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ABSTRACT

In the development of (U,Pu)O, kernels by the internal gelation process for the
Direct Press Spheroidized process at Oak Ridge National Laboratory, a novel crystal
growth step was discovered that made it possible to prepare calcined porous kernels that
could be used as direct-press feed for Fast Breeder Reactor pellet fabrication. High-
quality pellets were prepared that were near theoretical density and that (upon
examination) revealed no evidence of sphere remnants. The controlled crystal growth
step involved using hexamethylenetetramine (HMTA)—-urea stock solutions that were
boiled for 60 min or less. Before this discovery, all the other crystal growth steps (when
utilized) could reduce the tap density to only ~1.3 g/cm’, which was not sufficiently low
for use in ideal pellet pressing. The use of the boiled HMTA—urea solution allowed the
tap density to be lowered to 0.93 g/cm’, with the ideal density being about 1.0 g/cm’.

This report describes the development of this technology and its scaleup.
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1. INTRODUCTION

The internal gelation process used at Oak Ridge National Laboratory (ORNL)
was originally developed at the KEMA laboratory located in the Netherlands.! During
the late 1970s and throughout the 1980s, researchers at ORNL studied and developed the
internal gelation process for making UO,, (U,Pu)O,, ThO,, and (UO, + UC,)
microspherical fuels.”'® More recently, as a task of the Advanced Gas-Cooled Reactor
(AGR) Program at ORNL, about 2 kg of UO; kernels with diameters of 500 + 20 pm and
3.5 kg of UO;, kernels with diameters of 350 + 10 um were prepared for use in the
triisotropic (TRISO) coating development.'” The internal gelation process used is one of
the sol-gel processes developed for the preparation of microspheres of nuclear fuel in
which chilled clear broth droplets containing acid-deficient metal nitrate (ADMN),
hexamethylenetetramine (HMTA), and urea are heated, causing homogenous gelation
and solidification of the droplets. After washing treatments, these droplets can then be
dried, calcined, and sintered to produce ceramic kernels of the required density. In the
development of the internal gelation process, a number of process parameters have been
determined that serve as useful tools in controlling the quality of the kernels
produced.**'*'#!" Understanding the crystal morphology of uranium is essential for the
preparation of UQO,, (U,Pu)O,, and (UO, + UC,) kernels. The crystal morphology of
uranium and the concomitant microsphere properties are significantly affected by (1) the
HMTA/U mole ratio, (2) the NO; /U mole ratio, (3) the concentration of uranium in the
broth, and (4) the gel-forming temperature. After gel-sphere formation, it was also found
that hot-oil aging and air-drying had important impacts on crystallite growth. All of these
process parameters were extensively studied, especially in the development of (U,Pu)O;
kernels for the DIPRES (DIrect PREss Spheroidized) process.”™!®'*!7 The primary goal
of the DIPRES process was to prepare highly porous, low-density calcined microspheres
that could be used as direct-press feed for Fast Breeder Reactor pellet fabrication. Ideal
pellets were ones with near-theoretical density (11.08 g/cm’) whose matrices showed
little or no evidence of sphere remnants upon examination. In this work it was
discovered that the uranium crystallinity controlled the tap density or porosity of the

microspheres. By optimizing the above-mentioned crystal growth parameters, it was



possible to decrease the tap density of microspheres from 2.7 to 1.27 g/em®. However,
this density was not low enough for use in ideal pellet pressing. Fortuitously, an
additional crystal growth step was discovered. It was found that boiling HMTA—urea
stock solutions for certain periods of time could lower the tap density of the microspheres
to 0.93 g/cm’. Furthermore, the boiling process could be controlled so that stock
solutions could be prepared and used to obtain any targeted tap density between 1.27 and
0.93 g/em’. Microspheres with tap densities <1.0 g/cm’® proved to be ideal for the
DIPRES process.

It is the purpose of this report to describe the development and use of boiled
HMTA-urea stock solutions in the internal gelation process as a viable crystal growth
step used to prepare porous microspheres for the DIPRES process. Most of the testing
was directed at the preparation of (U,Pu)O; kernels.

