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HTGR FUEL DEVELOPMENT: INVESTIGATIONS OF BREAKAGES OF
URANIUM~LOADED WEAK ACID RESIN MICROSPHERES

J. A. Carpenter, Jr.

ABSTRACT

During the HTGR fuel development program, a.high percentage
of uranium-loaded weak acid resin microspheres broke during
pneumatic transfer, carbonization, and conversion. One batch
had been loaded by the UO3 method; the other by the ammonia
neutralization method. To determine the causes of failure,
samples of the two failed batches were investigated by optical
microscopy, scanning electron microscopy, electron beam micro-
probe, and other techniques. Causes of failure are postulated
and methods are suggested to prevent recurrence of this kind
of failure.

INTRODUCTION

The technique of using ioh—exchange resin microspheres for producing
uranium-bearing kernels of coated fissile fuel particles for the HTGR was
conceived at ORNL in 1969.%°2 TIts acceptance has grown so rapidly that
it has supplanted the older sol-gel technique and is now the reference
process for refabrication. (However, the sol-gel method is still used
to produce thorium-bearing fertile particles.)

In the resin-based approach, éommercially supplied resin microspheres
are brought into contact with a uranyl nitrate solution. The uranyl
ion (U02++) exchanges with the cation of  the resin (typically Na+, H+, or
NH4+) and becomes part of the polymer structure. The loaded microspheres
are dried, fhen heated in an inert atmosphere to temperatures above 500°C
to decompose the resin and form a product that consists of fine UO2
particles dispersed in an amorphous carbon matrix. This procéss is called
carbonization.

Then the carbonized particles are heated in an inert atmosphere to
about 1500°C to cause the UO2 to react, partially or completely, with the

carbon matrix to form kernels of UC2. This process is called conversion.



The converted kernels are then coated with carbon (and sometimes
silicon carbide) to form the fuel particle. '

All work of this kind at ORNL has been with the cation-exchange type
of resin — either the sulfonated, styrene—diﬁinylbenzene cross-linked,
strong acid resin (SAR), or the carboxylic, acrylic acid-divinylbenzene
cross-linked, weak acid resin (WAR). Both resins produce acceptable
kernels, but because of objections to sulfur and low uranium density,
development work with SAR was discontinued in late 1973 in favor of WAR.
Processes aﬁd large-scale equipment have since been developed as prototypes
for future hot-cell applications. During this development, large numbers
of WAR batches.have-been loaded, handled, carbonized, and converted. Of
these, only two batches failed during processing. This>report details
our investigation of these two batches and postulates causes of their
failure.

We wish eo emphasize that this presentation of resin failures is in
no way an indictment of the resin-based approach. To the contrary, since
only two failures in the course of any development work is an outstanding
record, we believe that the resin-based approach is totally viable. There-~
fore, the reasons for this report are (1) to show that the causee of the
‘failures are known and controllable, (2) to point out the need for close
control of certain processes involved in producing and loading the micro-

spheres, and (3) to document the failures in case they recur.

N .
FAILURE OF AMBERLITE IRC-72 DURING CARBONIZATION
AND PNEUMATIC TRANSFER

This batch of Amberlite IRC-72 was loaded via the UOs method.® Many
other batches of this type of resin loaded by this method had been
successfully carbonized and converted. At the completion of the first
carbonization funvwith a portion of this batcH nearly half the particles
were broken." This failure was particularly disconcerting because the
carBonization run was the very first in a new piece of equipment and,
consequently, we were uncertain as to whether the failure was caused by

the resin or the new unit. Impurity analyses revealed slightly higher

% N
Trademark of Rohm and Haas, Co., Philadelphia, Pennsylvania.






whole is enclosed by a thin glassy rim. (Color versions of these figures
are available upon request.) The white color of the central areas is
reminiscent of the resin before loading. The black specks on the surfaces
of the particles in this and the other figures is flake graphite blended
with these particles to reduce static charges.

