
NASA CR-54237 

^13 
. 1 ^ ^ ^ ^ 

50-^-' 

oo / 9 9 
t^o'o^' 

' (CATSeORVI 

FABRIC.a?> ^ ^ r TUNGSTEN-UO2 HEXAGONAL-

CELLED FUEL-ELEMENT CONFIGURATIONS^ 

f » 

by 

^ G. R. Goefsch , P. W. Cover , P. J . G r i p s h o v e r , a n d W. J . W i l son 

p r e p o r e d for 

NATIONAL AERONAUTiCS AND SFACi ADMINISTRATION 

CONTRACT NAS 3-5216 

B A.TT B X.I.E: 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



Nl-K. 

NOTICE 

This report was prepared as an account of Goverriment sponsored 
work. Neither the United States, nor the National Aeronautics 
and Space Administration (NASA), nor any person acting on 
behalf of NASA: 

A.) Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, apparatus, 
method, or process disclosed in this report may not 
infringe privately owned rights; or 

s 

B.) Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method or process disclosed in 
this report. 

As used above, "person acting on behalf of NASA" includes 
any employee or contractor of NASA, or employee of such con
tractor, to the extent that such employee or contractor of NASA, 
or employee of such contractor prepares, disseminates, or 
provides access to, any information pursuant to his employment 
or contract with NASA, or his employment with such contractor. 

Requests for copies of this report 
should be referred to: 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 

Washington 25, D.C. 
Attention: AFSS-A 



NASA CR-54237 

FIRST QUARTERLY PROGRESS REPORT 
(June 30 to September 30, 1964) 

FABRICATION OF TUNGSTEN-UO2 HEXAGONAL- . 
CELLED FUEL-ELEMENT CONFIGURATIONS ^K^ (\XJ 

by 

G. R. Goetsch, P . W. Cover, P . J . Gripshover, and W. J. Wilson 

prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

eu.s^«=^'^°' '^7^^^ 
cV,0^ --t Os^^^'^^er 4, 1964 

• S O ^ 

w 
autlRO 

CYia-TvS^ e d ^ ^ 

CONTRACT NAS 3-5216 

Technical Management 
NASA-Lewis Research Center 

Cleveland, Ohio 
Materials and Structures Division 

Paul Sikora 

BATTELLE MEMORIAL INSTITUTE 
505 King Avenue 

Columbus, Ohio 43201 {? 0 3^-/7^/ 



TABLE OF CONTENTS 

P M £ 
ABSTRACT , . . , . 1 

SUMMARY 1 

INTRODUCTION 2 

WORK CONDUCTED TO DATE , 3 

Phase I. Optimization of Fuel Materials . 3 
Effects Produced by Various Containers and P re t r ea tmen t s . . . 3 
Coated-Par t ic le Evaluation 10 
Additional Studies of Materials 14 

Phase 11. Honeycomb Fabrication , 14 
Goals of Phase II . . . . 16 
Fabr icat ion of Exploratory Specimens 16 
End-Fix ture Evaluation 20 

FUTURE WORK 21 



FABRICATION OF TUNGSTEN-UO2 HEXAGONAL- ^ 

CELLED rUEL-ELEMENT CONFIGURATIONS (C) 

by 

G. R. Goetsch, P . W. Cover, P . J . Gripshover , and W. J . Wilson 

ABSTRACT 

So 2.0 I 
The gas-pressure-bonding process is being evaluated as a means of fabricating 

tungsten-U02 hexagonal-celled fuel geometr ies . A two-par t study was initiated to 
optimize the fuel ma te r i a l s and to develop the required fixturing and loading techniques. 
Production of fueled tungsten-coated UO2 par t ic les is in p rog res s so that geometr ies 
embodying coated par t ic les or coated par t ic les plus fine tungsten powder can be 
evaluated. Tests to date have shown the requirement for a p re t r ea tmen t in which a 
gaseous oxide phase is removed. Initial loading and fixturing procedures were proven 
sat isfactory by the fabrication of a 19-cylindrical-hole hexagonal-type comiposite. 

SUMMARY 

The work repor ted concerns the fabrication of dense, tungsten-20 volume percent 
UO2 composite , honeycomb-type, fuel-element configurations by employing the gas -
pressure-bonding p roces s . The effort is divided into two a reas — Phase I, de termina
tion of the neces sa ry procedures for obtaining densit ies in excess of 98 percent of 
theoret ical and Phase II, experimentation of various loading and fixturing techniques to 
provide the specified configuration and dimensional to lerances . 

With regard to Phase I, tes ts were conducted in which container effects, tantalum 
gettering cha rac t e r i s t i c s , and tungsten-powder p re t rea tments were re la ted to porosity 
in the composi tes . To date, the presence of an oxide gaseous phase within a sealed 
container containing tungsten powder has been confirmed. This gas is believed to be 
responsible for the lack of sufficient densification. Hot vacuum degassing techniques 
a re current ly being examined as an effective method for removing the gas . 