2. METHOD OF BROTH PREPARATION
2.1 History

The key to the internal gelation process is the ability to prepare clear droplets of
broth that contain high concentrations of metallic salts, HMTA, and urea at low
temperatures (0 to 5°C). Droplets with the highest metallic concentration are ones in
which the metallic salt has been partially hydrolyzed or made acid deficient. When these
droplets of idealized formulation are introduced into a heated immiscible organic liquid
such as silicone oil or trichloroethylene (TCE), the metallic salts within the droplets begin
to homogenously gel and become opaque within a few seconds.'*!” After solidification,
aging, washing, and drying, the microspheres are calcined and sintered to ceramic
kernels. The primary methods used for clear broth preparations are as follows:

1. Solid HMTA is added to a solution of ADMN and urea at 0°C and mixed.

2. An aqueous solution of HMTA (at 0°C) is added to a solution of ADMN
containing urea (at 0°C) and mixed.

3. An aqueous solution of HMTA and urea (at 0°C) is added to a solution of ADMN

(at 0°C) and mixed.



In methods (1) and (2), urea is first added to the ADMN and heated at 50°C with stirring
for about 24 h. This step destroys any nitrite that might be present in the ADMN as

shown in the following equation. Stirring was important for degassing the solution.

(NH,),CO + 2HNO, — CO,T + 2N, T + 3H,0

During the early development of the internal gelation process, it was believed that any
nitrite in the broth would cause gassing during the forming and aging steps, which could
cause the spheres to crack. Carbon dioxide (CO;) and nitrogen (N;) gases are generated
by the reaction of the urea with nitrite under acid conditions. In method (1), broths can
be prepared with higher concentrations of metal. It was later discovered that method (3)
worked as well as the other two methods without gassing becoming a problem. With
further investigation and study, it was found that the cracking problem was associated
more with the low-porosity spheres that were prepared. These spheres were either
amorphous or had small uranium crystallite size. Therefore, it was very difficult to
remove the organic reactants during the washing steps. During the drying steps, gases
generated from decomposition of these contaminants caused the spheres to crack.

For use in method (3), it was found that HMTA and urea solutions could be boiled
under controlled conditions and used to provide a broader range of sphere densities in a

controlled manner.”!!

2.2 Preparation of Heated HMTA-Urea Stock Solutions

The basic heat treatment procedure involved heating a solution of 3.2 M HMTA
and 3.2 M urea to the boiling point (103.5°C), boiling it under reflux conditions for a
predetermined time, and then quickly cooling the solution to room temperature. It was
important that a good technical grade of crystalline HMTA be used. HMTA-urea
solutions made with this type of HMTA are clear and remain clear when given a heat
treatment. The free-flowing HMTA powder that is easy to pour should not be used
because it contains detrimental additives. This type of HMTA was generally slightly

discolored, and stock solutions prepared with it were also slightly discolored. When a



solution of this type was heated, a pearlescent, oily suspension developed that would
settle out upon storage. More importantly, heated stock solutions that were prepared with
free-flowing HMTA did not provide favorable gel-forming behavior especially when a
gel-forming temperature was 80°C and above.

The solubility of HMTA in water at room temperature was found to be about
3.7 M. The maximum solubility of HMTA in a solution containing 3.2 M urea was only
about 3.2 M. In this work, only 3.2 M HMTA solutions containing 3.2 M HMTA-—urea
were studied. In the preparation of heated solutions of HMTA and urea, care was given
to ensure that the boiling time was the only variant. Initially, 0.5-L solutions were
prepared in 1.0-L two-neck round-bottom flasks containing a thermometer and a reflux
condenser. The power controller for the heating mantel was set to provide a minimum
heat source, which allowed for boiling of the solutions. Heating a solution to boiling at
this setting took ~34 min. On a larger scale, in which 2-L solutions were prepared in a
similar 5-L boiling glassware system, ~48 min was required. Solutions were prepared
under conditions where the boiling time was varied from 0 to 191 min. After boiling, the
solutions were quickly cooled to room temperature by placing the flask under cold

running tap water. The effects of heating these solutions are discussed in next section.

