0.15 

0.16 

C:>ystallite(c) 
Size 

(Angstroma) 

1400 

1400 

(650 

450 

600 

500 

400 

1600 

550 
•. 

575 
' .. 

. . 
d) GE-NMPO let ·::umber. 
e) GE-NMPO let ~umber assigned to 

Minox AAA Be·::: powder calcined at 1350°C. 
f) Minox AAA lot number. 
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They are discussed below in conjunction with the 

electron mic~oscopy resultsG 

Electron Microscopy - Electron micrographs of the BeO powders 

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

the 50,000 ~agnification mi?rographs show the ultimate particles 

to be similar in all three grades of powder, the.lower magni= 

fication micrographs show agglomeration to be ~ore prevalent 

in the AOX HPA grades t_han_ in UOXG This is consistent with the 
' 

Coulter ,Counter plots of Fig~ 1~ which sho~ AOX and HPA to have 

relatively:large fractions of material-greater than two micronsG 
. .: 

These are probably-agglomerates of crystall"ite since t.Qe x~ray 

diffraction. and ·surface area measurements indicate a p·article · 

and$>r crystallite siz.e of only a fraction of a micron o 

Table II)o Evidence of the influence of agglomeration on 

Coulter Counter plots is contained in the two curves for HPA 

. lot 10 in Figo lc 9 which shows that comminution by a jet 

pulverizer was effective in reducing the amount of powder 

larger than two micronso 

Light Microscopy - The transmitted polarized light micro= 

graphs in Figo 6 show that many needle=like particles are present 

in the UOX grade BeOG These needles are considered to be the 

primary cause of preferred orientation of grains in extruded 

and sintered UOX grade sp,ecimens(4)G 

9 
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Fig. 1 Coulter Cou.'"lter analyses of (a) UOX grade, (b) AOX grade, and (c) H?A grade BeO powders. 

lot 200-W-89 X lot 6 X Klll X 
lot 200-W-lll 0 lot 7 D lot Kl23 0 
lot 200-W-162 0 lot 10 0 lot M-10 0 

lot M-10 
jet pulv. e 
lot 1350. 6. 
lot 146-R 0 

4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 .24 

PARTICLE SIZE, microns PARTICLE SIZE, .microns ?ARTICLE SIZE, microns 

(a) (b) (c) 

I-' 
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Neg. 628-C (a) 7,500X Neg. 630-B (b) 50,000X 

Eig. 2. Electron micrographs of UOX grade BeO powder, lot 
200-W-162. (Reference mark equal 1 micron). 

Neg. 631-B (a) 7,500X 

~ p 
L.-.1 

\\ 

.. 

Neg. 633-C (c) 7,500X 

~eg . 532-C (b) 50,000X 

Lot o 

Neg . 634-h (d) 50,000X 

Lot 7 
Fig. 3. Electron micrographs of AOX grade BeO powders. 

(Reference mark equal 1 micron.) 
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Neg. 452-A (a) 'J ~lOOX Neg. 456-c (b) 9 ~100X 

Lot M-6~ vibratory milled Lot M-7, Jet Pulverized 

Fig. 4. 

Neg. 4:J4-E (c) . 7,500X 

Lot M-10~ Jet Pulverized 

Electron micrographs of HPA grade BeO: Mincon Be(OH) 2 
calcined by NMPO. (Reference marks equal 1 micron.) 

\. 
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.J 

Neg . 644-E 7 , 50 X 

Neg. 645-C 50,000X 

lot 146-R 

Fig. 5 Electron micrographs of HPA grade BeO: Minox AAA 
Powders (reference mark equal 1 micron) 
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Neg. 1521 

Neg. 1525 

Fig. 6. 

(a) 250X Neg. 1524 (b) lOOX 

(c) lOOX Neg. 1526 (d) 250X 

Transmitted polarized li~ht micrographs of BeO powders : 
(a) UOX lot 200-W- 89, (b) UOX lot 200-W-lll, (c) UOX 
lot 2'00-W-162, and (d) AOX lot 7. 