Concurrent with the above study is the evaluation of tunsten-coated UO2 par t ic les 
with emphasis on producing high-purity par t i c les . Conclusive resu l t s a re not yet avail
able. Other tes ts regarding the mater ia l sys tem have included the successful hot 
isostat ic compaction of a sample of 2 weight percent thoria- tungsten powder. A resu l 
tant density of 97. 5 percent of theoretical suggests that this ma te r i a l should be used in 
the future honeycomb composites as the mat r ix mate r ia l . 

Phase II efforts have produced a I9-hole exploratory tungsten specimen consisting 
of cylindrical holes , 1/8 inch in diameter , inside a 3/4-inch tube, 2 inches long. This 
specimen displayed dimensional tolerances on the web thickness and on the s t ra ightness 
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of the holes within 1 mi l . The specimen was fabricated by p r e s s u r e bonding tungsten 
granules at pa ramete r s of 2900 F and 10, 000 ps i for 3 hours . The dimensional survey 
data were used to design the fixtures for a 6 l -ho le hexagonal-celled s t ruc tu re of the 
same ma te r i a l . The success of the f i r s t specimen has demonstra ted that this fabr ica
tion p roces s is practical . 

INTRODUCTION 

One current nuc lea r - r eac to r design for nuclear propulsion in space is the wa te r -
moderated type, embodying dispers ions of UO2 par t ic les in a continuous tungsten 
mat r ix as the fuel system. This ma te r i a l coinbination i s very a t t ract ive w^ith regard 
to h igh- temperature p roper t i es ; however, one major problem a r ea concerns the high 
degree of difficulty encountered in fabricating desirable fuel-element geomet r ies . A l 
though soine processes have been successfully used to fabricate dense tungsten-UO2 
composi tes , these conaposites a re not easily fabricable into the geometr ies proposed 
for the nuclear rocket, such as concentric cylinders and hexagonal-celled honeyconnbs. 
Fo r this reason, new powder-metal lurgy approaches to producing these fuel geometr ies 
have been receiving considerable attention. The mos t encouraging p r o c e s s e s es tab
lished at p resen t for the honeycoinb configuration a re those involving sinter ing, high-
energy compaction, and hot isostat ic compaction. The l a s t p rocess is the one con
sidered in this program (under NASA Contract NAS 3-5216). 

The purpose of this investigation is to util ize the gas -pressure-bonding p rocess 
to isostat ical ly compact dense, honeycomb-type, 80 volume percent tungsten-20 volume 
percent U02> fuel-element configurations. This fabrication technique is of par t icular 
in te res t since it has demonstrated its capabili t ies and versat i l i ty with various fuel sy s 
tems by producing unique fuel geometr ies with a relat ively smal l amiount of fuel-part icle 
deformation. As a means of providing uniformity of fuel distr ibution and good fuel-
retention proper t ies , tvmgsten-coated UO2 par t ic les will be employed in the composi tes . 
The combination of these par t ic les with the gas-pressure-bonding p roces s should p r o 
vide a means whereby the desired fuel-element configuration can be produced. 

Since this p rogram is a fabrication-feasibil i ty study, the problem of producing the 
fueled composites is divided into two a r e a s of effort — the f i r s t , investigation of m a t e 
r ia l s and pressure-bonding paramieters to attain composite densi t ies in excess of 98 
percent of theoretical; the second, development of a method to hot isostat ical ly compact 
a honeycomb s t ructure with the des i red dimiensional to lerances throughout the s t r u c 
ture . These two studies a re designated Phase I and Phase II, respect ively. Phase I 
involves the experimentation with various container m a t e r i a l s , p re l iminary heat t r ea t 
m e n t s , and coated par t ic les in order to a s su re high-quality dense composi tes . In 
Phase n , the loading and fixturing techniques requi red for dimensional uniformity will 
be investigated. Success in both of these a r e a s is neces sa ry to es tabl ish the feasibility 
of using the gas-pressure-bonding p rocess for the fuel-element fabrication. 

This report summar izes the resu l t s of s tudies conducted during the f i rs t 3-months 
of this progranti (June 30 to September 30, 1964). 
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WORK CONDUCTED TO DATE 

P r i o r to the discussion of the work conducted to date , a review of the g a s -
pressure-bonding process and its associated procedures is in order . 

In consolidating powder ma te r i a l s , the powder is sealed within a p re s su re - t igh t 
container of the desired geometry. This container is then loaded into an autoclave and 
subjected to elevated tempera tures and h igh-pressure iner t gas . The p r e s s u r e is 
uniformly t ransmit ted through the container walls isostat ically to the contained 
powders, which a r e effectively hot pressed to the des i red density and configuration. 
The degree of densification is dependent upon the bonding p a r a m e t e r s of t ime, t e m 
pe ra tu re , and p r e s s u r e . In general , the bonding tempera tures for powder consolida
tion a r e considerably below those for conventional sintering and also those for a number 
of other fabrication methods. The use of thin-wall containers and mandre l s , where 
appropriate , permi t s the fabrication of various hollow and solid shapes from powder. 
The containers and mandre ls a re generally removed by mechanical or chemical means . 

