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I. TINTRODUCTION

The conrinued demsnd for new types of nuclear ceramic fucls
requires fragquent reappraisal of existing fabrication processes.

The recent development cof an entirely automatic system for
oxide and ferrite hut_pressing*suggeuts the usefulness gf evaluatiné
the new possibilities introduced. Although the achiévement of a solution
for the hot pressipg autpmation constitutes a tectmological breakthruﬁéh
of decisive significance. the critical subjeet of prnducéiun speed remains
etill debataﬁle. In this cuntéxt. the knowledge ﬂf the relatfions among-
temperature, time, pressure, ﬂensity. microstructures and dimtnsiqnal
éhara:tertstic; becomes a consideration of parampunt impartance, essential

te define $f the automated procedure is te compete with traditional

cold forming processes,

The.intent of this investigation 15 to determine the mentioned
relationships fnr-the actinide qiides nutténtly éeing ﬁsed ac fuel, in
nuclear power pgeneration., The production variableu of urania-thoria-
pl;tnnia hot pressed bodies will be analyeed in the 300 - 1625 % tempera-
ture tange, for pressures up to 5,100 p=si,

A substantial part of this study wﬂ;‘develnped as a contribution
to the Argonne Hational Laburatnry.effnrt for the fabrication of the ZPFR
reactor (U,Pu}ﬂz fueled plates (Ref. 1). Maay data presented here were
phtained from papers written with the collaboration of this thesis

author (Refs. 2,3) and published in the course of the investigation

described here,

*pefinjtions in Appendix A.



II. LITERATURE SURVEY

A, Hot Pressing as a Fabrication Procedure

In the past, twa main diffi{culcies precluded an extensive
utilization of hot pressing for the fgbri:atiun of oxide bodies. They
were the problem of autnﬁating the process, to achieve high-speed
production, and the unavallability of ipexpensive long-life dies for
high temperatures (Ref. 4).

In 1963 Zelms and McClelland (Ref. 5) had already foreseen the
peesibility of constructing a continuous hot press for oxides, and
actually develeped a semi-continuous apparafus. It became apparent
that the automaticn of the process was feﬁhihle,:uriginating eventually
a new ceramic fabricatien technique, cnmpetitive‘;ith classical methods
both on the basis of technical performanc; and fabrication coste.

Such glistening perspective was changed ta.reulity by Dudemans
(Ref. 6), who described in 1968 a fully automatic equipment for the
coptinuous hot pressing of urania, alumina and ferrites. Thiﬂ appAratug,
assembled in Eindhowen, Netherlands, could be operated every working
day for more than cne year, at 1200 °c and 2280 p;i, glving exceptional
dimensional accuracy and excellent productien rat#s. Densities as high
as 98% -of the theoretical could be atrained for ufania, and 99,9% far
alumina. The last material c¢ould be sintered in ?ﬁe minute, at 1400 .

The use of liners inside merallic sleeves provides an economlical
die suitable for high temperature work, Moss and Stellar {(Ref, 7)
conceived a composite die in which the liner is subjéct to an external

axial force as well as Enmplute radial censtraint, Important advantages



of this dte deslgn are the ease of liner replacement and the.pnasibility
of a wide variety of insert materiale, such as graphite, “glaesy carben",
oxide ceramics, boron nitride and intermerallics. Ope of thelr die
assemblies, which contaiped a graphite liper with a wall thickness of
0.1E88 in. and an internal diameter of 0.5 in., was used at temperatures
of 1000 ¢ and pressures up to 80,000 psi, uitﬂou& difficulty of removal
of the formed material. ‘ :

It will be shown in this paper that die insert materials parti-

]

:ulafly attractive for utiliiatiun with actinide oxides aée "glassy
éarhon“ {Ref. 8), and the now available ultrﬁ-?igh streng%h gtaphites;

Such graphites at 70 °F have compressive and tensile strengtﬁs of

21,000 and 15,000 psi (Ref. 9), respecttvelyj';hese vglueﬁ are sub-
gtantially higher than those curresPGnéiné ﬁﬁﬁfhe graphites currently

used in hot pressing operations, which have ma;imum cnmpréssive and tensile
strengths of 854D and 1790 psi, respectively (ﬁTJ grade graphite,

REE. i0)., High density aluminas can be emplnjid as lipers, also; they

are sujtable for hot pressing U0 -Ihﬂz coppositions at témperatures up

2
to 1400 °C.

For die-sleeves, molybdenum base alloys are very convenient, One
of the ﬁust interesting 1s the mclyﬁdenumhﬂ.iﬁ titanium-D.1% zircoonim
alloy, known as TZM, which has a higher recrystallization temperature and
better hot strength than unalleyed wolybdentm and the molybdenmo-0,5%
titanium allay (Ref. 11). Ar 1300 "c, the TZM tensile ztrenpgth is
53,500 psi and the elastic limit 18,400 psi. The creep effects can be

minimized by mounting the die under wvariable compression, using a device

similar to that utilized by Oudemans for hot pressing of wrania (Bef. 12).



For hot pressing in ;ﬁe temperature range 1300 - 1800 oﬁ, a
high-strength graphite sleeve, with "glassy carbon" liner, will-be
showm f#tther in this work t& constitute an adegquate combination, that
can stand cnmpacting pressures up to 7000 ﬁsi. .

Ihe-furegning nhservatiﬂns; altﬂnugh emphasizing th; solutions
for the automﬁtiun-pruhiﬂm and long-life die design, suggest that a
‘useful comparison hetw%én hot pressing and other ceramic forming methods,
demands 3 comprehensive analysis of all the factors imvolved. A complete
© “discussion of this ma:ﬁer is.heyund the secope of the présent'study;
moTeover, ;hé most pertinent.ffa;ﬁres of such complex questions were
‘considered in dépth by Allen {Ref. 13) and Fulrath {Ref. 14) in cheir
ceritical evaluation of ceramic furﬁfﬁg gystems, H;vertheless, many
requisites nat readily mer by currently ayailable production Processes,
can be attendsed by pressure sintering, )
| Some characteri;:ics inherent in the hot pressing procedure are
especially attractivelfar the fabrication of a;tinide oxides, The aspects

that assume particular relevance are given next.

{1} Excentional dimensional accuracy is obtained without any

grinding and finishing operations, which cause loss of extremely valuable
material and may coriginate a eriticality hazard, Even large pieces, as
for instance plates 2 x 2'x 1f4 ip., can be fabricated within ¢lose
tolerances (Ref.15). Im relation to smaller bodies, Qudemans (Ref, 16}
could make urania rods {approximately 1/2 in. diameter) with the reguired
dimensional accuracy for use in nuclear reactors. Uiilizing the same

apparatus, he could produce ferrite rods whose diameter was found to



remain within & tolerance of 5 microns, over a production period of

six months.

{2) Binder addition and its burnout are unnecessary. Thus,

contamination with organie decomposition products 18 avoided,
{3} Where sintering can cause volatilization, decomposition or

undesirakle phase changes, hot pressing permits lower sintering tempera-

. tures and shorter sintering times., This ig important for instance in

and Pu 0

the pressure sintering of PuDZ, that can d&cuﬁpuse to Puﬂz_x 204

{Ref, 17).

(4) Final densities can be made very hich, in times much shorter

than those corresponding ko pressureless slatering. 3n applicaticn of

such high densities can be found in the case of fuels for low burp-up

thermal converter reactors.

{5) Reacting materials during the h;t preaainﬁ is pnss{ble. The -
large dimensional distortions that gemerally accompany pressureless
reaction sintéring, can be avoided completely. Warren and Chakiader
(Ref. 18), using resctive hot pressing of uranyl axalgte at J0O nﬂ.
produced high density “UZ peliets of good quality, fressure calecintering
nf'UClz_i_E in varlous atmospheres, described further in fhis paper, was
successfully develeoped ar Argonne National Laboratory by J. Handwerk and

the author in January 1958, and is object of a pateﬁt request {Ref. 19).

{(6) Mot pressing apparatuc may be very compact in size, A small

sutomated syztem, similar to that deseribed by Oudemansz (Ref, 20), is
excellent for work to be carried out In glove-boxes or in hot-cells,

Since a1l fabrication invelving plutonium must be developed inside



glove=boxes, pressure sintering 15 a natural choice for plutonia
cersmics.

In the past five years many papéts on the ugse of presgure sin-
‘tering have appeared in the technical iliterature, However, the
fundamental reference works of GCoetzel (Hef, 21}, Jnnés (Ref. 22) and
Murray {Ref.‘23) dre eqseﬁéiai for an adequarte evaluation of that
forming technique potential, in the field of nuclear ceramics,

. Becently, several detalled reviews of hot pressing of ceramics
were published (Refs, 24-268). Considerable efforts have been madé
to extend the number of hot-forming techﬁiques. Hot isostatic pressing
(Ref, 27), hot extrusion (Ref, 28) and ultra-high pressure sintering
{Ref. 27} constitute some successful examples.

Experiments with continuous processes (Refe. 29, 30) led to the
highly efficient Qudemans' production appararus, prévinusly mentioned -
in the bepimming of this sctudy. )

Eressure caleintering (decomposition pressure sintering) and
:eactivé hot pressing deserve special attantion, since they can simplify
considerably the fabrication of nueclear ceramic fuels.