\. 



Additive.~ 

"MgO Powder The MgO powder used as a minor addition 

(0.5 w/o) to some of the compositions w·as Mallinckrodt's 
I I , 

S.L. grade, lot number Gl'5la NYOl. Its im,Purity content 

is given in Table I~I. The supplier's sc~een analysis 

shows that 90% of the powder passes t~rough 325 mesh 

15 

and less than ,one percent is retain~d on 100 mesh screen. 

'Zro2_ zro2 was added both as a powder and as a sol. 

~he zro2 powder .was Wah Chan,g Corporation's nuclear 

grade having a particle size of less than five microns. 

Its impurity content is given in Table III. 
' 

The zro2 sol was supplied by w. R. l Grace and 

-~ Company'. tt waFI a nuclear grade water suspension, lot 

number 1207-35, containing 3.63 w/o Zro2 of 3 to 7 milli­

micron particle size . The impurity content (on zro2 (basis) 

ls .also given in Table III. Other ~va1lable information 

on this sol are that the density is 1.036 g/em3 3 .the pH is 

2.8, the relative viscosity is 1.94, and th~ specific con­

ductance is 6.21 x lo-2 mho/em. 

Phenolic Resin · The ranges of densities and grain sizes 

needed for the task were ~oo b~ad to be obtained by sinter­

ing ti~e. and temp•erature variations al-one. It was also 

I 
I 



TABLE III 

IMPURITY CONTENTS OF ADDITIVES 

ZrO 

MgO(a) . powder(b) sol(c) 

c 1000 ppm 77 ppm 

Cl 40 20 ppm 

F 40 188 

N NJK10 6.8% 

p 30 15 ppm 

s 10 30 N!c54 

Ag 10 N~5 N!c 5 

Al JO N~lO 1~ 

B N*< l N~0.5 20 

Ba rf~10 10 

Be 50 

Ca 300 10 99 

Cd N*-< 3 N"'!c:0.5 N*< 9 

Co N*< 5 N!.: 10 

Cr 10 N!:: 10 

Cu N~ 5 N*< 5 10 

Fe 30 10 49 

Hf 100 N~99 

Li 3 N*< 1 N*< 5 

Mg Nl::- 10 20 

Mn N~lO N!:: 10 N*< 5 

Mo ?fl.-:10 N!.-:10 N*< ') 

Na 500 30 1477 

Ni 10 N!:::1o N*c:: 9 

Pb Nl:::lO N!:::1o 15 

Si 100 10 395 

Sn N~lO N~lO 9 

f1r N.l:: 10 

N!::: 10 * Ti N<lO 9 

Zn N"=: 20 N~20 

Zr 20 

a) Mallinckrodt S.L. grade, lot Gl518 NYOl. 

b) Wah Chang reactor grade, ANPG 311749. 

c) W.R. Grace and Company, l ot number 1207-35; 
values listed based on Zro2 • 

d) General Electric Company, number GE-12368. 

Phenolic Resin(d) 

N~lOO ppm 

~00 tv )600 

Ni!ciooo 

N~lOO 

500 to 3600 

N~lOO 

N!-::100 

50 t o 500 

P<lOO 

P<lOO 

P<lOO 

P<lOO 
* N<lOO 

P<lOO 

50 to 500 

P<lOO 

:;oo to 3600 

N!:: 100 

P~lOO 

50 to 500 

50 to 500 

*N means not detected and the number following signifies 
the detection limit. 
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necessary to vary the 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 

oasis of its particle size (10-50 microns) and the pore 

size it produced in the resulting microstructure (5-10 

microns). The ash content at 100ooc is Oo36 percent and 

the impurity analysis is given in Table IIIo · 

SAMPLE PREPARATION 

For the most part, samples were formed by extru­

sion, although for comparison purposes, a relatively 
I 

small number of samples were formed by isostatic pressingo 

The fabrication procedures employed have been described 

previously(5), but will be briefly summarized hereo 

Extrusion 

The Beo powder was prepared for ext'rusion by add­

ing a 10.7 w/o aqueous solution of Penford Gum #300 3 a 

hydroxyethyl ether derivative of starch, and mixing in a 

Simpson Muller mixero >Since a small amount of H~O was 
"-
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lost during mixing, the composition of the mix (for UOX 