3. CHARACTERIZATION OF HEATED HMTA-UREA SOLUTIONS

Once it was discovered that broths that were prepared with heated solutions of
HMTA-urea could be used to make microspheres with lower densities and larger
uranium crystallite size, an experimental effort was begun to understand and characterize
this phenomenon. In the first few preparations, solutions were heated in an open beaker
on a hot plate. As the solutions were boiled with stirring, there was a strong odor of
ammonia (NH3). To quantify the release of NHj3 as a function of boiling time and also to
minimize any loss of volume, an apparatus was set up as shown in Fig. 1. A series of
traps were placed downstream from the reflux boiling flask. In the first trap, a known

volume of 1.0 N HCI was used to remove the NH; as ammonium chloride. After each



Reflux Condenser

Thermometer

Qocecatopece

NH; Trap Ba(OH),
(1.0 N HCI) CO, Trap

Fig. 1. Schematic of apparatus used to boil 3.2 M HMTA-3.2 M urea solutions.

preparation, samples from the acid trap were potentiometrically titrated with standard
1.0 N NaOH. The amount of NHj3 released from the boiling HMTA—urea was determined
by the change in the acid concentration in the trap. It was discovered that the gas
generated from the HMTA-—urea solutions was a mixture. In the early stages of boiling, a
large fraction of odorless gas passed through the acid trap. Checks of the gas exiting the
apparatus with pH paper (wet with deionized water) showed that it contained no
ammonia. In a period of ~30 min, the release of this gas slowly subsided and became
insignificant. Since CO, was a gas that could possibly be released, a second trap
containing a solution of barium hydroxide was added. A whitish insoluble suspension
occurs when barium hydroxide is contacted with CO,. No release of CO, was detected in
any of the preparations. It did not matter whether the trap was located upstream or
downstream of the acid trap. The flame test for oxygen (O,) also proved negative. The
exit gas was directed into a thick-walled bottle filled with water and positioned upside
down in a large container of water. Once the water was displaced with the gas, the bottle
was removed from the larger water container. When a flaming long-stem match was
inserted into the bottle, the flame quickly went out. Had the gas been O,, the flame
would have glowed brightly. Although the gas could have been N, no further effort was

made to determine the identity of this gas.



3.1 Determination of HMTA Molarity by Potentiometric Titration

In the course of this study over 32 aqueous solutions of HMTA and urea were
prepared. Samples (5 mL) of these solutions were potentiometrically titrated at ice-bath
temperature with standard 1.0 M HCI to determine the HMTA molarities. Urea was not
found to interfere in the titrations at low temperature. Figure 2 shows examples of three
different solutions (A, B, and C). Each was initially prepared at room temperature to be
3.2 M in HMTA and in urea; solution A was not boiled. Solutions B and C were boiled
15 and 60 min, respectively. Two sharp breaks were noted in each of these titration
curves. The first one was for the NHj present in the solution, and the second was for the
HMTA. The volume of 1 M HCI required to reach each equivalence point is given in
Fig. 2. The molarity of HMTA is determined by the difference. In each case, the HMTA
molarity was 3.2, showing no change in the basicity of the HMTA. The molarities of
dissolved NH4OH in B and C were 0.15 and 0.17, respectively. Solution A, which was
not heated, had only a trace amount of NH;. In each of the heated HMTA-urea
preparations, a small amount of NH; was always left in the solution. The average
concentration, regardless of boiling time, was 0.15 £ 0.03 M. This also includes solutions
that were heated just to the boiling point and subsequently quickly cooled to room
temperature. It was found that the residual NH; could be removed by stirring the solution
in a covered beaker at ambient temperature for ~24 h. Titrational rechecks of stirred
solutions found them to be very stable, unchanged after 1 month of storage. Although
not shown in Fig. 2, a similar titration was conducted with an unheated solution that was
3.2 M in HMTA and 1.7 M in urea. Its titration profile was identical to the one shown for
A in Fig. 2. Whether the urea was 3.2 or 1.7 M made no apparent difference. Two 3.2 M
HMTA solutions were also prepared without adding urea. One was boiled for 60 min,
and the other was not heated. No NH; was released from the solution that was boiled.
Samples of these solutions were also titrated, and both profiles were identical to trace A
in Fig. 2. Considering this behavior, it appears that the release of NH; for the boiled
HMTA solutions is directly related to the presence of urea, and the release of NHj in
these solutions is probably associated with an HMTA—urea reaction. Since no release of