The term "pressure calcintering' was established by Morgan
{Ref, 31) for che;ically activated pressure sinteriﬁg, where decomposable
powders are caleined under pressure, decomposition products being
allowed to escape, Densification effects occur as decomposition takes
place, Morpan prefers to distinguish pressure calcintering from reactive

hot presszing, that is, the pressure sintering in which phase change

ccrurs without gas eveolution {Ref. 29).



" Very fine grained, submicron, highly dense,:translucent_refractury
oxides have beaen pfepared utilizing pressure calcintering, at pressuras
of nhau;t. lu,ﬂﬂ*[] psi, in the temperakure range ‘s:lﬂﬂ - 1200 “c. Rowever,
it is tmportant-tu obrgerve that the strength of the materiale produced
is not very high. | .

Ghakléder and :qllaboraéprn {Refs. 18, 32-34) have extensively
studied reactive hot pressing which, in their interpretatinn,
comprises all types of eohanced reacti{vity relared tolph35£ invérsinns,
dielocation and decomposition reactions.

Pregssure sintering Ls controlled essentlially by the same factors
that govern fhe behavior of conventicnal sintering, but with the ‘added .
variable of applied pressure. The understanding of the interfelatinn .
of particle characteristics, time, temperature, pressure and atmosphere
exists for some materials, but on an empirical basis only. .Thﬁ-fﬂllﬂwing
g&neralizaﬁinns are reasonably consistent {Ref. 24):

{aJ: densification rate increases with decreasing particle ai?e,
all other factors being constant;

{b) densification rate increases with temperature;

{c) densification rate increases with pressure,

Table 1 {Ref, 14) shows a list of macterials used or considered
for use as uniaxial pressure sintering die components., The cerzesponding
limits of temperature and associated maximm pressure are alsoc given,

Eraphiterhas been the material.utilized mast often in hot

pressing, but it presents wany shortcomings. In the case of nuclear

ceramics, where high-purity is imperarive, contamination due to corrosion



Material

sic

Ta
WC,TiC
Tiﬂ2

)

Mo

Inconel X,

Hestelloy,
Stainless Steels

* Hot Enown

TABLE 1 (Ref, 14)

Maximim Use
Temperature {9C)

2500 .

1200
1130
1000
*
1500
1700
1400
1200
L1500

1150

1100

UNIAXIAL PRESSURE SINTERING DIE MATERIALS

Maximum |
Pressure (psi)

10,000

30,009

*

15,000
w
40,000
8,000
lﬁ,ﬂuu'
15,000
3,500

3,000

varlies
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and ﬁcar tonstitutes a seripus problem. To overcome or decrease reaction

between the material being pr;assred and the graphite die parts, die

waghes, coatings and spacers, sleoves of varioes r:nmpnsitif;ins have

been employed, . Pyrolytic grnpﬁite punch =;a£ings, boron nitride and

aluminim oxide mold or die washes, spacers of noble and refractory

metals {e.g., Pt, W, Mo, Ta), refractory compounds (SiC) and refractory

ﬁ#id: powders (Zrﬂzﬁ h;ve attained some sgncess {Ref. Eﬁ}. -
| In pressure sintering, graphite mast be oper_atéd in an inert

atmozphere or vacuum; above 2200 DC an {nert atmosphere is essentfial,

due to the high vapour pressure. C0- o, plus N, at equilibrium, caused

2
by the reaction of air or regidual oxygen with carbon black imsuletion

andfor the graphite die waterial, forms thé gaseous aé%nsPheFe, in
many assemblies, Flushing with an. inert gas such as ;}gnn ie & current
method, Many of the materizals iisted in Table 1 alsuihemand the
uti.iizatiun af & controlled atmosphere. va;cum presstfre Eintering has
baen applied successfully in several cases, but gnnerilly it does not
seem to present significant advantages when refrncturf oxides are
considered (Ref, 24).

Table 2 shows examples of maximmum sizes of hot pressed ceramics
(Ref. 14).

Density variatiens become severe for hot pressed shapes with
length-to-diameter gatins nbnve.ahnut & (Ref, 14). Cylindrical, square
apd rectangular creoss gections can be fabricated by employing collapsible

inner mandrels. It is also possible to form tubes and thin-walled

cylinders,



TABLE 2 (Ref. 14)

~EXAMPLES OF MAXIMUM SIZES CF PRESSURE SINTERED CERAMICS

Hzrerial . Diamerer Length oT HEiEht

{inches} {inches)

ALD, _ _ 3 6
Mg0 ' T - ¥
Be0 10 . 10
12 2

T4, : 6 18
g 8

BN 14 ' 14
SiC & - 2

The dagres of micrns;ructural uniformity in pressure sintered
ceramic compacts constitutes one aspect of the forming process which
requires much additional work. It will be seen in the course of this
thesis that microstructural heterogenesities can become a2 :ritical
problem, primeipally in the case of pressure caleintering. Within a
single hot pressed piece, considerable gradients in densify and/or
grain size mway alsé oceur, particularly in large flac pieces. Crain
stze variations from 12}1 at the center to nearly 1Dﬂft ar the edge
were observed i a beryllia sample, 12 inches in diaﬁfter. In other
pieces of the same material density variations of + 0.2% within 2 single

body have hecen reported (Ref. 14).
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Although Dudemans has demonstrated the effectivencss of a
continuaus production pressure sintering system {Ref, 6), batch processes
still present much incerest. The utilization of many die assemblies
ﬁich are preheated, passed under a press,. and then cooled has been
_ described, but die costs can become a prﬁhibitive factor, - The stacked
pressings of 'a number nf pleces in a single die, used in the develop-
ment of this thesis, aé well as group pressing of a.numbef of &ie
assemblies, have been used successfully on a eemi-conkinuous basgis.

These twe technigues, combined into a single, multiple-lafﬂr and muitiple—
cavity die arrangement, Wer® employed for the preoduction of a large

mmber of small {0.5" dia, x 0.2" long} thermoelectric elements

(Ref. 35). -

The applicatiocn of pressures much larger tham these indicated
in Table 1 opened new perspectives for the hot pressing of ceramics,
Before 1%64, the majorif} of ultrahigh pressure research had been
perforned at pressuces abowe 725,000 psf and, except for t.he nowclassicel
synthesis of dizmond and a few other ﬁase_s, was limited to metallic
gyatems. Vasilos and Sprigegs (Ref. 24) dggcribed in lﬂﬁﬁ,; 1,000,000
psi pressure sintering apparatus capable of producing 0.5 inch in
dismeter by 1.0 inch long oxide camples. Densities in excess of 99%,
with grain sizes bélaw one micron could be achieved for Al ﬂ3’ Mg0,

. _ 2

Hi0 and Criﬂ3. Althcough the strength of specimens prepared at very high
pressures is low (probably due to the fact they are densely packed,
but hawe weakly bonded grains), this does not indicate a drawback for

applying the process in the case of actnide oxides nuclear fuels, hecause



for thom,mechanical properties are not always critieal, The potential
utility of high pressure sintering for actinide oxides lies in decreasing
pressing times, The pronounced effect of pressure on the cimes
necessary to reacha certain density can be exemplified by consideriap

NiO. At 2000 psi, and 1100 % Ni0 attains 957 relative density only
after 500 minutes, The time i; decreasad to one half minute_{lﬂﬁﬂ tipes

less) when pressure {s fnereaged only ten times (Ref, 36),

B, Hot ?ressing of Actinide Oxides

Many references to uranium oxide hot preasinﬁ are found in
the literarure, but there is a dearth of infurmatiaﬁ-conua;ning thoria,

plutonia and U0, ~ThO,-Pu0,  compositions,

1. Urania
Murray and collaberators (Ref, 37) studied oxides of the

composition Uﬂz 0 {perticle size approzimately 5 microns) and HDZ 13

(particle =iz2e not reporred). Graphite dies were used.

““2 13 Yas produced by incomplete reductien of Ul'.'l3 This oxide

was utilized to study the influence of hyperstuichiﬁmetry, on densifi-
catiosn, known to be prbnﬂunced for normal sintering (Ref, 38).
Fig. 1, based on data given in reference 37, shows hot pressing

curves for Uﬂz 0’ LL3] and the results for celd pressed and sintered

2,13
specimens of Uﬂz.13‘
The pressing time at teﬁperature was 10 minutes and the pressure

used was 2000 psi, applied when the powder started to yield on heating.

Before heating, the pressure applied was 1000 psi.



Curve A shows that the rate of sintering of "ﬂz.ﬂ below
L700 % 1s very 8low. After 1700 °C the density increase is rapid to
a nmaximum bulk density ﬂf_ 9,55 gfce (87.1% theoretical dansi.t]r}.-

With UDE.IB {curve B), Eintﬂring becomes appreciahlg at lﬂnﬂut.
A maximm 96,57 theoretical density was reached at 1900°¢c, At
temperatures above 1800 °C the samples were wesk and brittle, usually
breaking on extraction from the die.

curve C represents the values nhtained after siutering cold
preesed Uﬂz 13 in argﬂn for a perlod of 2 bours. The high values of
densities, relative to curve B are tentatively explained by the non-
reduring atmosphere élluwing the increased rate of sintering_tu
ovecur A58 a result of the hyperstoichiomerric proporticn ef oxygen. In
graphite-die hot préssing a reducing atmosphere exists, ﬁpllifying _
the increased rate of sintering usually resultiﬁg from the applied
PTESEUTE.