grade Beo) 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 w.ith 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 dri~d under controlled humidity conditions to 

prevent war~ings 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 

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

minus 20 mesh. The material was then prepressed isostati­

eally at 4, 000 p·sis recrushed to minus 50 mesh, then 

isostatically pressed at 15,000 psi in rubber molds to 

i'orm o. :;5 inch diameter rods. 

Prefirin,g 

Al l samples were g iven a prefiring _in air ~t 

about 800°C to remove the or ganic 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 7o 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 

~00°C. The furnace temperature then was raised to the 

desired sintering temperature at the rate of 200 to 25ooc 

per hour. After sintering, the furnace was allowed to 

cool to 8oooc, and the samples were removed to the furnace 

cooling chamber. 

Approximately 25 cubic feet of dry -(-45°C dew point) 

hydrogen per hour passed through the 1.5 cubic foot hot 

zone of the furnace. 

Sintering ·conditions . vari·ed from 1 to over 100 

hours at temperatures of 134ooc to 1700oc. Typical sinter­

ing ·conditions used to obtain the density and grain size 
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Fig. 7. Arrangement of BeO rods in molybdenum boats 
during sintering in hydrogen. 

I-



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 r ods were inspected for flaws 

by Zyglo, X-ray » and ultrasonic transmission. They were 

then heated to 4250C f or 1 hour to remove the Zyglo pene­

~rant. 

Table V gives the average co.ntent of the most 

abundant impurities in the rods of the three types of 

BeO after this processing. These data show that there 

is little difference between samples of the three types 

after fabrication as far as impurities are concernedo 

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. 

21 
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Fig. 8. 

Neg. 

Microstructure of Typical sintered samples. (All mag. 
250X; 50% HF etchant; density (g/cm3) and grain size 
(micron) follow Neg. No. 
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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 oc \veight 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 " 
90-120 2.90 - 2.95 64 1700 " 
<5 2.75 - 2.80 1 1670 II 

UOX + 0.5 w/ o MgO <5 2.90 - 2.95 1 1430 II 

9-12 2.90 2.95 2 1445 II 

15-20 2.90 2.95 2 1510 n 

38-50 2.90 - 2.95 24 1700 " 
60-80 2.90 - 2.95 60 1700 " 
90-120 2.90 2.95 100 1700 n 

<5 2.7'5 - 2,80 1 1400 4 
9-1'? ? ,75 - ?.An ? 11125 If 

1~-20 2.75 - 2.80 2 1'1~0 f) 

3 -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 
1'5-20 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 II 

38-50 2.90- 2.95 24 1700 " 
60-80 2.90 - 2.95 60 1700 II 

90-120 2.90 - 2.95 120 1700 " 
<5 2.75 - 2.80 1 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 40 1700 16 

HPA + 0.5 w/o MgO 15-20 2.90 - 2.95 2 1540 None . 

uox 15-20 2.90 - 2.95 1 1700 " 
uox + 3 w/o Zro2 15-20 2.94 - 2.99 1 1700 " 

uox + 3 w/ o zro2 sol 15-20 2.94 - 2.99 2 1700 . n 

Isostatically Pressed Rods 

uox + 0.5 w/o MgO 15-20 2.90 - 2.95 2 1550 It 

AOX 15-20 2.90 - 2.95 3 1570 It 

uox 15-20 2.90 2.95 2 1700 II 

One-Inch Diameter s:eecimens 

uo.x. ... 0.5 w/o Mgu 15-20 2.90 - 2.S/? ~ 1640 II 

AOX 15-20 2.90 - 2.95 2 1700 It 

uox 15-20 2.90 - 2.95 2 1700 It 

uox + 3 w/o Zro2 15-20 2.90 - 2.95 · 2 1700 It 

( 

a) Batch contained 50 w/o AOX powder calcined for 2 hours at 129ooc. 
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TABLE V 