CO; occurred when these solutions were boiled, it appears that the formation and release



(3.2 M HMTA + 3.2 M urea) stock solutions

e A--Unheated
e==pB--Boiled 15 min

94
EP (A) = 0.05 mL === C--Boiled 60 min
EP (B) = 0.75 mL
8 4 EP (C)=0.85mL EP = Equivalence Point @ 5°C

pH

EP (A) = 16.05 mL

34 EP (B) = 16.75 mL
i EP (C) = 16.85 mL
24
14+
0
0 5 10 15 20 25

Volume of 1 M HCI (mL)

Fig. 2. Titration profiles for three HMTA-urea solutions: A, boiled for
15 min; B, boiled for 60 min; and C, not boiled.

of NHj3 could not just have been simply a function of urea decomposition. In a separate
experiment using the apparatus in Fig. 1, a 3.2 M urea solutions with no HMTA was
boiled for 4.5 h at 100°C. The results indicated that 3.9% of the urea was decomposed.
The decomposition reaction is given by the following equation.'® Unfortunately, in this
work the HMTA-—urea reaction product was not identified.
(NH,),CO + H,0 — CO,T + 2NH;T

Figure 3 gives titration profiles for three HMTA—urea solutions: A was boiled for

60 min; B, for 75 min; and C, for 191 min. It was found that the calculated HMTA

molarities for solutions that were boiled for times >60 min began to decrease. These



pH

solutions, which are discussed in Sect. 3.3, also did not provide stable broths when boiled
for more than 1 h. A stable broth is one that does not prematurely gel before it is
introduced as droplets into a heated immiscible gel-forming medium. When possible, a

broth formulation is chosen that remains clear and stable at 0 to 5°C for 1 h.

11
10 .
(3.2 M HMTA + 3.2 M urea) stock solutions
9 1 EP (A) = 0.85 mL —A--Boiled 60 min
EP (B) = 0.85 mL —B--Boiled 75 min
8 - EP (C) = 0.65 mL ——C--Boiled 191 min
EP = Equivalence Point @ 5°C
7 4
6 -
5 -
4
EP (A) = 16.80 mL
3 EP (B) = 16.45 mL
EP (C) = 16.10 mL
2 4
1 -
0

0 5 10 15 20 25
Volume of 1 M HCI (mL)

Fig. 3. Titration profiles for three HMTA-urea solutions: A, boiled for
60 min; B, boiled for 75 min; and C, boiled for 191 min.

3.2  Quantifying Ammonia Released from Heated Solutions of HMTA and Urea
Although no change was observed in the molarity of the HMTA for boiling times

of 60 min or less, considerable NH; was released. The plot in Fig. 4 gives the moles of

NH; generated from boiling 0.5- and 2-L solutions of 3.2 M HMTA and 3.2 M urea.



These values represent the NH; removed by the acid trap plus the residual NH3 in the
HMTA-urea solutions. These data show that after 15 min of boiling, the rate of NHj
generated from the reaction is fairly constant and that 3.6 to 3.8 times more NH; was
generated in the 2-L preparations than in the 0.5-L preparations for equal boiling times.
If all the other factors were identical, the factor would have been 4. The release of NHj is
the key to preparing stock solutions of any volumes. For example, a 4-L stock solution
was prepared that yielded gel-forming properties identical to those of a 2-L preparation
that was boiled for 40 min. The 4-L preparation was boiled until 2 mol of NHj3 was
released, or twice the amount released from the 2-L preparation. The key to obtaining the
desired product is to incorporate a continuous measuring device downstream that will

analytically measure the NH; released to the off gas.

