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FISSION PRODUCT BEHAVIOR IN HTGR FUEL PARTICLES 
MADE FROM WEAK-ACID RESINS 

T. N. Tiegs and T. J. Henson 

ABSTRACT 

Fission product retention and behavior are of utmost 
importance in HTGR fuel particles. The present study con-
centrates on particles made from weak-acid resins, which 
can vary in composition from 100% UO2 plus excess carbon 
to 100% UC2 plus excess carbon. Five compositions were 
tested: UC 4 > 5 8O 2 > 04. UC3.68°0.01' Uc4.39°1.72> uc4.63°0.97> 
and UC4.14O0 53. 

Metallographically sectioned particles were examined 
with a shielded electron microprobe. The distributions of 
the fission products were determined by monitoring charac-
teristic x-ray lines while scanning the electron beam over 
the particle surface. 

The behavior of most fission products depended on the 
initial oxygen-carbon ratio. The effect is most prominent 
with the high-yield rare earth fission products (i.e., Nd, 
Ce, Pr, and La). High-oxygen (0% converted or UC4-5gO2.04^ 
kernels retained practically all the rare earths. As the 
oxygen content decreased (and the relative carbon content 
increased), the retention of the rare earths in the kernel 
decreased, so in the 100%-converted (UCj^gOg q,) particles 
essentially all the rare earths migrated down" trie temperature 
gradient to the inner pyrocarbon (PyC)-SiC interface. 

The behavior of the oxide-forming fission products, Zr 
and Ba, also depended on the initial oxygen content. In the 
high-oxygen content particles, 0% converted (UC4>5gO2.04) 
and 14% converted (^4,390;]^ 72), the Zr and Ba formed ceramic 
inclusions. However, in the particles with lower oxygen 
contents, so much oxygen was gettered by the lanthanides and 
uranium that not enough was available to form oxides. In 
these cases, most of the Zr was dissolved in the residual 
kernel phases. Barium, on the other hand, migrated out of 
the kernel into the densified buffers and inner PyC coatings. 

The volatile fission products, Cs and Xe, were always 
observed in the densified buffers and inner PyC coatings, 
apparently independently of oxygen content. However, some 
Cs was observed in this study with the uranium-bearing kernel 
phases in the 52%- and 74%-converted particles, while the 
other kernels showed none (this includes the 100%-converted 
particle). We believe that these kernel phases were rich in 
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carbon, which was able to getter the Cs. Thus the behavior 
of the Cs in these WAR particles depends on the disposition 
of the excess kernel carbon. 

Molybdenum and ruthenium were present as metallic 
inclusions in the 0%-converted (^4.5302.04) and 14%-converted 
(UC^^gO-^ 72) k-ei .els. Evidently, they do not remain in 
solution in the kernel (consisting of mostly oxides) and 
tend to agglomerate. As the oxygen content decreased (i.e., 
greater than 52% converted), the Mo and Ru remained in solution 
in the residual kernel phases. 

These results show that fission products in the 0%-
converted (UC4_58O2.04) particles behave like those 
dense U02 particles, those in tl>e 100%-converted (UCj. 68°0.01^ 
WAR particles behave like those dense UC2 particles. Neither 
of these particle compositions has acceptable irradiation 
behavior. The partially converted particles with compositions 
of UC4.3901>72, UC4.53O0.97> and UC4 ̂ 40(^53 (i.e., conversion 
levels of 14, 52, and 74%, respectively) show better perfor-
mance and have neither the amoeba nor massive rare earth 
fission product migration problems. 

INTRODUCTION 

Fuel to be used in High-Temperature Gas-Cooled Reactors (HTGRs) 
consists of coated particles bonded into rods.* This fuel design 
requires retention of the fission products within the particle coatings. 
A m a m part of the HTGR Program at ORNL has been in the development of 
a particle that will withstand the long irradiation periods envisioned 
for a commercial HTGR. An important part of the performance assessment 
is a knowledge of the fission product behavior in the particles. 