Phase I. Optimization of Fuel Mater ia ls 

Effects Produced by Various Containers and Pre t r ea tmen t s 

Previous work at Battelle under NASA contracts has shown that the g a s - p r e s s u r e -
bonding p rocess can be used to fabricate various shapes; however, the p rocess has not 
produced tung8ten-U02 s t ruc tures of the des i red density. During this work, it was 
discovered that tungsten-U02 composites consolidated within tantaluxn containers were 
more dense than those produced within molybdenum containers . (The la t te r ma te r i a l 
had been used exclusively because of its compatibility with tungsten and UO2 at the 
bonding tempera tu res and its chemical p roper t ies , which allowed selective leaching of 
the container. ) The grea te r densit ies attained in tantalum, containers suggested that a 
gaseous phase was p resen t within the molybdenum containers , which caused res t r ic t ion 
of further densification. The presence of the gas could be produced by the molybdenum 
container or the powder composite. Tantalum, being an effective get ter , would allow 
the composite to densify m o r e than one in molybdenum. The problem of obtaining high-
density comiposites then becomes one of ei ther removing the suspected gas p r io r to 
sealing or the incorporation of an effective getter into the pressure-bonding container. 

Some of the 1 x 6 x 0. 020-inch flat plates fabricated under a previous NASA con
t ract (NAS 3-4019) were consolidated using a molybdenum container with a sheet of 
1-mil tantalum foil situated between the powder composite and the container on one of 
the la rge flat surfaces . Metallographic examination of these plates suggested a layer 
of tantalTim diffusion within the composite. To determine the extent, if any, of the 
diffusion, a microprobe analysis was conducted a c r o s s the whole thickness of the plate . 

Resul ts of this analysis were very enlightening. A 6-micron-thick l ayer , which 
consisted of 79 weight percent tantaltim, was found on the tantalunn contact edge. Be
yond this l ayer , the tantalum content decreased l inearly ac ross the whole thickness 
from 17 to 1 weight percent. This finding not only confirms the diffusion p rocess but 
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also suggests that some other mechanism, such as vapor t ranspor t , is in action. Al
though the mechanism is not established, the conclusion is ra ther c lea r : tantalunn's 
gettering qualities cannot be utilized in a powder system unless contact between it and 
the active tungsten powder is avoided. With this fact in mind, the following objectives 
were set up for additional t es t s : prove the existence of the proposed gaseous phase; 
identify i ts nature ; determine an effective way for its removal p r io r to densification; and 
deterntiine which container naaterial will be the bes t for fabricating future specimens. 
To achieve these objectives, the following tes ts were conducted. 

Test 1, F rom a lot of 0, 88-micron tungsten powder (see Table 1 for vendor 's 
analysis) which had been previously cleaned in hydrogen at 2000 F for 1 hour, unfueled 
tungsten pellets (approximiately 1/4 inch in diameter and 3/4 inch long) were formed to 
a density of approximately 58 percent of theoret ical by hydropress ing at 100, 000 psi. 
(Pellets produced by this procedure shall subsequently be re fe r red to as "s tandard" 
pel le ts . ) Two of these pellets were separate ly loaded within molybdenum containers , 
and two were encased within tantalum containers . One container of each mate r i a l was 
sealed by the electron-beara-welding p roces s . These four specimens were then vacuum 
sintered at 3632 F for 1 hour. Evaluation consisted of metal lographic examiination of 
the pellets and containers. As shown in F igures 1 and 2, a large imiprovement in den
sity was achieved in the pellet s intered in the open molybdenum container. In addition, 
the grain size and pore size of this pellet a r e much snnaller than they a re in the pellet 
s intered in the closed molybdenum, container. A s imi la r improvenaent, only to a l e s s e r 
degree , was found in the pellets sintered in tantalum containers . F igures 3 and 4. 
Since the pellets in the open containers have been exposed to a dynamic vacuumi during 
sintering, the effects of any evolved gases a re not felt. The closed containers , on the 
other hand, have been exposed to the gas , as suggested by the mic ros t ruc tu re and the 
fact that the sealed containers were slightly bulged. A second point of in teres t is that 
the density of the pellet s intered in the sealed tantalum is super ior to that of the pellet 
s intered in the sealed molybdenum. This is evidently due to tanta lum's gettering quali
t i es , in that it actually absorbs most of the gas. Nimierical values for the pellet dens i 
ties were not obtained because only a qualitative conaparison is requi red to establish 
conclusions. This policy will be used until the densification studies a r e ca r r i ed to 
pressure-bonded samples. 