Prom the work with urania and other ;xides, it was concluded
{Ref, 39) that there is a pronpunced effect of particle size en the
hot pressing charzeteristics, This 1s consistent with results of

experiments develéped more recently by Vasilos and Spriges with NiO,

for pressures in the 500-2000 psi range (Ref..ﬁﬂ}. However, for

pressures around 20,000 psi (time: 10 minutes) the influence of particle

size is not very large.
One of the important observarions presented by Murray in his hot

pressing studies {Ref. 41) is that powders can be characterized by &

13

particle size whose value lies berween those obtained with air-permeabilicy
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- ) . S}ntered Uoz.13
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TEMPERATURE °9 x 10%*2

Figure 1. Hot Pressing Characteristics of Uranium Oxides

(Data from Ref. 37).



and gas-adsorption, These two metho&s give extreme limit values. The
highest cerresponds to alr permeability, since in effect agglomerate
eize iz being measured, whereas a low result originates from the other
méthud, due to ﬁdsarptinn by.mnrphnlngical features like cracks and
rough surfaces. As an t1llustration, air-permeability and nitrogen-
adgorption measurements of particle size for the heaéy magnesia, used
in Hurfay's experiments, gave l.6 and 0.04 micrﬁns respectively. This
is an apparent sire ratio of 40, According to ﬂlnyfnn {Bef, 42) the
ratio determined from these tvo methods can be termed “roughness” or
Pporosity factor." The ratio may give some indication of the degree
of ruughness; porosity, irregularity and nonuniformity of the powder
particles, When this ratic is unity, {t can be assumed the powder is
" nopperous and smeoth, |
Table 3 {data from Bef. 43) gives the surface areas for Uﬂz
produced by .different methods. S5 and SP are the total and external
purface areas, determ;ned respectively by gas-adsu£ptinn and air
pemeability.

Considering the powders as spherical particles of known density
d, it {a easily shown that the surface area B -=_Ji__ s D being the
diﬂmeter.nf the equivalent sphere {Ref, 44). w

Teble 3 indicates that the values of § SP for Ud,, although not

G/
a0 large as the one corresponding to the heavy magnesia previocusly
wment ioned, precludes the adeoption of a single number as characteristic
of surface arca,

Amato and collaborators {Ref. 45), in their characterization of

an urania powder for pressure sintering, gave both valucs of SG and SP.
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TABLE 3%
SURFACE AREAS OF uo, POVWDERS
Methods of Preparation : Surface Area (m Jee)
. Total External .
(501 -(SP} Sﬁfﬁp

1. High-pressure steam oxidation .

of uranium 12.9 3.1 4.2
2. Air pyrolysis of 0D, (NO.)

68,0 to Ujﬂs; hydrogen )

reduction to Unz** 6.4 3.1 2.1
3. Hydrogen reduction of vo,

Zﬂzﬁ ' 8.8 4,1 . 2.1
4. Hydrogen reduction of

smmonium carbonate precipi- ' .

tated diuranate 40,7 &1 - 9.9
%. Hydrogen reduction of ammoniam

hidroxide precipitated -

diuranate ar.4 . 13.9 2.7
&, Hydrogen teduction of urea . :

precipitated diuranate 42.1 12,6 1.3

* Data from reference 43,

**% Mallinrkrodt Works material used in PWR {Pressurized Warer Reactor)
Core 1.

Such is also the criteria adopted in the development of this thesis,
whenever t££ necessary instruments were available.. Eowever, it 1a felt
that Murray's observations menticned before, concerning the particle
size effective in sintering, temain walid: the surface area character-

Istic of the powder in the densification process is really betrween SG and SP.
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Murtay makee (Ref. 37) & distinction between two types of

uranium oxide powders ﬁrepared by reduetion of U0, with hydrogen,

3
depending on whether or not the reduction temperature 1s clase to

the point in which sintering of primary cryﬂ:alli:es oCcurs,

Cntegnry A cnmprises powders where the preparation temperaturen did

not ceuse primary crystallire sintering. The primnry crystallites

are geparated and have residual vacant sites therefnre.presenting high
'nurface—Energy. Subsequent hot pressing will be rapid. 1n catepory B
the uranla primary crystallites agglomerate, forming relatively large
regions contalaning closed pores, Consequently the rate of pressure
¢iotering is slow and porosity is retained for a longer time. Apparently,
these categories cam be used for other oxides,

It will be scern later that the thoris powder, used in some of

the experiments described in this thesis,'neems'tn belong to category

B.

Scott and Williams {Ref, 48) studied the warm pressing of UDE

at 800 °¢ under pressures up to 20,000 psi, The hyperstoichinmétr[c

oxides UIJ2 08 and Hﬂz p Were wvarm pressed 1o the range 2000 - 20,000

psi, using a die of TiC bonded with Ni, The fesultﬂ are presented
in Figure 2.

Ii.ll.'l",!ﬂz pellets were pressed in a Himoni; 80 die, but the Tesulring
compacts fractured. This was attributed to dimensional change on

cooling, due to the difference in the coefficients of expansion of

Uﬂz 2 and the die material., Using a modified die, in which the compact

was ejected In a protective atmosphere at the maximum operating
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Figure 2. Densification of Non-Stoichiometric Uranium Oxide at 800 °c
(Ref. 46).
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. tempevature and cﬁnlnd without the die, a sound piece could be
obtained.

To avoid the prnhlém created by differential expansion, a
TicC die wae employed 1in subsegquent experiments, TIC has a t;:ean
coeffictent of thermal expansion of about 10 x lﬁ-ﬁ-focl practically
the same at'ﬁﬁz; ,

The surface areas of Il!‘.'.ll2 20 and UDZ 08 were & and 2 m/g, deter-
mina# hy-ﬁz adsorption, corresponding teo equivalent Epherical particle
diametersrnf 0.1 and ﬂ.25’l.

Twe 30 g loads of each material, separated by a TiC spacer }"
thick, were pressed simmltanepusly from opposite ende with a floating
die bady. Thg vhole dia assembly was hesated to 800 °C in about twen¥y
minutes and held at this temperature for ten minutes, the pressure
being malntained constant during the e#periment. The fall of pressure
on the gauge attached to the press Indicated that densification started
#t 600 °¢ and stopped after 2 or 3 wminutes at the top temperature, |

The oxygen: uranium ratio of both samples remained constant
witﬂinli 0.01 of the original value.

From figure 2 it can be concluded that the.effe=t of pressﬁre
is prnnounced.in the range 2000 - 12,000 psi, This range.is well above
that utilized with commen graphite dies, As far as densities are
-cuncerned, there is a definite advantage to using UGE.Z' instead of
V92, 08°
The constancy of the oxygen uranium ratlic mentioned before

demonstrates also the possibility of hot pressing uranium orides in the

absence of protective atmoasphere,

19
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Scott concluded rhat further work was needed to determine
vhather a plastic flow or a diffusfonal creep mechanism is responsible
for the densification of U02.1 and "Dz.ﬂsi
the determination of the effect of oxygen stoichiometry on plastic

In a study of suﬁh_nature,

flow and diffusion rate of the cation was cﬁnsideréd essential,

‘The most significant contribution eof Scutt's.gurk wag the
demonstration that pre;sure sinterfing of uranium oxides is fegsible
in the temperature range where conventional automatic- powdar metallurgy
equipment is currently available. However, the utiii;ation of
nonstoichiometric uranium compounds in nuclear power Feéétura does not

' constitute common practice. Therefore, a serious abﬂfacle for
industrial application of the warmlpressing teahniqugfdescrihed still
renains., .

Amato and eollaborators {(Ref. 47}, unsing an alﬁmina—lin&d
graphite die and UDZ.D {whose characterjistics are givEn in Table'é},
hot pressed speciﬁens at 4000 - 8000 psi for times ranging from 15 ro
40 minutes and at temperatures of 1100 - 1200 “c. Fiﬁure 3 shows the
relative denzsities they obtalned, The rE5q1ts, congistent with those
presented in-figure 2, indicate =2gain a pronounced effect of the applied
presgure on the final density.

" Amato concluded from his experiments that the plastic flow
model developed by Mackenzie and Shuttleworth (Ref. 48) and modified
by Hurray and McClelland (Ref. 49) £s more likely to hold than the

Nakarro-Herring creep model (Ref, 503,
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TABLE & (Ref. 47)

CHARACTE®ISTICS OF THE STOICHIOMETRIC URANIUM
DXIDBE USED BY AMATO AND COLLABORATORS

. Real density ‘(CCI.‘.‘) (ﬁfﬂrz} . . | 10,39
Tap density fgfcc} - 2,12
Average particle diameter (Fisher), (micron) 2,80
Total aurface area SG {BET), {mzfg} | 3.69
External ._surface area SP {mz-"g} - D.24
Roughness factar ) 15.37
DTA: let oxidation peak (OC) 205 ]
Temperature difference between 18t and 2nd
oxidation peaks (°C) o : 120

ofU ratio Coe ' 2.00)

HultisPEEimen hot pressing of U0, was developed at Argonne National

2
Laboratory by the author. Part of the results are published in reference
3, Pressings of five to eleven plates I x 2" x 0,25" were made in
graphite dies at temperatures from 1400 to 1623 °c. It was shown the
technique is amenable to close dimensional rontrel. Density variation

of specimens within one pressing was approximately 0.5%. Plates and

discs were produced, the thickness being maintained within +0.005" or

betrer.
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Unexpectedly, carbon pickup apparently inercaszed for Lower
hot pressing temperatures, An explanation of this will be presented
further, in thi; paper. |

The carben contamipation could be Finimized by a-h}dfnéen
annsaling treatment after pressing. This probably resulted from the

presence of a .small ampunt of H_ 0 in the hydrogen atmosphere,

2z
Uranium carbide was observed in plates hot pressed at 1625 oﬂ,

using £S5 grade graphite {(Ref. 10): no carhide formarion developed when
the stronger ATJ graphite grade (Ref. 10) was employed;

The demonstration of the mltispecimes hot pressinog feasi-
hitity showed that a producticn process was possible for thé fabrication
of relatively large bodies of nuclear ceramic oxides. Such a process
lends irself well to glove box uperatinnS,-due to its cﬁmpactntss.