1.4
Boiling Point = 103.5°C
1.2 +
1 -
S
£ 2.0-L HMTA-Urea
§ 084 Preparations
a L
[0}
Jo)
o
p L
c 0.6 T
o L
1S
1S3
< L
0.4+
[ 0.5-L HMTA-Urea
| Preparations
0.2+
0 L] L] L] L] L] L]
0 10 20 30 40 50 60 70

Boiling Time (min)

Fig. 4. Moles of NHj3 released from 0.5- and 2-L solutions of 3.2 M HMTA-
3.2 M urea as a function of boiling time.



3.3  Stability and Scale-up

Two series of preparations of boiled HMTA—urea solutions were conducted to
determine broth stability and the feasibility of scaleup (see Table 1). The scaleup
involved going from boiling 0.5-L solutions in a 1.0-L flask to boiling 2-L solutions in a
5-L flask (Fig. 1). The power controller for the heating mantel in each series was set to
provide the minimum amount of heat to maintain boiling. In the internal gelation
process, it is necessary that the broth does not prematurely gel when it is prepared at low
temperatures (0 to 5°C) and that the broth remains stable (clear) for a sufficient period of
time to allow for sphere-forming operations. A stable broth that does not begin to gel (to
become opaque) in less than 1 h is considered ideal. The scale-up goal was to determine
the feasibility of preparing identical solutions with the same boiling times that would
have given broths with similar stabilities and produced microspheres with identical tap
densities and physical properties. The method of heating that was used worked fairly
well, considering the difference in solution volumes. The broth stability data in Table 1
show that all the broths were stable for >300 min when boiled 50 min or less. For the

preparations boiled for 60 min, the 0.5-L solutions were less stable (25 min) than the

Table 1. Broth stability tests®

Broth gelation time

(min)
Boiling time Solution A Solution B
(min)

0 >300 >300
15 >300 >300
25 >300

40 >300 >300
50 >300
60 25 200+5
75 <3s
191 <3s

Solutions A (0.5 L) and B (2 L) were initially 3.2 M in HMTA
and 3.2 M in urea. Parameters for each broth: temp. = 0°C; (U + Pu)
concentration = 1.11 M; percentage of plutonium in broth = 23;

NOs3 /(U + Pu) mole ratio = 1.78; and HMTA/(U + Pu) mole
ratio = 1.65.

10



2.0-L solutions (200 + 5 min). Successful microsphere preparations were made with all
the solutions that were boiled for 60 min or less.

A series of gel-sphere preparations were made with a [U + Pu (23.3%)] broth
formulation that was found ideal for use with an unheated HMTA—urea stock. It had the
following characteristics: (HMTA—urea)/(U + Pu) and NO3 /(U + Pu) mole ratios of 1.65
and 1.82, respectively, and a (U + Pu) concentration of 1.11 M. The data in Fig. 5
indicate that the tap densities of the microspheres linearly decreased as the boiling time of
the HMTA-urea solutions increased. The variance in the tap densities was more
pronounced but not too significant for microspheres made with solutions that were boiled
for shorter periods of time. For solutions boiled 60 min, the tap densities were almost
identical, about 0.93 g/cm’. Another important observation was that the time of gelation
decreased from 10.5 to 6 s as the boiling time HMTA—urea solution was increased to
60 min. The data in Table 1 and Fig. 5 should be very useful in determining any

corrective adjustments that might be needed for scaleup.