TABLE 1. VENDORS' CHEMICAL ANALYSIS OF STARTING MATERIALS 

Starting 
Mater ia l N O C Al Ca Cr Fe Mg Mo Ni Si 

Tungsten — 1700 11 <6 13 6 25 6 26 10 <7 
(0.88 jtx) 

UO2 (0/U) 
(-230 + 325 mesh) 100 2.00 to 100 50 10 50 100 — 30 - - 30 

2.02 
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250X As P o l i s h e d 13894 

F IGURE 1 . HYDROPRESSED T U N G S T E N POWDER SINTE HYDROPRESSED T U N G S T E N POWDER S I N T E R E D 
IN A S E A L E D MOLYBDENUM CONTAINER 
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250X 
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As P o l i s h e d 13895 

FIGURE 2 . HYDROPRESSED TUNGSTEN POWDER S I N T E R E D 
IN AN O P E N MOLYBDENUM CONTAINER 
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250X As Polished 13896 

FIGURE 3 - HYDROPRESSED TUNGSTEN POWDER SINTERED 
IN A SEALED TANTALUM CONTAINER 

250X As Polished 13897 

FIGURE 4 . HYDROPRESSED TUNGSTEN POWDEm SINTERED 
IN AN OPEN TANTALUM CONTAINER 
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Fur the r evidence that a gaseous contaminant does exist was found during evalua
tion of the containers . F igures 5 and 6 show typical a r e a s on the inside surfaces of the 
sealed containers with contaminated layers . These l ayers were tentatively identified 
by microscopic observations as oxide layers . As additional proof, oxygen analyses of 
the ma te r i a l s p r io r to and after sintering (see Table 2) showed that a substantial 
amount of oxygen was gettered by the tantalum during sintering. Therefore , this tes t 
has shown that a gaseous phase does exist, and that it is probably an oxide. 

TABLE 2. OXYGEN ANALYSIS BEFORE AND AFTER 
SINTERING 

Oxygen Content, 
Specimen PP"^ 

As- rece ived molybdenum 

Sealed molybdenum container — Test 1 

As- 'received tantalum 

Sealed tantalum container - Test I 

Sealed tantalum container — Test 2 

Tes t 2. Three standard pellets were individually loaded within molybdenum, 
tantalum, and molybdenum-lined tantalum conta iners . The l a s t container was produced 
by lining the inside cavity of the tantaltim can with 3-mil- thick molybdenum foil. P r i o r 
to sealing the cans , the specimens were kept red hot for 10 minutes by using the e lec 
tron beam. After sealing, the specimens were then sintered at 3632 F for 1 hour as in 
the previous test . Two observations were obvious from metal lographic exaraination of 
the specimens. F igure 7 and Figure 8 represen t the s t ruc tures produced in the sealed 
molybdenxim and molybdenum-lined tantaltim containers , respect ively. F i r s t , the 
densit ies of the pellets in the sealed molybdenum and tantalum containers were slightly 
higher than those observed in the previous tes t (see F igures 1 and 3), Second, the 
density of the pellet sintered in the molybdenum-lined tantalum container was slightly 
lower than that produced in the bare tantalum can. This suggests that the l iner r e s t r i c t 
ed the densification by either being the cause of the oxide phase or by decreas ing the 
effectiveness of tanta lum's gettering charac te r i s t i c s . An oxygen analysis of the tan ta
lum container, Table 2, showed a marked dec rease in oxygen content, indicating that 
the hot vacutim outgassing t rea tment reduced the quantity of gas evolved during the sub
sequent sintering t reatment . Thus, this t es t has shown that the oxide phase can be r e 
duced by hot vacuum degassing and that a molybdenum l iner has only a slight res t r ic t ing 
action. 

Tes t 3. Three specimens were p r e s su re bonded at 2900 F and 10,000 ps i for 3 
hours . One specimen consisted of pieces of the four sintered pel lets from Test 1 en
cased within a molybdenum container in hopes that the cleaned compacts would achieve 
high density. 

41 

202 

322 

1520 

1245 



JC^U«?V As Polished 13943 

FIGURE 5. CONTAMINATION ON THE INTERNAL SURFACE OF A SEALED 
MOLYBDENUM CONTAINER AFTER SINTERING 

250X As Polished 13^45 

FIGURE 6. CONTAMINATION ON THE INTERNAL SURFACE OF A SEALED 
TANTALUM CONTAINER AFTER SINTERING 



250X As Polished 14488 

FIGURE 7. HYDROPRESSED TUNGSTEN POWDER HOT 
OUTGASSED IN ELECTRON BEAM THEN 
SEALED AND SINTERED IN A MOLYBDENUM 
CONTAINER 

250X As Polished 14487 

FIGURE 8. HYDROPRESSED TUNGSTEN POWDER HOT 
OUTGASSED IN ELECTRON BEAM THEN 
SEALED AND SINTERED IN A TANTALUM 
CONTAINER 
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The densi t ies of the four sintered pellets were slightly higher than those produced 
by sintering alone. The appearance of the mic ros t ruc tu res suggests that densification 
was due to plastic flow of the powder only and not to a sintering mechanisna. There 
fore, to provide a fully dense s t ructure after p r e s s u r e bonding, pre t rea tment t em
pera tures will have to be kept under 3600 F so as not to reduce the surface activity of 
the tungsten powder, or considerably higher bonding pa ramete r s mus t be employed. 