Reactive hot pressing of Uﬂz vas extensively studied hy Warren

and Chaklader (Ref., 18). U0 obtained from calcination of uranyl

24X

exalate in N, at €00 ﬂC, which was pressure sintered in N, at 700 oC.

2 2
for three minutes, produced a finsl density of 96 te 98% of thecretical.

This exceptional result was attributed to the nopstoichiometry ﬁn&

pub-micron sized particles of UD produced by caleination. High

ZrX

density UQ, pellets were also obtained using uranyl oxalate as starting

2

material.

The kipetics of hot pressing of WO were studied in the tempera-

2+X
ture range 500 - 700 oc. The process activation energywas 56 k:al!mole.
Since this value corresponds to the ¢reep activation energy of nonstoi-

chiomctric urania, Warren and Chaklader concluded that the rate contrelling
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mechanism for densification during the fingl stage and for the éreep
process are the game. For the creep process the rate determining
step waz considered to be cation self diffusion in uraenia.

The wetk of ﬁudemans (Ref. &), previcusly mentioned, is poseibly
the first to describe an apparatus for the continuous hot pressiné
of urania, The charantefizatiun of th; uranla powders used is pot
. Elven, neithe% are theISPEEifié operating cunditiuns. Rods with a
bulk densiéy of 98% of the theoretical were obtained withk the required
dimensional accuracy for urilizarion in nuclear reactors.
| 2. Thoria o

Murray and collaborators {ﬁgf. 17), hot pressed thoria of 99,9%
purity in the temperature range 1300 - 2000 °C, using graphite dies.
The pressure was 2000 psi, applied when the powder started to yield.
ihn time at maximum temperature was 10 miﬁutes..

Figh;; 4 shuws.;he densification of the thoria (curve Ay, for
different Eemperatufes. A rapid density Increase exists up to 1704 lulC;
a payimm density of 0,78 gfcc is reached at 1900 ®c. Curve B presents
the densification for thorium carbonate (with decomposition te Thﬂz}.
This is an indication of what was to be called "reactive hot pressing"
.Bume ten years later.

For these experiments the powder characterization was oot estab-
.lished. This unfortunately decreases their value for the purpose of
compariscn with results presented in this paper,

The highest rates of densification for Th(CDj}2 were attributed

to a larger preportion of vacant sites in the Thﬂ2 a5 formed, and these

aszlsted the early removal of agglomerate pores.
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3. I]IZI'2+X - PuD2 - Thl‘.'l2 Composition

Aot preesing of these astinide oxide ecompositions seem to have
been reported only by the author of this thesis and his collaborators,

‘during the development of experiments corresponding te the investigation

described in this papetr.




I11. EXPERIMERTAL PROCERDURE

A. Preliminary Mork at Argonne National Laboratory

The preliminary reasules of UD - ThO

2 2
were presented briefly In an Argonne ‘National Laboratory Internal

compositions hort pressing

repnft (Ref, 51), corresponding to work aceomplished by C. T. de Freitas
in cnuperaticﬁ with Summey students. The investigation was developed
1n-the fuel Properiies Group, ﬁanaged by J. H. Handwetrk. The sigﬁifi-
cance of the results obtained consisted in the demonstration that the
= 20 wfo ThO

composition DO could ke hot prgésed te 90% of the

Fd 2

theoretical density.

Pregsure sintering of U0, - 15 w/o Pul_ was investigaced by

2 2
€. T. de Freitag at the ﬁrgbnné Naticnal Laboratory Plutonium Facilities.
Most of the results were presente§ in refereﬁce 2, as part of the work
developed for the completion of this thesis.

A significant part of the Liquid Metal Fasat ﬁreéder Reactor
{LMFBR) development effort at Argonne Rational Lahoratory (ANL) is
directed toward reactor physics studies. To permit reactor physigs
studies of larpe LMFBR cores a Zero Power Plutoniuvm Reactor (ZFPR) has
been constructed, The bulk fuel for ZPPR consists of rectangular
prismatic plates of U Pu ¥p 2lloy jacketed in Type 304 stainless steel,

Present emphasis on oxide fuels for LMFBER application dictates
the need for physics information specific to oxide compositiens. Qxidu

effects will be determined in zoned experiments in ZPPR using plates

geometrically similar to the bulk fuel but roncaining (U,Pu}ﬂz. The

T
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dimensional specifications on the required oxide fueled plates include
a minimm gap between fuel and jacket, close tolerances on flatness,
and controlled stoichiometry and total impurity content.

.Although the fuel :nreﬁ can be made by ¢nﬁventiona1 cold pressing
and sintering teciniques, this process is composed of many steps and
ip not suitgﬁ to conveniently meet the size and dimensional tolerance
requirementa. For thié reason hot pressing was considered as an nltefnate
fabkricarion procedure.

Beceuse of the lack of published informatjon on hot-pressing

of 10 _-Pud,,2 parametric study was initiated to determine the effects

2 2
of time {t)}, pressure (P), and temperature (r} on fingl compact
denaitry {DE}. Ir this manner, practical ranges of temperature.and
pr;ssure te attain desifed densities were defined.

The hut'pressi;g unit nsed in this series of experiments is
deseribed in reference 2. In inltial'experimentﬂ,.graphite dies and
.punches were used due to their high temperature resistance, easy machine-
ability, and relatively low cost. For the determination of the functien
nt = £ {T,P}, 5ingle-sample hot pressing was performed in the tempera-
ture range 1000-1400%¢. 1In further experimentation multisﬁecimen hot
pressing was developed using 1" diameter and 0.75" square dies, made of
- ATY grade graphite. The layers were geparated by ATJ graphite pieces.

In this manner three samples were hot-pressed at one time.

A photograph of the hot pressing apparatus is shewn in Figure 5.

The hot press is capablé of being controlled within + 10°C. The pressure

during an cxperimental run was maintained manually. Subsidence was

measured to + 0.001.™
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A typical hot pressing run on a single plaFe ;as conducted by
£111ing the dle with 40 g of Uﬂz-lﬁwfohﬂé.' The assembled die was
prepressed at SQQ psi to permit ease of handling, and_icaded inte the
furnace cavity, The press was then closed and a predetermined force
exerted by manually pumping the hydraulie press. The dial indicator
uag set at zerc and the furnace heating cycle Startga. All runs were
rade on a fixed temper;ture and time ecycle,. The présﬂure on the single-
acting press was walntained ﬁt all times during the het-pressing cycle.
As the femperature increasad any subeidence was nated; The specimen
was maiotained at ma;imum temperature and at fixed pressure for a pre-
deterﬁined peried of time, It was found that only ten
winutes ar temparature was sﬁfficient to reduce the subsidence to
essentially zero, |

After the specimen was ﬁel& at maximm temperature and pressure
for the desired pericd of time the furnace power was decreased. When
the die had cocled to room temperature (in abour one hour) the press
platens were separezted and the die was removed from khe furnace. The
specimen was ejected from the die aﬁd its thiekness, width {or diameter),
Iength and density were determined. Particular attentian.was paid to
thickness variation and irregularitieg in surface. Samples for chemical
analyses were taken after thorough mixing of erushed and puwﬂered
specimens, |

The two types of depleted uranium oxides were used: U0, code

2

TF-1, an oxidized-reduced oxide prepared at ANL, and U0, code TF-4,

2

a commercial ceramiec grade powder, from Kerr-McGee. The ‘Puﬂ2 was produced

by teduction of oxalate at low (?EUGC} temperature., Table 5 gives the

characteristics of these powders.
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TABLE 5

“GH&RAETERISTICS OF THE URANIUM OXIDES AND Pu0

DSER 1IN THE HOT FRESSING OPERATIONS 2

“nz

Characteristics Code TF-1 " Code TF=4 Pudy
Particle EiZEI(FischETI
Microns 1,20 ] 1,04 £1
Oxygen wfo 12.49 12.42 .12.38
Metal wio 87.85 87.46 87.74
OxygenfMetal
{Atom ratio} 2.11 2.11 " 211
Nitrogen ppm 90 T 150 - -

Carbon ppm - . 85 245

The pxides described above were hlendeﬁ using a manually operated
¥=blender on batches weliphing about 70 grams. The reuulgs aof chemical
analyses performed on 0.5 gram samples taken from three different
locations in one batch are shown in Table 6, The extremes in the
reported apalyses were 0,3% for uranium and 0,967 for plutﬁnium. The
extreme variation between samples were 0.437 for uranium and G.6BL
for plutonium, The average ratio of uvranium to pluteonium wias 5.73:1,
which w;s the target blend, This result was considered adequate to
justify mapual blending of oxides for the parametric studies of imme-
diate interest, They did not, however, satisfy the stringent homogeneicy

requirements placed on oxide plates for reactor physics experiments.



32

1:€L°S

Ti6L°S

‘1498°S

1:66°S

——

nd/n

.