MOST ABUNDANT IMPURITIES IN SINTERED BeO SAMPLES. 

uoxCa) AOX(b) HPA(e) 

c 133 139 192 

F 12 N<lo(d) 17 
p 24. 13 24 

s 49 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 ·ao 125 41 
..... Mn N<lO 35 N< 10 

Na 12 11 12 

Ni 23 28 26 

Si 110 303 123 

Sr N<lO 45 N<-10 

-

a) Ave.rage of 32 samples including some UOX + 
0.5 w/o MgO and UOX + 3 w/o zro2 samples; 
samples with MgO added nQt included in Mg 

. analyses. ·· 
b) Average of 18 samples. 
c) Average of 9 samples including some HPA + 

0.5 w/o MgO samples; samples with MgO added 
not included in Mg analyses. 

d) N < = not detected; less than ( numme',r) • 
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The aluminum may have been introduced dur~ng sintering since 

it has been observed that aluminum content inc·reases slightly 

Th.e iron, 
!! t: . 

with incr~_asing sinteripg temperatu:r:e~ and ti~.~s 0 

' .. ·· : :' .. · 
chrom:l,.um3. andf,:_._nicke:J,. contaminants were introduc.ed during 

.fabricationo 

Part of the MgO added to.BeO is lost during sintering in 
}" . . 

hydrogen, apparently by volatil:t,zation(6l ·The amount lost 
' • I 

is depepdent on,the time, temperature and porosity as shown 

by the data in Table VIo 

RESU~~S AND DISyUSSION 
•, 

The two major occurrences wring sintering are densifi-
' 

cation (shrinkage) and grain growth'o While growth o.f grains is· 

not a requisite··of the sintering process, it usually occurs 

simultaneously_, particularly during the stnterlng of v~ry 

fine particles such· as those used in this work o The 

densification and grain growth characteristics of the BeO 

types are described, .. including the effects of MgO and Zr02 
additions to the BeO, md the effect of porosity produced 

by adding a resin which burned out during prefiringo 
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TABLE VI 

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

S'intered 
Resin Demsitl :·-·· Mgo Sintering· 

-Content (%) Temp. (OC) Time (Hrs.) Con.tent·(.w/o) (g/cm3 ' 

2.97 0.23 1700 100 0 

2.95 0.17 •1700 161 0 

2.91 0.~14 1700 118· 0 

2.76 0.02 1700 140 a· 
2.74 o·:o4 1700 15 8 

2.66 o.ob8 1700 50 16 . 
·-

2".64 0.002 1700 64 16 

2.95 0.44 1540 1.75 0 

2.92 0.45 1540 1.5 0 
-'' 

2.63 0.38 1540 3.5 12 

2.62· 0.38 1540 2 12 

2.95 0.44 1480 2.5 ·0 
-

2.78 0.45 r48o 2 6 

2.75 0.30 1480 2 6 

2.61 0.28 1480 2 12 



Densification - The sintered den~ities of samples made from 

AOX 'grade BeO and UOX grade BeO + Oo5 w/o MgO are plotted 
I 

as a function of the logarithm of time of sinter~ng at 1700°C · 

in Figures 9"' 10, and 11. An approxima.te time correction has 

been made to times less than 20 ho~rs to compensate for the 

densification that occurred during the heating cycle since these 
' j ' 

are not strictly isothermal datao The correction was based on 
. I , ! ' ' 1 

the assumption that tne ~ates of. sintering(7) (and grain growt;;h(8~::) 

'are proportional to exp(-Q./RT), where Q is the activation energy, 

for these two processes, R is'the gas constant, and Tis the 
• ! 

absolute temperatureo Assuming m activation energy of 150 
I 

kcal/mole for BeO and 100 kcal/mole for BeO + 0 • .5 w/o Mgo(2b), . 