To ascertain the extent.of this unusual inner structure throughout
the batch, other particles were selected at random from the batch and
cracked open by crushing between the anvil and spindle of a hand-held
micrometer caliper. The bits and pieces so produced are shown in Fig. 2.
Clearly, the unusual inner structure was not typical of the majority of
the particles. Note the apparently clean breaks of some of the glassy
material away from the translucent material.

Whole uncrushed microspheres are shown in Fig. 3. Note the darker
color of the three slightly smaller microspheres tﬁat are aligned hori-
zontally just above center.

For comparison, we took microspheres from another batch of loaded
Amberlite IRC-72 with whiech no difficulties had been encountered. The
only major difference between this good batch and the faulty batch was
that the former was loaded by the uranyl nitrate method’ (with solvent
extraction of nitrate). Some of these particles were deliberately '
cracked open as before; some of the bits and pieces are shown in Fig. 4,
which shows that the translucent material seen in Figs. 1 and 2 is the
norm — not the white nor the glassy portions. Comparison of whole
microspheres from the normal batch (Fig. 5) with those of the faulty
batch (Fig. 3) shows that the three smaller, darker microspheres seen
in Fig. 3 are abnormal.

Figure 5 also illustrates a defect often observed iﬁ batches of
resin microspheres; namely, clumps or clusters of small microspheres
attached to the larger onmes. The batch shown was shape separated by the
vibrating plate technique8 which, while adequate for rejecting grossly
out-of-round particles, is apparently inefficient in removing those
with the small satellites. The satellites seem to be more prevalent.

*
in Amberlite IRC-72 resin than in Duolite C-464, which is discussed later.

*
Trademark of Diamond-Shamrock, Co., San Francisco, California.
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Figs. 8(a)-(c) it appears that all points measured, including the white
material, had about the same uranium content.

Figure 9 shows an example of a piece with a thick, smoothly broken
outer region, but no white area in the center. Spectra corresponding to
the points superimposéd on Fig. 9 are presented in Figs. 10(a)-(c). The
intensities of the bracketed U L-alpha confirm the previous findings that
all points have essentially the same uranium contents. In view of the
electron microprobe results that follow, this result was probably not
entirely correct. Unfortunately, no spectra were taken from the lighter

outer portion of the smoothly broken region in Fig. 9.

Electron Beam Microprobe Analyses

The SEM results, which indicated that all points of the pieces broken
during pneumatic transfer had essentially the same uranium concentration,
were surprising. To pursue this further, whole microspheres were chosen
at random from the parent batch, metallographically mounted, sectioned,
polished, and investigated by means of an electron beam microprobe. Bright
field and polarized light optical photomicrographs of several microspheres
“taken during these analyses are shown in Figs. 11 and 12, respectively,
and x-ray scans and optical photomicrographs of four particles are pre-
sented in Figs. 13 to 16. The x-ray line in all the scans is U M-alpha.

The particle in the upper rights of Figs. 11 and 12 is the type
generally found among those that broke during the pneumatic transfer (Fig. 1).
The microprobe scan (Fig. 13) confirms that the white material in the
center does indeed have essentially the same uranium content as the
yellowish glassy material surrounding it. However, it also shows that the
yellowish translucent material toward the outer portion of the piece
contains more uranium. This would not have been known without microprobe
analysis.

The particle in the lower right of Figs. 11 and 12 is a type not
generally seen in those that broke during pneumatic transfer but may be the
precursor of the half cantaloupe-shaped particle in Figs. 7 and 9. It is
characterized by a white circular center surrounded by yellowish glassy

material and then yellowish translucent material. Close inspection of
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Figs. 11 and 12 shows that this particle also has a thin outer shell of
material, which appears similar to the glassy material, under polarized
light (Fig. 12), only darker. The microprobe scan of this particle (Fig. 14)
shows that the white center and the glassy material -around it have.lower
uranium concentrations than the outer translucent material. The thin outer
shell of glassy material seems to have about the same .uranium concentration
(perhaps a bit less) as the translucent material.