The other two specimens consisted of molybdenum-lined tantalum and molybdenum-
lined titaniuna containers embodying standard pel le ts . Metallography on these two 
specimens showed estimated densities of about 95 and 92 percent , respectively. T i 
tanium does not appear to be as effective a getter as tantalum in this application. 

Coated-Par t ic le Evaluation 

Tungsten-U02 composites fabricated by consolidation of tungsten-coated UO2 
part ic les (containing 20 volume percent UO2) during previous programs possessed two 
disadvantages — the presence of excess fluorine, due to the coating p rocess , and in
herent interconnected porosity, which resulted when densities of only 92 percent of 
theoretical were achieved. Therefore, the purpose of this study is to conduct a limited 
evaluation of different types of coating p rocesses in an effort to eliminate excess 
contamination (particularly halides) and to attempt complete densification of these 
par t ic les by employing new maximum pressure-bonding pa ramete r s of 3100 F and 
30,000 psi . 

To date, all the des i red coated par t ic les (containing 20 volume percent UO,) 
have been produced, but complete analyses and evaluations a re not yet available. The 
UO2 used for all the coatings was spherical , depleted mate r ia l of -230 + 325 mesh size. 
Chemical analysis of this miaterial is given in Table 1. The five types of coatings a r e 
discussed below. 

Coating A. This coating, Figure 9, was prepared by decomposing WCl^^ in a 
hydrogen atnciosphere at 1290 F to provide mater ia l for conaparison with the fluoride-
derived Coating B, Figure 10. The two chief points of comparison will be (1) p r e s s u r e -
bonding charac ter i s t ics and (2) the extent of halide contanaination. Evaluation of the 
sample is incomiplete; however, metallographic examination shows a discoloration of 
the inner portion of the coating. This abnormality undoubtedly resulted from unsus
pected contanaination of the WCI5, but its significance is not yet known. 

Coating B. This dense coating (see Figure 10) was prepared at 1030 F by de
composing WF^ in a fluidized bed. This is the naost convenient and econonaical naeans 
of applying tungsten coatings to par t ic les ; however, a smal l , but for this program 
significant, fluorine content (436 ppna) is observed in the coated par t ic les . This ma te 
rial was prepared to determine its pressure-bonding charac te r i s t ics and to establish a 
base for determining the effectiveness of procedures designed to reduce fluorine 
c ontamination. 



11 

500X Motakami's 1S314 

FIGURE 9 . TUNGSTEN-COATED UOg PARTICLES PRODUCED BY THE REDUCTION OF 
TUNGSTEN HEXACHLORIDE (COATING A) 

500X Murakami's 16311 

FIGURE 10 TUNGSTEN-COATED UOg PARTICLES PRODUCED JBY THE REDUCTION OF 
TUNGSTEN HEXAFLUOEir)E(C DATING B) 
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Coating C. As was the case for Coating B, this coating was prepared by decom
posing WF^ at 1030 F. However, the procedure was al tered in an attempt to decrease 
the fluorine content of the final mate r ia l . After about 1 fi of tungsten had been applied 
to the subs t ra te , the mater ia l was removed from the fluidized-bed reac tor and treated 
at 2550 F for 2 hours in a flowing a tmosphere of hydrogen containing 3 percent water 
vapor. The mate r i a l was then returned to the fluidized-bed reac tor and the coating 
completed in the usual manner . Figure 11 shows the s imilar i ty this coating has with 
Coating B. 

It is probable that at least a portion of the fluorine contamination of tungsten-
coated m a t e r i a l s , prepared by decomposition of the hexafluoride, resu l t s from r eac 
tions of fluoride in the coating atmiosphere with the UO2 subst ra te during ear ly stages 
of the operation before the tungsten coating is sufficiently thick to protect the UO2- F o r 
example, the reaction 

U02(s) + 2WF6(g) - 2WOF4{g) + UF4(s) AF900K "25 kcal 

is energetically favorable. Therefore, the wet-hydrogen t rea tment was designed to 
remove fluoride as HF, formed by the hydrolysis of uranium fluoride or oxyfluoride at 
the surface of the UOT par t ic les . 

The thickness of the tungsten coating a t the tinae of such t rea tment should be the 
optimum that would permit removal of fluoride yet minimize fluoride pickup in the next 
coating step. 

Fo r this part icular lot, the thickness of tungsten coating and conditions of the 
t reatment given above represen t experienced judgnaent, but it is highly improbable that 
they a re optimum values. Never the less , the final mater ia l p repared with this in ter 
mediate treatmient contained only 237-ppm fluorine, i. e. , a 50 percent decrease in 
fluorine content was achieved. 

There is li t t le doubt that further reduction in fluorine content could be achieved 
by brief experimental work designed to optimize the procedure . 