13

Process parameters for each
preparation:
1.25 fiosss Forming temp. = 90°C

L Aging time = 20 min
All spheres were wet dried at 110°C
(HMTA-urea)/(U + Pu) = 1.65
NO;/(U + Pu) = 1.82
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Fig. 5. Effect of HMTA-urea boiling time on tap density.
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Figure 6 shows the effect on tap density of changing the HMTA/(U + Pu) ratio for
3.2 M HMTA-3.2 M urea stock solutions that were either boiled for 60 min or not heated.
In this series of preparations, the forming temperature was 90°C and the aging time was
20 min. The NOs /(U + Pu) mole ratio and (U + Pu) concentration (23.3% Pu) in the
broth were held constant at 1.9 and 1.11 M, respectively. The tap densities obtained using

unheated HMTA-urea solution ranged from 1.23 to 1.30 g/cm’

. All of the preparations
in Fig. 6 in which unheated HMTA—urea solutions were used yielded microspheres with
good surface quality, as indicated by the small amount of surface leaching that occurred
during the washing steps. For these preparations, the best-quality microspheres, which
had little surface leaching, were made when the HMTA/(U + Pu) mole ratios in the broth
were in the narrow range of 1.9 to 2.0.

The effect of NO; /(U + Pu) mole ratio on gelation time, tap density, and surface

quality is shown in Fig. 7 for a series of microsphere preparations in which a

3.2 M HMTA-3.2 M urea stock solution was either not heated or was boiled for 60 min.

1.40
[ |Unheated HMTA-urea stock os 7s
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16s
1.20 +
ME Other broth components for
RS all the preparations were:
2 [ NO /(U + Pu) = 1.9
> 4=) Indicates region of good-quality [U+Pul=1.11M
= 110 ¢+ spheres with little surface abrasion - ’
@ [ (sp ) % Pu =20
8 | Gel-forming temp. = 90°C
a | Aging time at 90°C = 20 min
©
- L
1.00 4 |HMTA-urea stock solution
L |used was boiled 60 min 55
3 9s 8s 6.5s
11s e
L ———
0.90 + 10s
0.80 PP S S S S P S S S S S S S S S S S S S S S S S S S S S S S S S S S S S
1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00 2.05

HMTA/(U + Pu) mole ratio

Fig. 6. Effect of changing HMTA/(U + Pu) mole ratio on gelation time, tap
density, and surface quality for unheated and 60-min boiled 3.2 M HMTA-3.2 M
urea solutions.
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Fig. 7. Effect of varying the NO3; /(U + Pu) mole ratio on gelation time, tap
density, and surface quality for unheated and 60-min boiled 3.3 M HMTA-3.2 M
urea solutions.

In these preparations, HMTA/(U + Pu) (23.3% Pu) with a mole ratio of 1.65 and a
(U + Pu) concentration of 1.11 g/mL were held constant. The forming temperature was
90°C, and the aging time was 20 min. For both of the unheated and boiled preparations,
the gelation times increased as the NO3; /(U + Pu) mole ratio was increased. The tap
densities obtained using an unheated HMTA-urea solution ranged from 1.23 to
1.29 g/em®. The preparations that gave microspheres with good surface quality had
NO; /(U + Pu) mole ratios in the range of 1.85 to 2.05. The best NOs /(U + Pu) mole
ratios for the boiled HMTA—urea solution was in the narrower range of 1.85 to 1.95. The
tap densities ranged from 0.96 to 0.99 g/cm’.

Examination of the data in Figs. 6 and 7 reveals that a NO3 /(U + Pu) mole ratio
of 1.9+ 0.05 with an HMTA/(U + Pu) mole ratio ranging from 1.65 to 2 will produce
good microspheres. However, the microspheres with the best surface quality had an
HMTA/(U + Pu) mole ratio of ~1.95. This broth also had a shorter gelation time (6 s),
compared with ~11 s for the broth with an HMTA/(U + Pu) mole ratio of 1.65. The
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missing variable that is needed to produce microspheres with the best surface quality is
the (U + Pu) concentration of the broth. The (U + Pu) concentration in the broth was
1.11 M. If the behavior is similar to that of the pure uranium system, increasing the
(U + Pu) concentration of the broth would allow the HMTA/(U + Pu) mole ratio of the

broth to be lowered while good surface quality is maintained.