approxim~te corrections of 2/3 hour and 1 hour, ·respectively, 

were obtainedo 

The data include, samples which contained various 

quantities of phenolic resin added to lower the sintered 

density. ~he steeper slopes of the curves for samples 
' 

which contained· .12 and' 16 w/o resin are probably a result 
I I 

of their lower densities, since during the course of sint.er­

ing the densification rate does decrease as theoretical 

density is approached. The pores in these samples pro­

bably affect the densification r~te also, since the size 

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



·Fig. 9. ·Density of :A.OX grade BeO rods as a function of sint.ering time at 17000C in eydi~g~~~­

(T~es under 20 hours corrected for heating and cooling Qy adding 2/3 hour.) 
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Fig. 11.. Density of .UOX grade BeO + O. 5 w/o MgO rods made from lot 200-W-162 as a function of sintering 
time at 17000C in hydrogen. 

(Times under 20 hours correct~d for heating and cooling .b.r adding 1 hour.) 
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is larger than normally present in the compacted BeO pow­

ders of the types.used in this study. 

Figure 10 contains curves for UOX grade BeO + 0.5 

w/o MgO without resin additives. Three lots of the UOX 

grade powder were used, and three separate curves can 

be .drawn through the data points. The slopes of these 

curves are slightly different, although this may only be 

scatter in data. The average green densities of the 

samples plotted in 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/cm3 for lot 200-W-89. Therefore, the dif-

ferences in greendensity are not the primacy cause of 

the ~intered density differences. Coulter Counter and 

surface area analyses of these powders do not indicate 

that they are significantly different with respect to 

average particle size, but the X-ray crys·ta.ilite sizP. 

measurements show them to be different, with lot 290-W-162 

having an averag~ crystallite size of 650R and·lots 200-W-

111 and 200-W-89 both· having ·an average size or 14ooR • 

Photomicrographs of the powders in Figu~e ·6 ·show that the 

amount of large· needle-like particles inGreA,fH'~ tn the 

same order that the sintered densities decrease. This 

suggests that the differences in sintered densities ar~ 

related· to the large needle-lik·e particles, whi.ch cause 

localized shrinkage rate differences leading to the devel­

opment of large relatively stable pore~. 



The data for the UOX grade BeO ~ Oo5 w/o MgO 
.. 

s·ainples which contained phenolic resin are shown in 

Figure'llo 

Isothermal sinterings were made at 15000 apd 

1700°C on UOX grade BeO samples» both with and without 

Oo5 w/o MgO and 3 w/o Zro2 (powder and sol)o All samples 

were fabricated from the same lot of Beo (200-W~l62) and 

had approximately equal densities after prefiring (47 -
' 

49% of theoretical)o The sintered densities .are shown in 

Figure 12·as a function of the logarithm of time. ·of sinter":' 

ingo These data show that all composition·s reached densi= .. 

ties in e~cess·of 97% of theoretical in the first hour of 

sintering at 17000C 3 and continue to slowly increase in· 

density with time at this temperatureo At 15000C 3 only 

the . samples containing MgO sintered. to 97% ... of theoretical 

density in the first houro 

Figure.l3 shows the effect of temperature at a 

constant ~intering time of 2 hou;.s on the density of UOX 

grade BeO samples·both with and without MgO and zro2 

additions;, These data show that the MgO addition acceler­

ates sintering at temperatures below 15000Co These data 

also sho'w somewhat less but simil·ar effects of the Zro2 

additiono 
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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: 

dD 
dt = K 

D 

where D ~ instantaneous grain size 

and K s temperature-dependent constant 

(1) 

When this equation ia integrated to give D as 

a function of time 9 the following equation results~ 

= 

where/:,D = grain size at t = o 
0 

·.-

(2) 

In practice~ the exponent of t has frequently 

been found to be close·r to 1/3 than 1/2 for grain growth 

in oxides (9). When the initinl Gi:z;e of the gPa:i.i•, D0 .$ 

is extremely small compared to n~ it may be -ighored 9 with 

the. resultg 

.(3) 