Coating D. To minimize contamination with fluorine during prepara t ion of this 
mate r ia l , another variation of the normal procedure for tungsten coating from WF^, 
represented by Coating B, was used. This coating is identical in appearance to Coat
ings B and C. To protect the substrate from fluorides in the coating a tmosphere , a 
thin (""0. 01 ji) coating was first applied to the bare UO2 by deconaposing W(CO)6 at 
400 F . The coating was then completed to produce 80 volume percent"tungsten frona 
WF^ as for Coating B. 

Referring to the preparat ion of the initial layer from tungsten carbonyl, dense 
coating layers a re obtained only under conditions that give high carbon contents, e. g. , 
>1000 ppm. Because carbon contamination is also objectionable in this p rogram, the 
thickness of this first layer was so severely l imited that even if it is assunaed that the 
layer is W2C, the calculated contribution to the carbon content of the final mater ia l is 
<5 ppm. 



13 
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FIGURE 11. 

Murakami's 16313 

TUNGSTEN-COATED OOg PARTICLES PRODUC F0 BY COAIING AN INITIAL 
LAYER BY CARK)OTL PROCFSSES AND THE RFMAININC COATING BY THE 
FLUORIDE PROCESS (COATING C) 

SOOX A<; Poltihtd !6 r 

FIGURE 12 TUNGSTEN COATrr UO^ PARTlCiFS PRO! I Cl-s B̂  IHl ( n<B n \ I ROC FSS 
(COATING E) 
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Comparison of carbon and fluorine analyses for Coatings B, C, and D is required 
before this procedure can be evaluated. However, it is obvious that an optimum should 
exist for minimization of total contamination by fluorine and carbon. 

Coating E. In the preparat ion of this ma te r i a l , contamination by halides was 
minimized by using a nonhalide coating p roces s . The coating was p repared by decom.-
posing W(CO)^ at 1850 F in an a tmosphere of hydrogen containing 17 percent water 
vapor to avoid g ross carbon contamination. Analysis of these par t ic les has not been 
completed. Tungsten coatings p repared under these conditions a r e about 50 percent of 
theoretical density, as shown in Figure 12. The ready deformability of this type of 
coating may be advantageous in p r e s s u r e bonding. Current ly, the procedure for p r e 
paring this porous defornaable type of tungsten coating is l e s s well developed than those 
for the preparat ion of dense coatings from the hal ides, but pressure-bonding at tempts 
will be made with this type of par t ic le . 

Additional Studies of Materials 

During fuel-loss evaluations at NASA, a thoriated-tungsten ma t r ix has decreased 
the weight loss recorded during 25 ten-minute thermal cycles to 4500 F by about one 
magnitude. This improvement suggests that future honeyconab samples should in
corporate this mate r ia l in the matr ix . F o r this reason, a hydropressed pellet of 
coprecipitated 2 weight percent thoria-tungsten powder was sealed within a molybdenum-
lined tantalum container and p r e s s u r e bonded at 2900 F and 10,000 psi for 3 hours . 
The result ing mic ros t ruc tu re , a s shown in Figure 13, is of high density. A measured 
density was recorded as being 95, 7 percent of theoret ical , which is comparable to that 
of pure tungsten p r e s su re bonded in a tantalum container under identical conditions, as 
shown in F igure 14. An encouraging aspect of this ma te r i a l is that the thoria remained 
uniformly d ispersed and of l-naicron s ize . Consequently, the grain size of the thoriated 
tungsten is finer than that produced in pure tungsten (approximately 3 microns) by a 
factor of at l eas t one-half. This fine grain s ize should contribute to longer life during 
service . Gra in-s ize evaluations after heat t rea tments at 4500 F a r e being obtained. 

Phase II. Honeycomb Fabricat ion 

The basic approach to honeyconab fabrication involves the densification of coated 
par t ic les within an a r r a y of soluble mandre l s . Densification of the tuiigsten-coated 
fuel par t ic les is achieved by g a s - p r e s s u r e bonding in sealed conta iners . For tungsten 
densification, molybdenum is the mos t appropriate re f rac tory metal for container and 
mandre l s , because it can be selectively removed by ni t r ic acid solutions. Hence, all 
the honeycombs a r e being fornaed by packing tungsten-spheres (100-/i d iameter) around 
a fixtured a r r a y of molybdenum naandrels in a molybdenum can. After densification, 
the container and fixtures are dissolved. With routine bonding p a r a m e t e r s of tena-
pera tures exceeding 2900 degrees F and a p r e s s u r e over 10,000 ps i , tungsten spheres 
reach densities of 95 ± 4 percent of theoret ical . Similar densi t ies a r e possible in 
fueled conaposites required in this project; however, initial fabrication studies in this 
phase have utilized tungsten spheres in lieu of the coated UO2 par t i c l e s . 
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250X As Polished 14976 