3.4 Role of Urea in Heated HMTA-Urea Solutions

Whether or not a broth is stable at 0 to 5°C depends on the urea in the broth
available to complex the metal ion. When a solution HMTA-urea is boiled, the urea
appears to be slowly consumed. Under the conditions used, broths from solutions that
were boiled longer than 60 min were not stable. Several experiments were conducted in
which additional urea was added to solutions that were boiled 60 min or longer to
determine if stable broths with lower tap densities could be prepared. Sufficient
quantities of urea were added to the “A” solutions in Table 1 that were boiled 60 and
75 min to increase the urea/(U + Pu) mole ratio by 0.25 and 0.55, respectively. The
gelation times for broths at 0 to 5°C (or the stability of these broths) were extended to
>300 min; in other words, they became usable broths. Preparations with these broths
failed to yield microspheres with lower tap density. Furthermore, microspheres that were
prepared with these broths were softer and had a tendency to stick to the walls of the
forming column and connecting tubing. When these microspheres were washed with
NH4OH, increased surface leaching and erosion were noted. No stable broths could be
prepared by the addition of urea to the HMTA—urea solution that was boiled 191 min
(Table 1), even when the urea addition increased the urea/(U + Pu) ratio by 1.1. On the
other hand, stable unheated HMTA-urea solutions could be prepared that had
urea/(U + Pu) mole ratios as low as 0.9.

In an experiment with a different approach, a solution with 3.2 M HMTA and 5 M
urea, rather than 3.2, was prepared. This solution was boiled 75 min. Initially, about 5 to
10% of the HMTA did not dissolve. However, after boiling and cooling, the HMTA did
dissolve. During boiling, the amount of NH; released appeared to be greater than normal.

This effort to prepare a stable broth with an HMTA—urea solution that was heated longer
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than 60 min also failed. The time of gelation for the broth at temperatures of 0 to 5°C

was <6 min. (A stable broth is one that will not gel in 60 min.)

3.5  Effect of Urea/(U + Pu) Mole Ratio on Tap Density and Product Quality

A series of six experiments were conducted to determine the effect of varying the
urea concentration on product quality. In this series none of the HMTA—urea solutions
were boiled. Table 2 gives the tap densities for spheres (dried at 110°C) that were
prepared with broths with urea/(U + Pu) mole ratios from 1.6 to 0.9. The data show little
variation in the tap density. These results, in conjunction with electron micrographs of
dispersed spheres, demonstrated that variation of the urea concentration in the broth
under these conditions did not alter the gelation behavior of the uranium and plutonium.
During the washing steps with NH4OH, little surface erosion occurred. The calcined

spheres did not crack and had good surface quality.

Table 2. Effect of urea concentration in the broth on tap density®

Tap density
Run no. Urea/(U + Pu) (g/cm’)
160 1.60 1.28
163 1.38 1.30
164 1.28 1.28
172 1.18 1.35
168 1.00 1.27
169 0.90 1.27

Parameters: forming temp. = 0°C; hot-oil aging time = 20 min; (U + Pu)
concentration in broth = 1.11 M; percentage of Pu in broth = 23; NO; /(U + Pu) mole
ratio = 1.78; and HMTA/(U + Pu) mole ratio = 1.65.

Urea plays two significant roles in the internal gelation process. First, it acts as a
complexing agent in a broth to prevent premature gelation. Secondly, it acts as a catalyst
to speed up the rate of HMTA decomposition, which causes broth droplets to gel and
precipitate when heated. In aqueous solutions, urea forms complexes with uranyl ions in
a 2:1 mole ratio as shown in the equation below."

2CO(NH,), + UO,*" <> UO,[CO(NH,),],**
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In this study it was found that a mole ratio of 1:1 was adequate to provide a stable
broth at 0°C (a broth that is stable for >1 h at 0 to 5°C). Stable broths were prepared for a
mixed-metal system of uranium and plutonium (23%) in which the mole ratio of
urea/(U + Pu) was as low as 0.9:1 when the HMTA/(U + Pu) mole ratio was 1.65.
Plutonium(IV) has a stronger tendency to form complexes with urea than the other
actinides. Experimental results have shown that in nitric acid the primary complexes of
Plutonium(IV) with urea have the compositions {Pu(NO;);[CO2(NH;)]:}" and
{Pu(NO3)4[COx(NH;),]} °(ref. 20). These complexes have urea/Pu mole ratios of 2:1.
HMTA also has a tendency to complex with uranyl ions in a 1:1 mole ratio as
[UOz(CH2)6N4]2+, but this complex is thought to be much weaker that the urea
complex.”” The combination complexing behavior of both HMTA and urea may help
account for the fact that a mole ratio of less than 2:1 will provide stable broths and that

the stability is increased as the temperature is decreased.