*The fuel particle is a microsphere (referred to as a kernel) 
200-350 ym in diameter containing fissile material and coated with 
(1) a layer (^50 ym) of low-density pyrolytic carbon (referred to as 
the buffer), (2) a layer (V35 ym) of high-density pyrolytic carbon 
(referred to as the inner PyC coating), (3) a layer (^30 ym) of SiC, 
and (4) another layer (V35 ym) of high-density pyrolytic carbon 
(referred to as the outer PyC coating). This combination is called 
a Triso coating. 
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Much of the recent work has concentrated on partially converted 
1 2 

kernels* made from weak-acid resins (WAR). ' Recent development of 
the WAR particle has emphasized solution of two performance problems: 
(1) migration of the kernel up the temperature gradient (amoeba effect), 
associated with kernels made of IK^, and (2) accumulation of rare earth 
fission products (Nd, Ce, La, and Pr) at the SiC coating, associated 2 g 
with kernels made of Examples of these two types of performance 
problems are shown in Fig. 1. Thermodynamic considerations indicate 
that conversions from 14 to 70% will avoid both the kernel migration 
and rare earth accumulation problems.^" 

To determine fission product behavior in the fuel particles the 
electron microprobe was used. This tool has been useful in the exami-7—9 
nation of pellet oxide fuels and recently has been applied to HTGR 
fuel."'"̂ -'''̂  The present report gives results obtained from examination 
of WAR particles with nominal conversions of 0, 14, 52, 74, and 100%. 

EXPERIMENTAL 

Particle Properties and Irradiation Conditions 

Important properties of the particles examined are given in 
Table 1. Irradiation was carried out in a vented capsule (designated 
HRB-9) in the High Flux Isotope Reactor (HFIR) at ORNL under a large 

4 
neutron flux. Thus, high burnups and fast neutron exposures 
(>0.18 MeV) were obtained in a relatively short time compared with a 
normal HTGR environment. Irradiation conditions are given in Table 2. 
The particles were bonded into rods with a carbonaceous matrix before 
irradiation. 

The fuel phases present in partially converted kernels ave mainly 2 
UO^ and UC^, with U(C,0) as a minor phase. These fuel phases are 
dispersed in the excess carbon (which is present as a glassy matrix). 
The density of this combination is relatively low (^30% of theoretical). 

*Partially converted kernels consist of a two-phase mixture of UO2 
and UC2 plus excess carbon. The degree of conversion refers to a measure _ 
of the relative molar amounts of UO2 converted to UC2; e.g., 15% converted 
means 15% UC2 and 85% U02, 75% converted means 75% UC2 and' 25% UO2, etc. 



Fig. 1. Two Performance Problems Associated with HTGR Fissile Fuel Particles. (a) U02 kernel 
exhibiting migration up the temperature gradient; time-averaged temperature, 118C°C; average tempera-
ture gradient, 990°C/cm; burnup 80% FIMA. (b) UC2 kernel showing effects of accumulation of rare earth 
fission products on cold side of particle; 1130°C; 990°C/cm; 801 FIMA. The hot side of these particles 
is at the top of the photographs. See ref. 3 for further details about these particles. 



Table 1. Summary of Particle Properties 

0% Converted 100% Converted 14% Converted 52% Converted 74% Converted 

Kernel Composition3 UC'5.48°2.04 UC3.68°0.01 UC4.39°1.72 UC 4.63°0.97 UC4.14°0.53 
Kernel Diameter, ym 371.3 366.5 385.8 363.0 366.4 

3 
Kernel Density, Mg/m 3.66 3.01 3.18 3. 1 1 3.03 

Buffer Thickness, (im 69.3 59.2 40.9 59 .3 62.7 
Buffer Density, Mg/m3 1.12 1.11 1.37 1 . 09 1.13 

Inner PyC Thickness, ym 42.0 36.2 42.9 34 .7 36.3 
3 

Inner PyC Density, Mg/m 1.945 1.947 2.0 1 . 948 1.941 

SiC Thickness, ym 30.7 27.9 32.1 30 .2 31.1 
SiC Density, Mg/m3 3.193 3.200 3.187 3. 202 3.199 

Outer PyC Thickness, ym * 44.6 40.0 48.8 42 .0 42.7 
3 

Outer PyC Density, Mg/m 1.994 1.997 1.986 1 . 997 2.009 

Ui 

aAll kernels were 93.06% enriched with^3^U. 