FIGURE 13. HYDROPRESSED TUNGSTEN-2 WEIGHT PER CENT THORIA 
POWDER AFTER HOT ISOSTATIC COMPACTION AT 2900 F 
AND 10,000 PSI FOR 3 HOURS 

250X As Polished 5925 

FIGURE 14 HYDROPRESSED PURE TUNGSTEN POWDER CONSOLIDATED 
UNDER THE SAME CONDITIONS AS ABO¥E 
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Goals of Phase II 

The ultinaate goal of this work includes the production of 20 honeyconab sections 
2 inches in diameter by 1. 5 inches long with 0. 125-inch hexagonal channels and 0. 020-
inch-thick separating webs. The webs a r e to be formed with tungsten-coated fuel 
par t ic les plus any required dilution with pure tungsten par t ic les to produce a uniform 
fuel loading of 20 voluine percent UO2. This phase of the project is concerned with 
fixturing and loading techniques necessa ry to give the specified geometry. Since only 
the par t ic les a r e dens if led, dimensional accuracy is limited by the fixtures or the 
container. The desired shapes can be achieved only if the shrinkage is uniforna and 
predetermined. The desired eventual dimensional tolerance is 1 nail. Hence, p rec i se 
shrinkage and fixturing tolerances mus t be determined from actual specimens. 

The intermediate goals of the fabrication phase include 

(1) Fixture accuracy, 

(2) Uniforna shrinkage, and 

(3) High-density conaposites. 

Each specimen represents naodifications of existing techniques necessa ry to achieve 
tighter tolerances and maxinaum density in refractory composites . 

Fabr icat ion of Exploratory Specimens 

With c ross sections of 1/3 powder and 2/3 dense mandre l s , the immediate ques
tion was how to obtain uniformity of compaction throughout the a r r ay . An initial 
honeyconab (Specimen H-1) 0, 75 inch in diameter by 1. 9 inches long was designed with 
19 cyclindrical holes situated in a hexagonal a r r a y . The mandre ls were 19 naolyb-
denum rods , 1/8 inch in diameter and 2 inches long. These rods were held in position 
by perforated molybdenum tenaplates at the top and bottom of a molybdenuna can (see 
Figure 15). Each template had been dri l led to establish the spacing of 0. 030 inch be
tween adjacent rods . Vibratory packing was used to fill the fixture with 100-micron 
tungsten spheres (Allied Chemical Company, Batch 41 . 3), and a green density of about 
57 percent was attained. The assembly was then doubly canned in naolybdenum with an 
outer envelope of titanium before the bonding run. The purpose of the t i tanium can is 
to provide additional reliabili ty in maintaining a vacuum-tight container during p r e s s u r e 
bonding. 

The sealed assembly was densified in a helium atmosphere at 10, 000 ps i for 3 
hours at a maxinaum tempera ture of 2900 F . After selective dissolution of the container 
and mandre l s , the honeyconab (Figure 16) was sectioned and measured . An optical 
comparator showed an average web spacing of 0, 0208 inch. Average hole size was 
0. 1238 inch. The holes lost about 1 percent of the original naandrel d iameter , while 
the web spacing decreased nearly 31 percent . Actual measurement ac ross six naajor 
diameters a re shown for three internal sections and one d iameter for each end in 
Table 3. Individual naeasurements reflect the variations due to the wall roughness of 
one par t ic le dianaeter. Since future honeycombs will include finer pa r t i c l e s , only the 
averaged d iameters (per section) naay be conapared. F r o m end to end, this variat ion 
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F I G U R E 15. MOLYBDENUM HONEYCOMB F I X T U R E WITH TUNGSTEN 
GRANULES FOR S P E C I M E N H- 1 
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FIGURE 16. TUNGSTEN HONEYCOMB (H-1) FABRICATED BY 
GAS-PRESSURE BONDING 

Average web thickness: 0. 0208 inch. 



TABLE 3. HOLE DIAMETER AND WEB THICKNESS IN SPECIMEN H- 1 

Diameter, 
Section mils Holes, mils 

A (end) 1750.3 123.9 124,8 123.2 124.0 124.3 21.9 20.4^^^ 21.0^*' 20. 6̂ *̂ ' 22.2 

B 1746.8 119.7 125.3 124,9 124.9 123.8 16.5 21.2 

B n 7 5 0 . 6 123.9 124,1 124.0 123.1 123.7 21.9 24.5 

B n i 7 4 6 . 0 123.5 125.0 124.1 125.3 123.7 21.3 19.4 

C 1743,8 123,7 123.3 123.1 122.1 123.1 21.8 21.0 

C II 743. 5 121.8 124.0 122.9 124.1 123.5 21.5 22.5 

C m 736. 8 123.3 123.3 123.9 119.1 123.5 21.8 21.0 

D 1743,5 124.6 123.1 124.3 124.5 124.2 21.1 22.3 

D 11746,1 124.8 124.5 123.9 124.6 123.4 23.2 18.3 

D m 7 4 2 . 2 123.7 124.1 124.2 124.2 122,6 23.7 19.9 

E (end) III 749.3 124.2 127.2 125.1 124.2 122.3 22.2 24.0 

Webs 

21. 0<*̂  

25.4 

19.6 

21,0 

20.6 

20. 0 

20,0 

20,6 

20.2 

19.0 

20.9 

, mils 

20. 6<^) 