4. SUMMARY

As previously discussed, the internal gelation process used is one of the sol-gel
processes developed for the preparation of microspheres of nuclear fuel in which chilled
clear broth droplets of ADMN, HMTA, and urea are heated to produce homogenous
gelation and solidification of the droplets, which, after washing, can be dried, calcined,
and sintered to produce ceramic kernels of the required density. In the development of
the internal gelation process, several process parameters were determined that served as
useful tools in controlling the quality of the kernels produced. Understanding the crystal
morphology of uranium is essential in making UO,, (U,Pu)O,, and (UO, + UC,;) kernels.
The crystal morphology of uranium and the concomitant microsphere properties are
significantly affected by (1) the HMTA/U mole ratio, (2) the NOs /U mole ratio, (3) the
concentration of uranium in the broth, and (4) the gel-forming temperature. It was also
found that hot-oil aging and air-drying also had important impacts on crystallite growth.
Controlled utilization of these parameters makes it possible with the broth formulation
and gel-forming steps to control the crystal morphology in the preparation of UO, and
(UO; + Pu0,) kernels. Air-dried (at 110°C) gel spheres of any targeted tap density can
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be prepared within a wide range of tap densities from 1.8 to 0.8 g/cm3, with the uranium
crystallites varying from 10 to 500 nm.” Spheres with the highest densities were either
amorphous or had the smallest crystallite size. Optimization using the above-mentioned
crystal growth parameters in the preparation of (U,Pu)O; kernels with unheated HMTA-
urea solution worked only to lower the tap density of air-dried gel spheres to ~1.3 g/cm’,
with the uranium crystallites being primarily in the 50- to 140-nm range. These spheres
could be used as materials for use in kernel preparations for TRISO-coated AGR or
Sphere Pac fuels. Pellets prepared from these spheres were about 84% of theoretical
density, which was considered to be the absolute minimum density for fuel pellets used in
nuclear-reactor applications.

To lower the tap density further, it was fortuitously discovered that HMTA—urea
stock solutions could be boiled for certain periods of time (as described in this report) and
used in the broth formulation. Excellent-quality mixed-oxide (25% Pu) spheres were
prepared with a tap density as low as 0.93 g/cm’® with uranium crystallites of about 120 to
300 nm. These spheres were especially suited for forming gel-derived pellets of about
93 to 95% of theoretical density. Examination of the experimental results found that a
NOs /(U + Pu) mole ratio of 1.9 £ 0.05 with an HMTA/(U + Pu) mole ratio of 1.65 to 2
will produce good microspheres. However, the microsphere with the best surface quality
had an HMTA/(U + Pu) mole ratio of ~1.95. This broth also had a lower gelation time of
6 s, compared with ~11 s for the HMTA/(U + Pu) broth with a mole ratio of 1.65. The
(U + Pu) concentration in the broth was 1.11 M. In this case, the 2-L HMTA-urea
solution was boiled for 60 min, with 1.23 mol NH; generated from the urea-HMTA
reaction. To prepare ideal mixed-oxide AGR kernels with good surface quality and
strength for use in TRISO coating, a HMTA-urea solution that yields air-dried gel
spheres with a tap density of 1.10 = 0.05 g/cm’ would probably be optimal. Under the
preparation conditions used in this work, a 2-L HMTA—urea solution would be needed
that is boiled for 15 to 30 min with 0.61 to 0.83 mol of NH; being generated. The use of
boiled HMTA—urea stock solution as an additional crystal growth step has provided

greater process flexibility in the production of U-Pu kernels.
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