Inspection of the "normal' particles in polarlzed llght (Fig. 12)
readily reveals that even these have the th1n outer shell of glassy
material that is barely discernible in optlpalvphotomlcrqgraphs (Figs. 15
and 16). The scan (Fig. 15) indicates a lower.céﬁcéntraﬁion in thé'éuter
shell than in the inner translucent region.“ On the other hand, the scan
in Fig. 16 suggests the outer shell in that case has about the same con-

centration as the center.

Discussion

There are two major steps in the pfoduction of these uranium-bearing
resin microspheres; formation of the microspheres and their subsequent
loading. Two observations suggest that the malfunction in this instance
did not occur in the loading step. First, the very sharp drop in concen-
tration between the translucent and the glassy material, as observed in
the microprobe scans of Figs. 13 and 14, would not be expected to result
from a loading error. instead a more gradual change would be likely.
Second, the fact that not all microspheres, not even the maJorlty,
exhibited the intra-microsphere concentration dlfferences also seeﬁs to
rule out a loading error that would probably affect all-partlcles in the
batch more or less the same. It should be pointed oﬁt, ho&ever,_that(non—
~uniform or "shell" loading, in which an outer region of high uranium
borders a center of no or reduced uranium, has been.produced'in Amberlite'
IRC-72 microspheres by the U03 method, but only w1th ammonium- or sodlum—
form resin.’

A more likely explanation is some error in the manufacture of the
resin, probably overheating. Amberlite IRC-72 is a macroreticular resin,10

which means that the microsphere is an agglomerate of even smaller beads
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(on the order of a micrometer in diameétet) composed‘bf a polymer gel.

There are, therefore, two types and sizes of pores. One type, referred

to as the micropores, is within the polymer gelbbeads and consists of

void spaces between the pOlymefvmoiecules. These are on the otder of
~about 2 nm in size. The second type is void spaces Bet%éeﬁ the.Small

gel beads. These voids, termed macropores, are on the order 6f.several
tens of nanometers in size. These beads are Brdught together in a
controlled—températufe prdcess to form the micfosphefe.' An over-temperature
condition may have occurred during the process for some of the pafticles.11
The glassy material probably represents the most affected material; the
translucent material, the least affected; and'the white central material,
‘intermediate. ' .

Given this tenet, we postulate the folloﬁing‘feagons for failure of
the resin. The macroporosity of the glassy material was probébly'reduced
to nmear zero, hence its transparency. The microporosity would be affected
as well; consequently, although the total number of potential ekchange
sites may not have'beén affected greatly, the ease of ioadiﬁg them may
have been affected due to steric hindrance or "shielding" effects. There-
fore, loading on this material would béureduced, as observed. The white
material may be beads with surfaces closed by, possibly, flash heating,
so the beads could not load and retained their white‘color as a result.
The uranium in this area,:if not exchangéd into the reéin; would likély
be depbsited in the macroporés and, because these afelémall, would not
contribute much coloring. The fact that the concentration in the white
material is the same as that in thé glassy material is probably because
the glassy material surrounds the whitevand'could control the kinetics
of solution infiltration into the bead and the final chemiéal equilibria
within it. ' ‘ " :

The yellowish translucent material, then, is a close-to-normal
situation. Theré; macroporésity and micrbporosity afe essentially un-
affected and loading is normal. The outer layer is probably not continuous,
since the yellowish transluceht material is sometimes seen'inéide the thin
outer layer that has a lower concentration. The observation that tﬁe

~ outer layer can sometimes have a reduced concentration and sometimes not,
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could indicate that steric hindrance effects on the loading capacity
can vary despite‘the loss of macroporosity.

| Breakage of the microspheres during pﬁeumatic transfer probably
‘reéulted'from'the presence of significant quantities of the glassy
" material. This is clear from Fig. 1, which shows no pieces from normal
microspheres (such as seen in Figs. 15 and 16), which contain little of
the glassy material except for the thin outer layer. Evidently, the
substantial quantities of the glassy material reduced the resilience of
the microspheres and.made them brittle, so they split.