20,3 

22,9 

21,7 

22.9 

19.3 

19.1 

20.0 

19.9 

19.2 

20.0 

22. 2^^* 

21. 5 

22. 5 

25. 8 

23. 1 

19.4 

20.0 

18.0 

20. 1 

20.8 

20.2 

24.0 

23.2 

20,4 

14.8 

19.1 

24.5 

21.8 

20. 8 

23.2 

20.8 

19.0 

Section 
Average(*/, 

mils 

21. 1 

22. 15 

20,74 

19.86 

20.4 

(a) Outside web thickness was not predetermined. 
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was slightly over 1 mil . Thus, the specified tolerance for web thickness appears 
pract icable . 

The uniformity of the outer diamieters and internal shrinkage indicates that de
formation occurred pr imar i ly in the radial direction. The length of the specimen de
creased less than 5 percent. Fortunately, the thin end fixtures did not interfere with 
uniform construction of the ent i re assembly. In general , the original jig tolerance of 
2 mils was maintained in hole location and alignnaent. 

The shrinkage data were applied to the design of a naodel with 61 hexagonal holes. 
This vers ion doubled the number of holes arranged radially from the central mandrel . 
The p r i m a r y modifications were in the number and shape of the naandrels. The avai l
ability of molybdenuna hex rod sinaplified the fixture preparat ion. Drawn hex stock, 
0. 125 inch ac ross flats, was purchased from the Refractomet Division of Universal 
Cyclops Steel Company. After additional pickling and annealing, this stock had a 
width of 0. 124 inch. The size reduction permit ted a tight fit in dri l led naolybdenum end 
plates . 

The design and assenably of the f i r s t 61-hole honeycomb (Specinaen H-2) has been 
completed. Various design changes were made to further approach the ult imate 
geometry. Modifications included were 

(1) Fixturing of hexagonal stock in round holes , 

(2) Decreased web thickness, 

(3) Increased proportion of mandrel a rea , 

(4) Thin-walled container, 

(5) Increased green density with identical granules , and 

(6) Elevated bonding p r e s s u r e . 

Individual alignment of the cores was achieved by slotting each end for a tenaporary 
r ib . The dril led-hole template permit ted a minimuna spacing of 0. 027 inch which was 
reduced 10 percent below that of the previous spacing. Prolonged vibratory-loading 
technique also boosted the green density to 65 percent . Increased green density and 
the reduced proportion of spheres should contribute to l e s s shrinkage, thus requiring a 
decrease in the initial webbing thickness. Conversely, higher bonding p r e s s u r e should 
increase shrinkage but also the final density. This specimen will be densified and 
evaluated before another identical fixture is loaded. 

End-Fixture Evaluation 

Since the current fixture method forms a rough end, the c i rcular -hole template 
may be undesirable for fueled honeycombs. A variety of tighter-fitt ing end fixtures 
have been considered. Three of the most promising include 

(1) Volatile adhesives on molybdenum end p la tes , 
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(2) Die-form.ed, porous , molybdenum plugs, and 

(3) Photoetched molybdenum disks. 

The l a s t method is being investigated f i rs t , since it offers the g rea tes t flexibility in 
spacing. In the event these methods a re ineffective, the ends may be loaded with pure 
tungsten and l a te r rennoved by grinding. 

FUTURE WORK 

Planned work for Phase I includes a continuation of tes t s whereby hot vacuum 
outgassing can be naore effectively evaluated and the cause of the oxide phase can be 
determined so as to eliminate it. Also, the coated par t i c les will be evaluated with 
r ega rd to densification cha rac te r i s t i c s , puri ty, and behavior during qualification t e s t s . 
The use of thoriated-tungsten powder densified by p r e s s u r e bonding will be submitted 
to experinaents to deternaine i ts behavior in sinaulated tes t conditions. These data 
should be available by the next r epor t period. 

Future work for Phase 11 includes an evaluation of fixturing techniques, which will 
be confined to shrinkage determinations on porous molybdenum pa r t s and to photo-
etching of hexagonal holes . The current fixture method, with hexagonal slotted man
d r e l s , will be used to produce the next samples . 

In the next quar te r , fueled comiposites will be fabricated. Initially, two 61-hole 
models will be assembled . One will contain a blend of coated spheres with finer tung
sten pa r t i c l e s , and the other will contain only coated pa r t i c l e s . If sat isfactory densi
t ies a r e achieved, fabrication of a full-scale prototype will be attempted. If densi t ies 
a r e low, p rocess refinements will be evaluated in the sma l l e r ve r s ions . 

GRG:PWC:PJG:WJW/mld 
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