'

*3ay’
ot°r8” 1821 szt 18Tl se*oL | 99"wL wwtwL €
€L°98 ° €921 19°71 6921 80° L 10°%L 91" nL z
[2'88  67°€l L6°€1 10°€T 8L 4L €6 4L €9° 4L T
o/m. - A q v g v
"1®39N ageaaAay UOT3RUTULID]A(Q a3e19AY uoTjeuTWIRIVJ a1dueg

18303 . (o/n) ng : (o/n) n

v

ATIVOANVR JIaANTTIE STINLXTIR woamnwo= NI' INJINOD IVIIX J0 SISATVNV

At

9 TIdVL



A total of 18 runs wvere wade in an attempt to relate final plate
“‘density to the temperature and pressure employed during hot pressing.
The results of seven of thesé runs are shown in Figure & which i5 a plot
of b and T for a constant pressure of 3820 psi for 1" diameter single

gamp Le hnt-ﬁ{essing of UD,-15w/oPul

2 2’
theoretical were obtained at 1400%C. .

Densities as high as 93% of

A triple layer hot pressing of sgquare élutes was perfufmed at
1500°C at a pressure of 3820 psi and a time of 30 winutes, The results
of this run are shown as a sguare on the above figure, The tablets
averagad 95;?1 theoretical density and had an average thickness variation
of + 0,5%, |

Sceme clues te the relative value qﬁ densification p&rameters
can be obtalned from studies of the subsidence of the :nmpacts.during
pressing. Figure 7 is a curve of subsidence and rate of subzidence
versus temperature for three hot pressing rums at 1000, 1200, and 1400%,
Since the temperature-time cycle during hot pressing was maintained
censtant for all runs the subsidence curves are commen to each run.

Frem this curve one can see that about 75% of possible deasification
has taken place at about IDGDDC. The time devlvative of the curve,
which 1s rate of subsidenc;, ¥ields the fact that the maximm rate of

subsidence for the powders employed occurs at about BEUnE. 1t is

33

apparent from these curves that temperatures above 1100%¢ yield diminishing

returns, The imporrance of remperatures higher than 1100%¢ 2re relative

to the necd for high density bodies approaching 95%.
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Fipure 6. Density Versus Temperature for Hnt- Presszed Uﬁz- 15wfo Puﬂz.
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Chemical analyses of samples fram-typical hat pressed plates
are shown in Table 7. The effect of hot preséing upon the :hemistfy of
the material is a change in 5tnic.hiometr:.r and an 1ncrc§sa in the carbon
content. The change ;n atoicﬁiumntry.is manifest asﬂ; reduction in
the oxygen-to-metal racie for hyper-stolichiometric matefial subjééteﬂ
to hot pressing at 1000 to 1400°C,

'.Ho #ttempt was made to dlstioguish between the effects of thermal
deccmposition and carbo-thermic reduction. The average carbon pickup
in the hor pressed plates was 260 ppm. Although one wﬁuld expect
carburization to be influenced.hy temperature and time, ﬁu such trends

were apparent.

B. Hot Pressing Equipment

1| UD - Thﬂ

2 4 X 3 Compeaitions

Most of the hot pressed UD2+x - Thﬂz composition experiments
vtilized the apparatus shown In Figure 8, A slightly ﬁndified version
ijthe same assembly, used for UDE’ iz given in Figure.ﬁ,

A& 25 EVA, 10 kilocycles induetion heating unit was arranged to
work in conjunction wirh a 20-ton hydraulie press, |

Pressute and power were controlled manually, Temperature
measurenents were made with a diéappearing-filament pyrometer sighted on
a vecessed hole on the top cf the die, Czlibrzation runs apainst =
platipum/platinum-13% rhodium thermocouple inserted in the die, with
the junction near the center of the compact, gave readings within + lﬂnc

of those obtained optically.
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The aies, approximately 5" diameter and 5" high in external
dimension, were machined with square ot g;ircular cavity croes sections.
The grade .uf g.r'aphite normally used was ATJ {Ref.-lﬂ); the softer,
coarser grained and not Ea1strnng CS grade (Ref. 10) was also employed
in a few experimencs. - sel . -

In Fiéure.9.it can he‘sggn that the induced high-f{requency field
1s restricted to the graphite svsceptor; therefore, the die assembly
is actually heated by radiatfon, The heating wn#ld be much faster
1f “induction coupling was directly in the die body. Considering this
Eact, the author dasigned and supervised the construction of the
induction-heated hot pressing apparatus shhwﬁ in Figure 1fi, The 5
diameter graphite die is lucéted very nezr the induction ecoils, ipside
& quartz vaeuum chamber, Consequently, i£ can be heated much faster
than in the assemblf mentioned previously.

The single-actﬁn presses depicted In Figures 8 and 9 would
requite complicated flozting die sets to get uniform compression from

above and below. When fleoating dies were used with single-action

presses for multispecimen pressure sintering, the compacts on the top

9

of the stack had higher density, The variation reached 1,27% of theoreti-

cal density, for Iive specimens formed simultaneously at 1625°C. For

this reaszpn, the press shoun in figure 10 was built to act in two epposite

directicons, with oleodynamically operated (Vickers system) water-cooled
stainless steel double-action plungers. Of course, presses of this
type lose some cof the cuﬁﬁactness of corstructicon which has marked

many 0f the most recent hydraulic-press creations. Presses applylng high
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Figure '10. Hot Pressing Apparatus Using Double-Action Press and Vacuum
Furnace, Induction Heated. '
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pressures from two opposite dire:tiun# may be extremely tall, nausing
difficulties of instellation if_the¥ are intended to work inside normal
sized glove-boxes; The press might be installed in 2 horizontal
-pnsitiﬂn. - - |

The double-actian press and induction heated furnace operated
quice weil_at temperatures In the_lﬂﬂﬂ - 1250 ¢ Tange, wi#h 2 maximum
load of 10 tons., In s;:H conditiong, the lowest pressure attained
in the vacuum_chnmher was 0.2 mm Hg. The gquariz chamhér ;ould operdte
also with inert or reducing gases. This hot pressing apparatus,

designed primarily far the study of UD reactive pressure sintering, was

2+%
completed only a. short time before the termination of thia-resenrch.
Consequently, anly preliminary experimentz were developed iith it.
ﬁcéﬁfﬂing ts ‘Gretzel (Ref. 21), the main_gdvﬁﬁhﬁhe of induetion
heating lies in guicker heating and cooling of the die, eliminating the
necessity for ejecting the hot-pressed cumﬁaEt. In certain types of
experimental work this.is especially aévantageuus, since the danger of
oxidation during cooling, after ejectlon from the hot dle, must be
avoided., In an inert atmosphere glove box. this problem would be less
acute. However, the same author states that "resistance heating 1s,
perhaps, the most interesting method." In this case, heat 15 generated
efither by passing a current of higﬁ.amperage through the pawder or
preformed compact, or by pa;sing the current through the die,

Resistance hcating seems also to be particularly adegquate,

when continuous processes are considered.
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. In hiz contfnucus hot pressing apparatus, Cudemans {Ref, 6}
used an alumina dic, heated to the required temperature by a resistﬁnce
wire {platimm-rhodium) wooend in a helical groove ground in the outer
surface of the die wall, |

For -this investigation of Uﬂ2+x reartive hot pressing, it wag
decided to utilize a reaistance.furnace. This would facilirate the
future pussihility of develupi;g a cantiqunus hot pressing_syatem.
Figure 12 shows the reactive hot pressing apparatus.

The pressure was applied by a 50 ton Habash* hydraulic press,
This press could maintain & pressure of + 200 psi of the de;ired value
throughout the entire operation, It was cglibrated against a known
hydraulic pressure.

The dies were the same used with the induction heated furnace
previously described.

A echematic of che assemﬁly is showm in Figure 13.

For the temperature control two Pt - Pt 10% 8h thermocouples
wefe util{zed. One was inserted in a 3/8 inch diameter bole drilled
in the die wall, parallel te the die axis; it was positicned at the
game height in the mnld as the sample, and was connected to = HnﬁEywell**

Electronik strip chart econtroller. The other thermocouple, used to

prevent any temperature excursions, was near the resistance wire, In the

*abash Metal Products Co., Wabash, Ind.

**Hinneapﬂlis—ﬂoneywuil, Fhiladelphia, Pa.
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position indicated in Figure 13. Tﬂmp;rature variations during the

operation.were estimated to be smaller than 5°¢. In the range 700-

1150°c, a thermocouple embedded in a UG, sample indicaced differences of

2
temperatures smaller than ISGC, in relation to the die wall tempera-

ture,

Some 1C, and Ihﬂz hot pressing experiments were developed

using equipment described in the next section, designed for plutonia
work, This was necessary to standardize the conditions of operation

to compare the hot pressing characteristics of U02+x, Thﬂz, Puﬂ2 and
U0, ., - THO, -IPuDZ compositions.

2, o - T'hﬂ2 Compositions Containiag Pud

2+F 2

Since the maximum permissible limit of plutonium in air is

1 gfm3 {(Ref, 52), complete physical separation from

only 3,2 x 107
such material is essential for the protection of operators or persopnel
working in the vicimities, Plutonium compounds have been cowmonly
handled in windowed enclosures by means af arm-length neoprene gloves
with gauntlets attached to flanges of glove ports through the walls of
the enclosures, These housings are currently referred to as glove
boxeg, when they are used for process enclosure only.

All the hot pressing operation:z of UD - Thﬂ2 compositions

24X
containinhg Puﬂz werae developed at the Argonne Naticonal Laboratory
Plutonimm Facilities, Figure 11 shows the Argonne Building 550 glove

box PF=6 where the first pressure sintering experiments took place.