The causes of the failures during carbonization and conversion may
have been more subtle. Although the type of microsphere with substantial
quantities of glaséy material undoubtedly broke during carbonization and
conver51on, ‘the numbers of such partlcles in the batch was not sufficient
to account for the 30-50% failure rate observed after carbonization and
conversion. A more extensive abnqrmallty must be suspected, speciflcally,

the thin outer layer of glassy material present on many of the "normal"
bmicrospheres. Such material, being initially more dense, would be
expected :to shrink at a-rate different from the normal resin material
_within'it. As a result, stresses could break even some of the normal
micrdspheres;

‘This batch of resin was the combination of six loading runms, all of
which used the same parent supply of unloaded resin supplled as a "lot"

' by the manufacturer. Other portions of this parent lot of unloaded resin
were loaded with no apparent difficulties, a fact which suggests that

the abnormalities observed were perhaps due to some malfunction in one of
-the loading runs. Two steps in which such malfunctions could occur are
.the conversion of the resin from the as-supplied sodium-form to the
hydrogen~form before loading or the drying step after loading. In
conversion, the resin could have been contacted with too-concentrated
nitric acid. In drying, it could have been heated too long at a too-high
temperature. _

Certainly, these possibilities cannot be ruled out, but it is
difficult to imagine a scheme whereby these or any of the steps in loading
could produce the white centers or the interior glassy material. A resin

lot usually comprises several resin production runs and it is quite possible
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that the abnormal particles observed in this batch were the result of a
faulty production run. Unfortunately, the unloaded resin lot was not
inspected nor were archives kept, so it is impossible to ascertain whether
or not the structural abnormalities were present in some of the beads
before loading. This points out that quality control tests of the unloaded
resin received from the manufacturer would be in order for large-scale

HTGR fuel refabrication plants and for development programs.

Summary

1. The structure of the particles that broke during pneumatic transfer
was a white central area surrounded by glassy material, then a translucent
material, and a thin glassy outer shell.

2. The white material and the glassy material surrounding it had
about the same uranium content, which was lower than that in the translucent
material.

3. The uranium concentration in the thin glassy outer shell was
sometimes typical of the white and sometimes typical of the translucent
material. o

4. The presence of the glassy material probably indicates that the
problem in the batch stemmed not from a malfunction during ioading, but
from an error in the manufacture of the microsphere itself; specifically,
overheating. | '

5. The failure of the resin microspheres in pneumatic transfer was
probably due to excessive quantities of glassy material.

6. The more extensive breakage during carbonization and conversion
may have been associated with the small -amount of glassy material in the

thin outer shell.

CARBONIZATION AND CONVERSION BREAKAGE OF DUOLITE C-464
LOADED BY AMMONIA NEUTRALIZATION METHOD

In April 1975, the General Atomic Company sent to ORNL a batch of
Duolite C-464 resin that had been loaded by ammonia neutralization.!?
This batch was from the early stages in the development of the method.
Sticking of the bed to the furnace walls had been experienced during

carbonization and conversion, and ORNL was asked to carbonize. and convert
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some in the 5-in. diameter graphite muffle to see if a similar problem

occurred.

This we did with little or no difficulty.

The only problem

was an abnormally high degree of broken particles in the converted product,

so we analyzed the resin to determine possible causes of the breakage.

Chemical, Radiographic, Density, and Screen Analyses

We obtained standard chemical, radiographic, and density data for

the batch in both resin and converted forms.

To determine a measure of

broken material, we performed special screen analyses of whole spheres,

which enabled us to establish the percentage of material above and below

the minimum size measured by radiography.

The chemical, radiographic,

and density data are presented in Table 1. A print of the radiograph for

Table 1.