Table 2. Summary of Particle Irradiation Conditions 

Fuel Particle Conversion 
Time-

Averaged Temperature Burnup, % FIMA Fluence , n/m 
Fuel Shown 

in Figure 
Conversion Composition 

Time-
Averaged Gradient 

(°C/cm) Roda Shown 
in Figure (%) Composition Temperature 

(°C) 
Gradient 
(°C/cm) 235 2 3 8 u Thermal 

<0.414 eV 
Fast 

>0.18 MeV 

12 2 0 U C4.58°2.04 960 940 84.7 24.0 2.03 * 1026 7.79 * LO26 

11 5 100 
h U C3.68°0.01 960 940 84.7 24.5 2.08 7.92 

16 9 

14 

14 U C4.39°1.72 1100 

1050 

610 

500 

84.8 19.5 1.58 6.29 

13 17 52 U C4.63°0.97 1070 450 84.6 23.2 1.94 7.57 

9 23 74 U C4.14°0.53 925 1050 84.7 24.5 2.08 7.92 

aIn capsule HRB-9. See ref, 4 for details. Total imputation time 5380 b (19.4 Ms). 
Two 14%-converted particles are discussed. 
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Experimental Technique 

Electron-beam microanalysis, using a Materials Analysis Co. 450 
microprobe with a modified scanning system produced the elemental 
distributions shown in this report. Electron beam accelerating voltage 
was 35 kV; specimen current on the kernel was typically 0.1 yA. Charac-
teristic x-ray lines monitored are identified in the figures. The 
skewed appearance of the microspheres is due to the configuration of 
the electron optical system and the 45° angle the sample normally 
makes with the electron beam. 

X-ray line scano were obtained by electronically scanning the 
electron beam while simultaneously monitoring signals from two x-ray 
peaks. These intensity distributions also reflect variations in back-
ground intensity. The background is very high because of the high 
gamma activity of the irradiated fuel rod mounted and polished in each 
metallographic specimen. 

RESULTS ON WAR PARTICLES WITH CONVERSIONS OF 0 AND 100% 

0% Converted (UC^ 5 g0 2 Q A ) 

A typical 0%-converted particle after irradiation is shown in 
Fig. 2. Its appearance is characterized by a densification of the 
kernel and the buffer coating, both of which started at density much 
lower than theoretical (0.3 and 0.5 times theoretical, respectively). 
As is typical of kernels made of UO^, the kernel in Fig. 2 exhibits 
migration up the temperature gradient. The measured migration coef-
ficients for WAR kernels are essentially equivalent to those for dense 

1—4 

UO^ kernels. Some of the kernel is observed at the SiC coating, 
and corrosion, presumed to be oxidation of the SiC, is evident on the 
hot side of the particle. 

Besides densifying, the buffer coating changes appearance 
drastically during irradiation. The buffer was optically isotropic 
before irradiation, but under polarized light [Fig. 2(b)]. optical 
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Y-160547 

Fig. 2. Irradiated 0%-Converted MAR Particle (UC4.5gO2.04)• 
(Conditions in Table 2.) (a) Bright field, (b) Polarized light, 
(c) High magnification of kernel, (d) High magnification showing 
pieces of the kernel at the SiC coating. Hot side of the particle is 
on the right-hand side of (a) and (b). 
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anisotropy is evident. These changes are possibly due to actions of 
various fission products, which are preferentially located in the 
densified buffer (e.g., Cs, which will be shown later). 

As shown in Fig. 2(c), various phases in addition to the residual 
kernel matrix have formed in the kernel during irradiation. These 
include fission gas bubbles, metallic inclusions, and ceramic inclusions. 
Although no central void was formed with pellet fuel, the large fission 
gas bubbles indicate that fission gases have agglomerated. The 
metallic and ceramic inclusions appear to form preferentially on the 
surfaces of these bubbles. 