Pr-6 operates with negative pressure nitrogen atmosphere.
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Two hot pressing assemblies had ro be.designnd by the auther
for plutonium glove box cperatien. The drawings were based on the

experience cbtained with the U0 =~ ThO, compositions hot pressing

24X 2
apparatﬁs (Figures B, 9, 12) then fn successful operation for ibnut
six months. ‘

'LTﬁé-bbééiﬁiii;y.of &é;giﬁping a continuvous hot preseing system
later was again one of the reasons why resistance furnaces were chosen
for the pressure sintering ¢perations, MHWecegssary water cooling of ﬁhe
furnace outer shell to avoid excessive temperature tise of the glove
boxes nitrogen and*ﬁelium atmaspheres, was much easier with resistance
heating. Induction heated furnaces were also considered for tﬁe job,
but metallic water cooled jackets would be larger than in the previous
case, to avoid the effect of induced curraﬁts.

The censtruction, testing, installatien and prEIiminiry
operations of those apparatusec took a considerable length of time, The
{nsztallation was especially delicate since it was essential to utilize
gloves during the entire job. It was estimated that the assembly of
hot pressing eqﬁipment inside a glove box, already im operation,
requires at least triple the time ef a similar job performed outside
the enclosure. It bacame apparent that a much more efficient procedure
would be to inelude the protection facility in the original design of
the entire pressurc sintering system.

Figure 14 shows the hot pressing apparatus utilized for the

fabrication of the actinide oxide compozitions containing plutonia.
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Figure 14. hpparatug used for the Study of UDz+x - Tho2 - Puﬂ2

Compositions Heot 'Pressing.
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Figure 15 preseﬁéﬁ the large platinum-rhﬁﬂium resistance furnace
employed in the prpduction of 2" x 2" x &% Uuz - 0.2 wfo Puﬂ2 places.

Both furnaces shown in Figurcg 14 and 15 used the same basic
design presented in Figure 13, with major modifications only in the
cooling system and type of resistance wire.

.. . - The smaller furmace (Figures 11 znd 14) had a stainless steel
water cooled jacket, while the other ﬁnit (Fipgure 15) eﬁflnyed a
- system of cnnling coils, Both usaed platinm-10 wfo rhodivm vire wound
in.the outet éurfaﬂe'uf alumina tubesz 2'" and 5" diameter respectiwvely.
The temperature-:nntrul and its calibration were 3£miiar to those
edopted in the case.uf the teactive hot pressing furnace described
in the forepoing section (Figure 13}.

. A Carver™ laberatory press was used for the experiments developed
with the small f;rnace {Figure 14), The accuracy of this press was
estimated to be + 50 psi, - Pressure calibration was done against a
calibrated ztrain gauge.

In some experiments, & pressure transdecer capable of measuvring
up to 3500 psi, was installed on the press hydravlic line, the cutput
recorded on & dual channel facurder. & low voltage differential trans-
former {LVDT) measured the displacement af the materfal under compressiom.

The output of the LVDT was used to drive a second channel en the two

channel re:urdq;. In the preliminary testing of this hot pressing

*Fred 5. Carver, Inc,, Summit, R. J,

st R IE T hoeie PR AER
HBTITUTO O pEROUITAS E~T RIE oot P k
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FTigure 15.

Hot Pressing Furnace Used for the Producticon of 2" x 2 x "

UD2 - ?uﬂz Plares.
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apparatus, it wns.shnwn that a 2" subsidence could be measured ﬁith
an absolute pecuracy of + 0.01 inch. Thie was accomplished by a |
combination of twe LVID's, one having a raege of 0 - 2,0, the other
hlﬁing a range of 0 - 0,1" with an accuracy of one wicroinch, 'Tﬁe
subsidence was recorded with the fir;t VI, votil the deformation
was within approximately U.GSJ'af the required deformation, éhen the
" second LVDT was uged t; indicate subsidence. By using this precin;
measurement technique, density could be Fﬁntrnlled accurately,

Most of this Eqﬁipment was built or modified at the Argonne
National Laboratory electronic shops,

| fn most of the hot pressing runs deveiaped with the Cﬁrver
press, the subsldence was measured with a Starett dial indicator,
accurate to + 0.001". It was fixed to the press base and measured
displacementz of the press platen and hence subsidence, Calculations
of the corrections to be introduced in the measured subsidence values
to determine sample shrinkage, were made by considering thermal
expansicn and.defurmatinn of the system under variable load.

The large hot pressing furnace shown in Figure 15 ;as operated
with a 50 ton single-action hydraulic press, subsrantially wodified
at the Argonne National Laboratory mechanical shops and assembled in
the ANL Plutoniuvm Facilities building 350 PF-5 plove box. Sioce PF;S
operates with helium atmcosphere, special attenkion was given to the
problem of cooling the furpace shell, in order to a}uid excessive

heating of the glove box. The much larger sizi:d furnace and the higher



. thermal conductivity of bhelium produced ﬁferatinnnl procedures different
than thE'pré%iﬁusly mentioned smaller préssqre sintering aystem,
installed {n the nitregen filled glove box PF-6.

In the 50 ton press the pressurc was maintained manuzlly and
read from a Buurdn; gauge, calibrated with a strain ring.. Spbsidences
were medsured with a Scarert dial indicator, accurate to # 0.001",

C., Materials Freparation

1. Uﬂ?_+-x

uﬂﬂﬁ was prepared by caleining for 5 hours at 650°¢C a comuercial

ceramic grade nuclear purity depleted urania powder, from Eerr-McGee

(TF-4, see page 29), U0 with X between 0,03 and D.67 was prepared

2+4X°

by partial reduction of U3UB in hydrogen at 700 %¢ or by mixing the

prafer compositions of the powders obtained in the reduction operations,
The mixtures were wet-milled 24 hours with X" diameter alumins balls
and benzene, in porcelain vessels rotating at 75 rpm,

UDZ code TF-1 (page 29) was 2z powder obtained by successive

oxidations and reductions of UD_ produced at Argonne National Laboratory,

2
with expected very good sintering characteristics. With a final

oxidation treatment, the oxygen:uranium ratio In this powder was

adjusted te 2,11, the same value of Uﬂz code TP-4,

¥o binders were added to the uranium oxide powders.
For I:he.l.'fﬂ2 TF-1 and Uﬂz TF-4 powders, a 325 mesh U. 5. Standard

sieve was employed te separate the finer fraction to be utilized In the

hot pressing experiments.

51
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2. Thﬂz

Ceramie grade nuelear purity ThD_, from Lindsay Coxporation was

2
utilized in the pressure s{ntering operntiﬁnﬁ. Only the -325 mesh

fracrion was used, with no binder addition.

3. ‘P‘lﬂz

The plutonium oxide utilized was produced by reduction of oxamlate
at 750°C. This low temperature is adequate for the formation ¢f emall

.particle size plutonla powder, This material was por sdieved,

b, Uﬂz+x - 'J.'hﬂ2 - Puﬂz Compositions
U0,y - 20 wio Ihn2 compositions were produced by wet or dry
milling for 24 hours, ﬂﬂz cade TF-4 with Thﬂz, using %" disameter alumina

balls and porcelain vesselﬁ rotating 2t 75 rpm. Xylene was the ligquid
utilized in the wet milling operation, It.was cbserved microsecopically
that dry milling promuted the formation of uranla and/or thoria
agglomerates as large as 500 microns; no agglomeration cnuld.be.nnted
1n.ﬁet milled powders.

Two methods were used furmixing'llﬂ'z‘l1 = 15 wfo Pud,. One of
Ithem, previously mentioned {page 31), utilized a "V" .
blender operated at about 30 rpm for 2 minutes, on batches weiphing
iﬂ grams. The other employed a Spex* He. 8000 Mixer/Mill. |

Foer mixing, a polystyrene wvlal was available with plexiglass

kalls. With this 5ysteﬁ, metallic contamination became impossible.

*Spex Industries, Ine., Metuchen, N. I,
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100 wl of matorial could be handled in each vial., When gtinding action
wdE pecessary, a tungsten carbide vial cpuld be used with two tungsten

carbide balls.

Pue to the previcusly mentioned tendency of the UDZ to

agglomerate in dry mixing conditlens, it was judged ;unveuient to

use the Spex not only as a mixer, but also as a grinﬂer. to assure

- ?uﬂz mixtures. Compositions prepared

in this way had excepticnally high densities when hot pressed.

better humogeneity of the uc,

The mixture of ThQ_ and Pul), was made alse usiﬁg the "W blender.

2 2
This same device was employed sgain to prepare some of the Uﬂz - Tth

compositions. 1In this way the mixing conditions were standardized and

the.Uﬂ2 - Thﬂz, vo, - Ful,,

The "V" blender 1= evidently of very low efficiency when

Tth --_PuD2 results could be compared.
compared with the Spex mixer. The "¥" blender was used for some batches
.to relate mwixing to final rasules, _ -

- Wet milliﬁg of U0, - Pud, mixtures with liquids such as water,
xylene or benzene was not recommended, since the hydrogen and/or carbon
présent in their molecules are good nuclear moderators, creating

special problems of criticality control. = .