' .;, •• • .. : . ...._. ·~"' : • ·.l • ; ..... - - " • • • • ....... --- ~ - • J ~ : . • .:· • :. --J 

.. ,/.,:.- .... 
are shown in a log. -l-og. plot in order that the exponent 

._....:. '• •• • • •o • ' • '• ; ' • ': • - ~ • '• ••• ~ • j '' •,• • •' ', '' •' • • .,., ' r • .0. ,' o •'•' ...,. ' ' 0 •-:'• • •, .. • • .J ' "- • !. •' •--' 

of t~~e-~~.~q~ation (3) can be computed from the slop~~. 

of the curves. Here again, the data for ti~es·less.than . - ... ,. . - ... . - ·. . . -. . . . . . . - . . . . - . 

~~ __ ly~~:r:s h~v:e .been co~rec~ed for grain g~oltlt.h _which· 

occurred during the heating ·and cooling cycle.s ··by adding 
. ~ . . . . . . . . . . . ~ . . . . 

2/3 hour to AOX data. and 1 hour ·to uox + 0.5 w/o Mg~ data. 

Figure 14 shows the data fo~.AOX grade BeO, both 

~ith-and ~~thout p~enolic resin additions, sintered at 

~ 70q0 c in ~ydrogen. The curve. for 0 w/o resin has a sl<:}pe. 

of-1/2. The slopes of the 'curves for the BeO containing 

,.Phenolic resin decrease wfth increasing quantities_ of 
..,. 

resin, -a result not entirely unexpected~ since the pres= 
. . . '\ ; 

ence of· pore·s · decreases the rate of grain growth as shown 
. . . ... · (ib) 

by Burke arid Turnbull , an~,porosity increases with_-

re sin c·on_t en t • 

The data for the three lots of ~-OX+ 0.5 w/o Mgb 

powder are shown in Figure 15. These curves all have a slope 

of approximately 0.3. The relative posi.tion of each ~;Urve 

is the same as in the density ve·rsus time and temperature 

plots: ·(see Figure .. J.>2). The lot witn the l~rgest portiqn 

· · of. large· needle-like particles has the smallest sintered 

grain size, aad the lot with the smallest portion has the 
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Fig. 15. Grain size of UOX grade BeO + 0.5 w/o MgO rods as a function of sintering time at 
1700°C in hydrogen. 

(Times under 20 hours corrected fpr heating and cooling by adding 1 hour.) 
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largest sintered grain size. This is qua1itat,ive1y consistent 
·····-(11).-······· ; ···--··. 

with Cutler's observationi in sintering A1 0 , specifi- , 
' . - . . •. ' ' . -~ . . . . . - . v . ~ .. . • . . 2 3 . -. -· . . - - . . 
cally· that grain size is an inverse function of the proportion 

of nnucleiv' or large particles present. 

Figure 16 shows the effect of phenolic resin additions 

on the grain size of UOX gra·de BeO t 0.5 w/o MgO samples 

sintered at 1700°C in hydrogen. (All .of the samples were 

made from UOX lot 200-W-162.) As with the AOX grade BeO·samples, 

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 MgO and ZrO additions-
·. . 2. 

0 0 . . ' 
at 1500 and 1700 ~ ar~ given in Figure 17. The s~opes of 

the curves range,;f'-rom about i/5 'to 1/3 for the compositions 

which attained densitie~ in excess of 95% of th~oretical 

within the first hour at the sintering temperature (see Fig. 12). 

An exception to this· is una~ulterated UO:X: graoe BeO sintered 

at 1700°C. This material showed a steeper initial slope whim 

decreased with time. This would suggest that once the sinter= 

ing process has reached ''the point where dei?sification 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 when the. a:verage graih size reaches some 

cr;itical value. One possible exp-lanation of this observation 

is the occurrence of secondary (discontinuous) g-r'ain· growth. 

Although the average size of the grains is smaller .. than that 
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at which one would usually expect this type of growth to occur. 

grains. Felten (9c) made a similar observation with respect to grain 

growth rate and also attributed it to the occurrence of secondary 

growth. 