TJ Distribution 

The distribution of uranium is shown in Fig. 3. Most of the 
uranium is present with the bulk of the kernel, but small agglomerations 
are present at the SiC [as a result of migration of parts of the kernel 
up the temperature gradient; see Fig. 2(d)] and in the densified buffer. 
These areas are also identifiable in the backscattered electron image 
in Fig. 3. (The backscattered electron image depends on the average 
atomic number of the material, so the brighter the area the higher the 
average atomic number.) We believe that during shrinkage of the kernel 
the uranium-bearing phases tend to agglomerate, leaving surrounding 
areas of excess carbon. 

Nd, Ce, Pr, and La Distribution 

The distribution of the high yield rare earth fission products, 
Nd, Ce, Pr, and La are presented in Fig. 3. These fission products 
are associated mostly with the uranium in the kernel and in separate 
uranium agglomerations, but concentrations are also found at the SiC 
(in close proximity to the migrated kernel) and at the inner PyC-buffer 
interface. Migration of the rare earths has been commonly observed^ 
in particles with UC^ kernels, but we expected that in kernels containing 
greater than 30% (i.e., <70% converted) all the rare earths would remain 

3 as immobile oxides. Some of this mirgration may be due to volatile 
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Fig. 3. X-Ray Displays of 0%-Converted Particle Shown in Fig. 2. 
Compare with Fig. 2 for location of hot side of particle. (a) Back-
scattered electron image. (b) U Ma.. (c) Ce La. (d) Pr La. (e) Nd La. 
(f) La La. 
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precursors in the fission decay chain (e.g., Cs and Ba). For Ce this 
is a distinct possibility, but the volatile precursors for Nd, La, and 
Pr are so short-lived as to have very little effect. These results 

13 agree with others, which indicate that the rare earths exhibit some 
1 3 

mobility even as oxides. However, earlier microprobe studies ' on 
dense UC^ showed no rare earth migration out of the kernel. In any 
event, the rare earths are nearly completely retained in the kernel 
phases. 

Distribution of Cs and Xe 

The distributions of Cs and Xe are shown in Fig. 4. These highly 
volatile fission products are found in the densified buffer and the 
inner PyC coating, but not within the SiC. They are not associated 
with any areas containing uranium, most probably Lecause of the heat 
generation by the uranium. 

Distribution of Zr and Ba 

The distributions of Zr and Ba are shown in Fig. 4. The Zr is 
located in the kernel, but not with the small uranium agglomerations 
at the SiC and in the densified buffer. Why the Zr does not appear 
with both the U-bearing regions is unknown. The Ba is present in the 
kernel and at the SiC coating. We attribute the Ba at the SiC to Cs 
precursors and also to the high mobility of Ba at these temperatures. 
As in the case of Zr, Ba is not observed in the small uranium 
agglomerations. 

In the kernel the concentration of Ba is nonuniform. Other 
10 13 17 

studies * ' have shown that this is due to the formation of ceramic 
inclusions with main constituents Ba, Zr, and 0. Though Zr is a main 
constituent of the inclusions, it is also able to form a solid solution 
with the residual kernel matrix, so segregation of the Zr is not readily 
apparent. 

We observed only trace quantities of Sr, which is commonly associ-
ated with inclusions of this type.1 The Sr x-ray count rate was 



R-74634 

Fig. 4. X-Ray Displays of 0%-Converted Particle Showin in Fig. 2. Orientation of 
x rays identical to that in Fig. 3. (a) Cs La. (b) Xe La. (c) Mo La. (d) Ba La. (e) Zr La. 
(f) Ru La. 
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not high enough above the background to obtain any x-ray displays. 
Considering the fission product yield for Sr, this result is inexplicable. 
Other studies^ on UO^ have shown that the Sr migrated out of the kernel 
and through the PyC and SiC coatings. But still other 3tudies10'13'17 

have found Sr associated with the ceramic inclusions and also dissolved 
in the residual kernel matrix. 