"D, Powders Surface Area Measurements -

The surface areas of the UCI2 and Thﬂ2 powders utilized in the

hot pressing experiments were measured by an air permeability method

*
using a Fisher Sub Sieve Sizer, This apparsatus had a rated accuracy

*
Fisher Scientific, Chiecago, Tl1,



of 57 in the particle slgze range of 0,2 to 50 microns, Various
experiments develeped by the author on -325 mesh depleted UDZ indicated
alep a reproducibility of about 5%.-

The surface areas of ThD,, U0, codes TF-1 and TF-4 powders

2° 2

werse determined hy a gas-adserption technique. A Strohlein Area Heter*
wag used, Thin apparatus zmplufs e greatly gimplified wethod based on
the time consuming and highly complex BET progesa, A single point
evalvatfon was made, since experience had shown fhat #urfnce areas
obtafned in this way were only about 0% below the values obtained with
multiple measurements. The reproducibility of the surface area results
were withia + 3%,

According to the discusslon presented on ﬁuge 15, the Figher
methud'gives.a value curfesPunding to the external surfzee Sp of the
particle, while the Strohlein méthod determines its total sqrface
SG.

The surface area values Sp apd &, were converted to_partlcle

G
eize Bp and D, {page 15). -

Table B gives the particle sizes of the UD2+X and Thﬂ2 paowders
utilized in this investigation., 1In this table F is the pcrosity of

the packed powder sample in the Fisher method determination.

*
Strohlein & Ceo., Dusseldorf, Germany.
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TABLE B

PARTICLE SIZES AND ROUGHNESS OF U0

24X

S5

AND Tho, POWDERS

2

Parcicle size {(micron)

Maierial __ Methaod _
Fisher Strohlein Roughness

- p_fD

>, . b v

UDI code TF-1 1.20 ) 4,79 Q.45 2.7
uﬂz code TF=4 1.04 0.76 0,18 3.9
#303 D.71 D.B2 0,22 3.2
m2.33 0- ?5’ nnsz ) nvza ) 3.3
“32.15 0.81 U.Eq 0,16 5.0
Th02 " 1,95 0,77+ © 1,15 1.7

From Table 8 it L= seen that the Thﬂ-z particle size 1s consid-

eral:ly larper than the values corresponding to the other oxides.

‘Microscopic observation showed that the ThO

2

powder contained large

apgiomerates. This sugpgests 'the Thﬂ2 belonged to the category B of

Murray’s classificatien (page 17).

Mo equipment was available at the Argonne Wational Laboratory

Flutonium Fagilities for surface arca determination of the plutonia

powders utilized in this investigatien.

Howaver, the Arponne Natienal
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Leboratory Spacial Materials Section indicated the plutenia powder
particle size to be smaller than one micron.

E., Hot Pressing Experiments

1. X< 0,67

U0, xe

As an extension of the work described in refarence 6, ﬂ02+x

mulcispecimen hot pressing was developed using W, Mo, Ta, 'giassy
carbon" and Poco graphite piecas to separate the specimens inside the
dfa, Of these materials, ocaly "“glassy carbon" and Paco graphite did

not teact with the Uﬂ2+x 5365123. ATJ and C5 graphite, employed in

2¥X

hyperstoichiometric powders; such interactinn could be decreased

previous work (Ref: 3) reacted strongly, principally with UD

substantislly when filter paper liners were put between the graphite
separators and the urania powder, Fréﬁ these experiments it was con-
cluded that the utilization of "glassy earhon™ or Poco praphite die
inserts and separators would decrease the sampled carbon pickup signifi-
cantly:

Due to the loag delivery time of die inserts and separators
considered as the most adequate to avoid carbon contamination, It wa=a
decided to use paper liners between the ATJT graphire separators, since
the 1ife of those pleces was definiteiy increased in this manner,

In this phase of the investigation there were strong indiczatiens
that much carbon was being taken from the die wall by the abrasive

uranium oxides, during the course of the pressing., It was also apparent

thar this effeet increased with the die life and consequently was related
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te the die wear. This explains why the tarhun.pickup did not relate.
simply to the hot pressing temperature, a5 referred in reference 3.

The formation of a superficinl carbon layer on the hot pressed
gasples is consistent with the absﬁrvatinnﬂ of Murray et al., {Ref, 53},
that.indicated thé presence of 8 graphite skin in calela, alumina apd
zirconia hot pressed bodies; for these oxides such.nkin could be

removed slowly, by oxidation.

Cherical teactlon between graphite and U0, was also expected

2
for hot pressing operations developed over 1400°C. The kinetics for

this reaction was studied by Lindemer et al. (Ref, 54). It can be

shown from thelr work (Appendix B} that an. appreciable layer of carbide
fucz} can be formed between graphite powder and UD#, when such system

is maintained at 1615°C for ome hour {this temperature and time
cerrespond to the condirions of many of the hot pressing Tuns develnped}:
Figure 16 gives schematically some aspects of the graphite die wall and
Uﬂz interacticn.

The procedure for loading the die was as follows., The bottom
plunger wags inserted into the mold leaving a cavity depth of one inch,
the material being charged into the cavity over a'paper Iiner. A
paper liner apnd a graphite spacer ;Ere inserted after the powder was
leveled, Pressure of 300 psi was applied to force the material
dowvn to a level 5o more powder could be charged. This procedure
was repeated until sufficient material was available for the desired

nunber of specimens. A final pressure of 450 psxi was applied to the

aszembly before placing it'iﬁ the hot-press furnace. In some preliminary
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» graphite particle pulled away
from die wall durinhg pressing

-UCZ particle

ruo,, particle with UCZ layer

I"l'-t.ll:;'z partiéle

uo partially
2+x reduced

Die wall \\\‘
: The superficial layer C, containing carbide,
is pulied away during sample ejecticn.

Lbservation: - the mechanism of U0, sample - graphite die wall
- interaction can expiain why uranjum carbjlde is
not found in the hot pressed samples, either
" using ceramographic¢ or X-ray techniques.

Figure 16. 1Interaction Betweew Graphite Die Wall arnd UD2 Sample.
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‘experiments the initial pressure in the furnace was slight, but it
- was Ilncreased with time until the maximmgm temperature ;ns reached,
dowever, in most hot pressing operations the pressure was held
constant during all the operaticn. |

The rate of heating was_standardize& ﬁ? setiting the transe
_fnrmer vhich cnntrniléd the lpduction generator to give the same energy
iﬁput each time, At this setting, lﬁﬂﬂnt was reached in abour 90
minutes. At a temperature 50°C before that required, the wvoltage
was lowered to the appropriate walue and the timing for the pressing
operation starred. It Hgs'fnund that the die temperature increased
by about 50°¢c by the time the transformer ha& been reset. 1In thi;
manner it was possible to control the temperature within + 20% at
1600°cC.

Argon was used to blanket the die a2ssembly in almost all rums,
Without protective atmosphere the die life was reduced to 2 or 3 hot
pressing operations.

2, U0

38
The same procedure for die fi1lling adopted for U02+ . X smaller
than 0,67, waz followed for UEGE' Practically all the reactive hot

pressing experiments were developed using rhe apparatus shown in
Figﬁres i0 and 13.

3. Thﬂé

Only single specimen hot pressings'were'investigated, utilizing

the system depicted in Figure 14,



"t Pu-ﬂ: - -

The-hot pressing operations had the same characteristics as
those mentisned for Thﬂz, in the foregoing section.,

5. Uﬂi*x - Thl.’]2

The same pracedure utilized for UD X smaller than 0.67,

24X?
was employed in this case, Some runs were also developed in the

apparatus shown in Figure 14,

The furnace used for this experimenr, inside the glove box
PF-6 of Argonne National Laboratery Plutonium Facilities, is depicted
in Figure 11.

7. Pu02 - Thﬂ2

The hot pressing procedure described for U02+x - Puﬂz was also
empleyed io this case.

F. Density Heasurements

Two methods were utilired for measurements of density., For all
specimens, a gecmetrical decermination waé carried out nsing a micre-
meter. A displacement technique, in which the samples were first weighed
an an analytical balance and.thEH weighed suspended in a liquid, gave
an accuracy of + 0.5% relative density; the liquid employed was bromo-
benzene.

G. X-ray Analysis

X-Tay diffraction techniques were used as one of the means of

identifiecation of the eventual presence of UC, in the hot pressed samples.

2

au
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The Straumanis technigue was employed to tdke powder photographs of
the =325 pesh crushed samples, using a Genmeral Electric X-ray unit
and nickel-filtered copper radiation. The times for Iilm exposure

varied between 7 and 10 hours at 15 wa and 3% KV setiings,

H, Preparation of Samples for nptical.and ElectTon Microscopy

For optical microscopy the bakelite mounted samples were rough
gfounq’an wet 400 and G600 grit_silicou carbide papers, using a
ﬁuehler* Automat; the polishing was developed in three phases with
the Autowet and dizmond paste {14, 6, 1 and % micron, respectively),
withk a fipal step using ﬂ.lrl K alumina, Thg etchant was a snlutiun aof
Hzﬂﬂﬁin Hzﬂz.

For snanniﬁg electron microscopy, fractured samplee were mounted

i 2lumisum supports and coated in vacuum with a gold-50 v/o palladium

alloy.