A test which circumvents some of the complications intro~ 

duced by densification was conducted in which sinte·red samples 

of UOX grade Beo, both with and withoug MgO and ZrO additions 
2" 

and with approximately equal porosities and grain sizes~ were 

given long time high temperature treatments in air. Density 

therefore remained practically constant throughout the test and 
0 

6nly grain size changed. The results of this test at 1540 C in 

dry (-65°C dew point) air are given in Figure 18. Interpretation 

of these data is complicated .by the fact that the grain size at the 

start of the test, D ~-is no longer small enough to be disre-
o 

garded. Qualitatively, though, these data show that the grain 

growth rate of the UOX ~ zro
2 

(sol) samples is definitely lower 

than that of the other samples. 

Relationship Between Density,and Grain Size 

Figures 19 and 20 show the grain sizes and. sintered densities 

of AOX and·uox+ 0.5 w/o MgO samples,SI resp~ctively, regardless of 

their sintering times or temperatures. The effect of changing the 

initial porosity of the samples by adding various quantities of 

minus 200 mesh phenolic resin or b~ calcining part of the AOX at 

129o0 c resulted in ~ lower final density. These curves are 
.. (12) 

similar in shape to those given by Murray,SI Livey,SI and Williams 
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for sintered and hot-pressed BeO, and ·consistent with the observa-
. ·- -· ''(13)" ... .. . 

tions of Bruch 

CONCLUSIONS 

on Al o· • 
2 3 

It was ·possible to prepare irradiation test samples of 

BeO with varying densities, grain sizes and impurities. The 

most important conclusions from this work are as·follows: 

1~ The sintering of the BeO samples prepared in this 

study followed the conventional sintering b~havior with respect 

~0. den.sity increase and grain growth as a function of time at 

temperature. 

2. Low density samples could be prepared by the 
r 

addition of an organic substance which volatilized during 

sintering, leaving pores of about 10 microns in diameter in 

the sintered piece. These pores-were large enough to be un­

affected by further heat treatment at the sinter~ng temperature. 

3. The desired microstructures were prepared by.varying 

the sintering. temperature 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 relatively large 

pores produced by the· r.esin additions. 

4. The addition of o.s·w/o MgO reduced the sintering 

temperature for 97% of theoretical density of high purity BeO 

(uox and HPA grades) by about 200°C. 

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

by volatilization during sintering in a hydrogen atmosphere. 



48 

''l 

.. ;.. .. , . --· . - :...: . : ;, : ... ..... · :. ••• · .... ::. ,· .... : ·• --·-.f.'i l. - •• • J __ ,..: •• '· ", ••• ... :; -· '· ..... ! ;...!,. .•.•• --- '· ._, 

The amount ·lost was dependent on the sintering t~mperature,. 
'•, .. ~,. .. ~; ·•,,,,,. ,,._, "'•' 1..,. 1,,;;:,, ,_. I, "~• '''" ,....,._,~, '•'-"':,.-,_ .. r ,,:•,.,, I <,,,..,., - '-. ,·._ ,,.., '·- ._,, 1, .. _,.,_. -•,, .. ,J., ·••••'• 

. . 

the time .. at this_, tempe.rature .and the porosity of the sample o 
- ..... ... ... -~,., .• --- ...... ,. . . . ,• :-.J . • •.... 

6. ...'Fh~: .. _presence or, large grains in the: .. B~9·: powder. 

~~.:.~ __ t<:>. .. P:~pare the .. ~a-~ple.s retarded the sinterin~ 0 Since 

thes·e large grains were needle· shaped they were aligned with 
. '· ... --- -- - .... - . . . . . .. ' . . 

the axis of ext~siono ·Also, since the "a"· axis -of the 
..... -·- - .. -- - . - . -

~ry~~~l was the l_ong axis of thes~. crystals~ these extruded 

~amp,le~ .. upon sint·ering showed· enhanced preferrec:'f orientati,on 
. . 

with the'\\l" c" axes of the grains in· the di-rection .of extrusion o 

, . 
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