Comparison of Data for Carbonization and Conver
Loaded via Three Methods Duolite and Amberlite Resins

g}gn of

Resin: Duolite Duolite Amberlite Amberlite
C-464 C-464 IRC-72 IRC-72
Loading Method: NH; 003 U0, U02 (NO3) 2©
Run: V54 V48 V55 V47
Before Carbonization and Conversion
U, wtZ of undried resin 45.5 46.0 43.5 46.3
Water, wt% of undried resin 10.79 1.72 9.24 3.78
U, wt% of resin dried at 110°C 51.0 46.8 47.9 48.0
Radiograph size of undried resin, um 490 530 530 524
(assumed) (assumed)
Size range (by screening) of undried resin, um  400-600 480-580 480580 480580
After Carbonization and Conversion

U, wt¥% 82.6 80.595 81.935 82.14
C, wt? 14.28 16.94 16.14 15.925
0, wt% (by analysis) 3.94 3.51 2.93 2.87
0, wt% (by difference) 3.12 2.465 1.925 1.935
% conversion (by analysis) 64.5 67.6 73.4 74.0
% conversion (by difference) 71.9 77.3 82.5 - 82.5
% excess carbon (by analysis) 62.4 67.5 62.4 61.5
% excess carbon (by difference) 58.1 62.9 57.8 57.1
Radiograph size, um ’ 315 382 339 354
% diametral shrinkage ’ 35.7 27.9 36.0 32.4
Density, Mg/m’ 3.20 2.59 3.38 3.23

#Furnace: S5-in. diam multipurpose with 30° cone and graphite muffle. Heat cycle:

resin dried at 110°C in air at least 16 hr, heated in argon to 600°C at 2°C/min, held 15 min,
heated in argon to 1712°C at about 240°C/min, and held for 30 min. Argon flow constant at

1 scfm.

bThe Duclite resin loaded by ammonia neutralization (run V54) was sent by GA to ORNL

for testing.

[ : . .
With solvent extraction of nitrate.
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Discussion

Loading of weak acid resin via the ammonia neutralization method is
a two-step (perhaps three-step) process.'? 1In step 1(a) the ammonium
form resin contacts an acidic uranyl nitrate solution. Approximately
50—75%.of the ultimate uranium loading is accomplished here. 1In step 1(b)
the pH of the solution is adjusted to slightly basic to precipitéte most
of the uranium as ammonium diuranate_(ADU). The resin bed itself is'ﬁsed
as a filter to collect the precipitate. The spent solution is drainéd
and discarded. 1In step 2, the resin bed coﬁtapts_another acidic uranyl
nitrate solution. The ADU precipitatei%ediésolves and the loéaing of the
resin is completed. ' - )

The profiles of Figs. 26 and 27 arg likely associated with preéipi—

tation effects.!®

The equilibria involved in the loading of ammonium-form
resin from acidic uranyl nitrate solutions has been discussed by P. A.'Haas
in detail.!* 1In step 1(a) the impregnating solution has a pH of about 3.
The unloaded ammonium~form resin, if placed in pure water, produces:a pH
of about 10. During step 1(a), then, a pH gradient must exist between
the edge of the particle and its center. Between a pH of 3 and 4, the.
uranium will precipitate from the uranyl nitrate solution as hydrated
oxides or hydroxides and as ammonium diuranate at higher pH values. Tﬁe
heaviest precipitation might occur in the outer-most regions where contact
with the solution is first made and diﬁ{nish in extent toward the center,
producing the profiles seen in Figs. 26 and 27. 1In step 2 the pH of the
solution is initially about 1.5 and ddes ndtlrise ébovev3: Under these
conditions the precipitates would dissolve .and complete»thevéxchange
reaction. However, if enough contact time were not allowed for the 
products of precipitation to dissolve'complétély, the nonunifqrm concen-
tration profiles would be retained. Support for this hypothesis’méylbe
in the observation by Notz® that nonuniform or "Shell"'loadiﬁgﬁdf.dféﬁium
is possible with sodium- or ammonium—forﬁ resins, but not with hydrogen-
form resins.