*Buehler Ltd., Evanston, 111,
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I¥,. RESULTS AND DISCUSSION

A. Temperature, Time and Pressure Dependence in Hoe Presaing

Figure 6 (page 34), T (page 35) and 17 (page 63) show typical
temperature-time-density {or gubsidence} cﬁrves for the matqrinln investi-
gated in this paper,

In relation to the inflﬁenhe of pressure, the data obtained
for HDZ.II - 15 wfo Pul.‘..*2 hot pressed at 1200°¢ for 30 minutes is given

in the following Table 9,

TABLE 9

DERSITY VERSUS PRESSURE FCOR Uﬂz iy ~ 15 w/o Pud

2
HOT FRESSED AT 1200°C FOR 30 MINUTES

Deneity
Pressue themtetsean)
1280 a4.0
2580 : .ﬂ?.ﬂ
352ﬂ ) 90,5

5100 94.0

Comparison-with data presented in figures 1, 2, 3 and 4 reveal
that the results obtained in this work are consistent with those reported
by other investigators.

The general trends presénted by the curves corresponding to
Puﬁé, Puﬁ2 - Tﬁﬁz and Uﬂ2 - Puﬂz, sugpast that the same mechanism

responsible for the hot pressing densification of Unz, aperates alsc in

the case of thosc materials.,

INSTITUTD CE PESQURARFLTRID st 0 a0k
IL# B N

PR |




% 63

400 - 2
— UDz—lﬁwfoPuﬂz
5
B - _
. - IO
Lo
e -
300 , ” Th.{:z‘_—ISW’nPuDZ
’ -
7 ”

Dz-zﬂwfoThD

s Tho
2

2

mila

200

SUBSIDIENTCE

100

PRESSURE = 3820 pai

] 1 |
600 BCO 1000 1200 1400

TEMPERATURE %

Flgure 17. Densification of Actinide Oxides Compositions
During Het Pressing.
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B. Effecr of Parriclo Size

-The results of experiments developed wich Uﬂ2 code TF=-1 and

00, code TF-4, confirm the observation of Murray et =), (Ref. 23)

2
that particle size has much {nfluence on hu; pressed bodies final
densities,

The densities for TF—liﬂnd TF-4, pressured sintered at 1400%C

.nnd 2560 psi for 30 minutes were respectively 85.9 and 87.6% of the
thepretical value (the TF=1 and TF-4 powders particle sizes are given

- 15 wfo Pul

in tahle 8), Compositions of U0 utilizing TF-1 and

2 2
TF-4, hot pressad ar 1200%C and 2560 ps1l for 30 minutes, reached
densities of 84,9% and B7.7%, demonstrating again that the coarser
powder densifles with more difficulry,

¢, Microstructure Analvysls

Some Tesults of the optical.mi:rascupy study are depicted in
Figures 18-27. |
- Scanning electron fractegraphs, obtained with a "Cambridge
Stereo Scan" microscope, are showm in figures 2B-36; most of thew
were taken at 20 kV, with aperture #2 (approximately 50 micron
opening).

D. Experimental Results and the Current Hot Pressing Theories

On a qualirarive basis, the curves chtained in this investigation
are very similar te those given by Amate, in reference 45. It
gcems reasonable to admit that the plastic flow medel developed

by Mackenzie and Shuttleworth and medified by Murray and MeClellarnd
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Figure 20.

Figure 21.
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Hot Pressed at 1625 °C, showing

’
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Figure 32. SEM Fractograph of Dry-Milled U02—20w/o
ThO
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Figure 34. SEM Fractograph of 86% Dense Wet-Milled Cold

Pressed and Sintered (1625 °C) UO,-20w/o ThO
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can be applicablic in the dersification of all the actinide oxide
compositions studied here., Again rcferring to the work of Amato, the
previcusly manfibncd nodel is more likely to held than the creef
.model adopted by Nabarre and Herring.

A detailed study of the stages of densificarion during hot preszing
is a natural?recommendatiun for future work. Such # study could eluci-
date the mechanism of densification in relation to microstructural
changes, Control of the rate of application of pressure correlative
with rempcrature cycle contrel and subsidence may be a requirement
for refinement of experiments of this nature. Here specifically relating
powder morphelegy to hot press densification should lead to improved

specification of actinide compounds for fuel {abricatiom,



4.,

76

V¥, CONCLUSTIONS

“dz+x - Ti;:u2 - Puﬂ2 mixtures can be successfully hot pressed-in
the temperature range 1000 - 1400°C, at pressures of 4000 psi in
5 to 30 minutes. 1f wet-milling or a "Spex Mixer/Grinder" is
adopted for the wixing of the puude;s, the pressure sintered
Eamples ﬁresent agglnmerati;ns smzller than ﬁﬁ}i and they can be
congidered for nuclear reactor fuel applications,.

Reactive hot pressing of UEDB can pfnduce high deﬁsity Uﬂz.ﬁﬂ
samples, bur internal cracks may develop if the cooling
conditions are not prupef.

Densities as high as 91% of thgnretical can be attained at
1200%c, 3820 psi and 30 minutes. |

It 1s possible to hot=press multiple layers of UD X Th{]2 - Pul

2 2

mixtures, yvielding samples of thickness variation withip + 0.5%.
The maximum rates uf_densificatinn of actinide oxides mixrures
occurs &t temperatures under 11nn°c, for pressures of about 4000
psi. This suggests that the hot preésing of the actinide oxides
and its mixtures can be successfully developed at temﬁerﬂtures
lower than 1200°C,

Particle size and powder morphelegy influsnce the final density
of hot.pressed actinide oxjdes and their mixtufes. Finer
powders can reach higher densities than the coarse ones.

There is strong influence of the applied pressure on the final

density, at temperatures of IZDDQC.



10.

When ATJ or CB grade graphites are used, the carbide layer _

formed during hot pressing Ig probably dastroyed during the sample
ejection from the die, or remains partially on the die ;walls.

This effect, combined with abrasion by the powders during

pressing, causes heavy die wear,

Refractory metals such as W, Mo and Ta interact strongly with
actinide oxldes mixtures, when used as separetors of samples, during
multispecimen hot pressing., Less Interaction was observed for
separators made with "glassy carbons™ or Poco graphite; this
suggests rheir utilizatjon as die inserts teo aveld contaminzation,
The development of continuous hot pressing apparatuses eperating

in the 1200-1400°C range openened a new perspective for the appli-
cation of the pressure sintering technigue, competitive with
classical ceramic forming processes. ‘This is particularly true

for the actinide oxide mixtures containing plutonfum, that must

be handled inside a glowe box. Small, highly automated, continuous
hot press equipment would facilitate fabriecation of actinide materials

in the limited space of protective encinsure;.
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APFENDIX A

NOMENWCLATURE

With the introduction of a variety of techniques for sintering,
several terms are now fn common usage, Definitions of sintering and
related terms are suggested here,

' Sintering ; Mechanlsm by which solid Lbodles are bonded by atomic
forces through the application of pressure andfor heat (Ref. 1).

Powder Molding - Sintering of powders wlith the application of

ptessufe alone (Ref. 53).

Thermal Sinterinz - Sintering with the application of heat alone

(Ref. 55).

Molding Without Pressure - Eqﬁivalent te thermal sintering (Ref, 55).

Hot Pressing - Sintering by simultaneous application of pressure

snd heat (Ref. 53}. Jones (Ref. 56) defines this term as pressing at .
temperatures above that at which the material is capable of retaining
work hardening.

Cold Pressing = Pressing At room témperature {Ref. 58).

Warm Pressing - Pressing at temperatures over the atmospheric and

below those corresponding to hot pressing, as defined by Jones (Ref. 56},

Chill Pressing - Pressing at temperatures belpow atmospheric {Ref, 56).

Pressure Sintcering - Egquivalent to hot pressing {Ref. 57). Goetzel

(Ref, 58) sugrests hot pressing may be distinguished from pressure sintering.
In the later operarion, a furnace treatment is implied, whereby the

powder or compact, passing through the heating eyele, is subjected ro



B3

gtatic pressure, usually of moderate degree and generally exerted by

‘dead weights,

Activated Sintering - Thermal sinterimg Iin which the process rate

is modified by means of powder physical or chemlcal treatments,
alteration of atmoephere, or deliberate swall additiocns, with Improve-
ment of the sintered compact properties (Ref. 59).

Calcintering - Simulcanecus caleination {(driving off a gas) apd

thermal sintering of & decomposing powder (Ref. 31}.

Pressure caleintering - Calcintering with application of pressure.

Decomposition Pressure Sintering - Equivalent to pressure cal-

cinteving (Ref, 27}.

Reactive Hot Pressing - Hot pressing of a powder with enhanced

teactivity associated with dislecation and decomposition reacticns

{(without gas evolution), as well as phase inversions {Ref. #0}.
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AFPENDIX B
KINETICS OF THE GRAPHITE-URANIUM
DIOXIDE REACTION AT 1613°C

- - : -

T. B. Lindemer et al, (Ref. 54) studied the kinetics of the graphite-

2 4

spheres with a diameter of about 200 micron.

U0, reactfons from 1400° to 1?55“c, fer the cage of 95% dense U0, micro-

If L iz the totral radius of the microzphere at time t = o and r
its radius at a time ¢ {rn - r being the thickness of n'Uﬂz layer), the

following relation {Ref. 9, eguation 1) is walid;

2
1 =f r 1- 2r = tf2
3 (T) ( = ) RN

o

At 1615 °C and t = 60 minutes, kD t!r ¢ = (.02 {Ref. 54, Figure 3).
a
For these values, from the above egquation it was calculated that

_—
r

0.85, indicating the formation of a relatively thick layer of uranium

carhilde.
-In their investigation, Lindemer et al. showed alspe that arcund the

UD2 microsphere core cnly UC2 wag formed, the diffusion of oxygen through

the Utz layer being the rate controlling mechanism.
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