The reason for the low concentration in the narrow outer rim is less
obvious. In step 1(a), this region, being closest to the bulk solution,

would tend to remain at a low pH and precipitation would be less likely.
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However, it is difficult to rationalize why the concentration at the
outer rim is so much lower than even the center of the particle. The
appearance of the rim region, as seen in Figs. 22-25, suggests that its
structure may be considerably different from the interior material. It
could be that an error in manufacture of the resin bead could have
produced a rim with a reduced exchange capacity as, it is speculated,
probably occurred in the case discussed before. Certainly, the evidence
of structural damage here is by no means as obvions as in the case of,
for example,. the glass—-like material seen in the previous samples.

Though the gradation in uranium loading is an obvious defect, it
may not be the main cause of microsphere breakage. The best clue to what
may be the major cause is probably the 517 U loading on the dried
resin as seen in Table 1. The usually observed maximum loading (dry basis)
of either Duolite C-464 or Amberlite IRC-72 resin is something less than
48 wt % as seen, for example, in the loadings of the resin used in runms
V55, 47, and 48, in Table 1, and in ref. 12. Recent work by P. A. Haas!®
indicates that the reason why loadings above 48% are not achieved may be
the formation of a uranyl hydrate. This limit of 48% only applies when
all the loading is by true ion-exchange. The 51% U content of this
batch implies that somé of the uranium was presentvas a precipitate.

Further support for this precipitation hypothesis may be in tﬁe
density differences between the converted Duolite C-464 batches in Table 1.
Note the density of 2.59 Mg/m® for UOs-loaded V48 versus 3.20 Mg/m® for
V54. Duolite C-464, like Amberlite IRC-72, is a macroreticular resin.

It is in the macropores of the microsphere that the precipitation would
be expected to occur. A recent study by G. W. Weber et al.'® gshowed that
the macroporosity of uranium-loaded Duolite C-464 or Amberlite IRC-72
resin is maintained through conversion although significant changes of
the pore size and structure occur along with an overall shrinkage of the
resin bead. Thus, a converted particle with macropores containing a
precipitate would be expected to show a higher final density, as seems

to be the case in the present situation.

From the present data, it is impossible to ascertain whether the
cracking of the particles occurred during carbonization or conversion.

The study by Weber et al.!® also showed that while the resin particle as
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a whole shrinks in volume about 30 to 40% during carbonization, the
size and distribution of the macropores remains about the same; the
greatest shrinkage of the pores occurs during conversion. Cracking
during carbonization seems unlikely in that ammonium diuranate decomposes
in the same temperature range as the resin!’? (about 250 to 500°C). If
precipitates were present in the pores, it would be expected that
cracking would occur mostly during conversion. This was in fact observed
recently in a subsequent batch of Duolite C-464 loaded by the ammonia
neutralization method'® that was analyzed for cracking after carbonization
and conversion. ‘

It is important to understand that the batch of resin discussed
here was loaded during a period when the loading process was being
developed, and that recent improvements in the ammonia neutralization

method are reported to have alleviated the problem of cracking.'?

SUMMARY AND RECOMMENDATIONS

The two major instances of weak acid resin failure during this
development program were intensively investigated. The first failure
occurred with a batch of Amberlite IRC-72 resin loaded with uranium by
the UO3 method. During pneumatic transfer experiments, a relatively
small percentage of resin-form microspheres broke, and about half of
the microspheres in the batch broke during carbonization. Intra-particle
variations in uranium concentration and resin structure were observed.

The cause of the failure was probably structural abnormalities that
resulted from an improper step in the manufacture of the resin microspheres.

The second failure occurred during the carbonization and conversion
of a batch of Duolite C-464 weak acid resin loaded by the ammonia
neutralization method. We observed intra-particle variations in uranium
concentration, and bglieve that the failure was caused by an overloading
condition in which uranium compounds precipitated in the resin pores.

These two batches of resin are the only ones to fail out of many
batches of uranium~loaded weak acid resin observed to date; all the others

have performed well.
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The results clearly indicate that the effects of abnormalities
may not appear until well after the resin is loaded. Therefore, for
any large-scale loading operation we recommend the 1mplementat10n of
appropriate quality control measures and inspection, such as were
performed in this study, to prevent the waste of carbonizing and con-

verting defective batches.
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