Distribution of Mo and Ru 

The distributions of Mo and Ru are shown in Fig. 4. As expected 
for a kernel of l ^ , the Mo and Ru formed noble metal inclusions, which 
were preferentially located on the surface of fission gas bubbles. But, 
in addition, Mo was observed in the densified buffer, probably as a 
carbide, in the area that was optically active under polarized light 
[see Fig. 2(b)]. The only other fission products associated with this 
Mo concentration were Cs and Xe. Such Mo behavior has been observ a in 

18 
a previous investigation on dense U0£. However, Ru was also observed 
in the same area in that study, but not in this study. 

100% Converted ( U C 3 _ ^ Q 1 ) 

A 100%-converted particle after irradiation is shown in Fig. 5. 
Again the kernel and buffer coating have densified and adhered to one 
side of the inner PyC coating. Both the SiC and outer PyC coatings on 
the cold side of this particle have been broken by an accumulation of 
fission products at the SiC. The accumulation leads to corrosion and 
possible loss of integrity (as is the case here) of the SiC. However, 
it should be noted that loss of integrity of the SiC in 100%-converted 
WAR particles is usually the case only at high temperatures and tempera-

3 4 
ture gradients. * 

The kernel shown in Fig. 5 consists of apparently two main phases: 
a highly reflective phase resembling irradiated and a dark, 
sometimes optically active phase. 
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Fig. 5. Irradiated 100%-Converted WAR Particle (UC3 68°0.0l)• 
(Conditions in Table 2.) (a) Bright field, (b) Polarized light, 
(c) High magnification of kernel, (d) High magnification of fission 
product accumulation at SiC coating on cold side of particle. Hot 
side of the particle is located on the right-hand side in (a) and (b). 
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U Distribution 

The distribution of uranium is shown in Fig. 6. It is heavily 
concentrated in the highly reflective kernel phase (Fig. 5), with low 
concentrations in the optically active densified buffer region. These 
small concentrations appearing in the densified buffer are very similar 
to those observed in the 0%-converted particle previously discussed. 
Again, we believe that during shrinkage of the kernel some of the 
kernel material remained attached to the buffer coating to cause the 
appearance of the small U-bearing inclusions. 

The less reflective kernel phase at the center and also surrounding 
the U-rich kernel phase is thought to be composed of mostly excess 
carbon formed during agglomeration of the U-bearing phases. 

Rare Earth Distribution (and Chlorine) 

The distributions of the rare earth fission products (Nd, Ce, La, 
Pr) are shown in Fig. 6. High concentrations were observed at the SiC 
on the cold side of the particle and in the densified buffer around the 
kernel. The rare earths evidently migrated out of the kernel and down 
the temperature gradient. Further migration was stopped by the SiC, 
and the subsequent accumulation resulted in the SiC loss of integrity. 
These phenomenon have been observed"'' previously with kernels of dense 
UC2 and 100%-converted WAR. 

Corrosion of the SiC was also observed (see Fig. 5) with the rare 
3 20 21 

earth accumulation. Recent studies ' ' have hypothesized a correlation 
between SiC corrosion and the presence of chlorine. Chlorine is some-
times introduced into the particle's system during coating with SiC and 20 
has been observed to cause uranium redistribution in unirradiated and 

3 21 
irradiated ' particles. The presence of chlorine was found and the 
distribution is presented in Fig. 7. As shown, the distribution of Cl 
is practically identical to the rare earths. Therefore, we assume that 
rare earth chlorides were formed. 



Fig. 6. X-Ray Displays of 100%-Converted Particle Shown in Fig. 5. Compare with Fig. 5 for 
location of hot side of particle, (a) Backscattered electron image, (b) Nd La. (c) Ce La. 
(d) U Ma. (e) Pr La. (f) La La. 
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Fig. 7. X-Ray Displays of 100%-Converted Particle Shown in Fig. 5. 
(a) Optical. (b) U MB. (c) Nd La. (d) Cl La. Orientation of x-ray 
displays is identical to that in Fig. 6. 
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Distribution of Cs 

The distribution of Cs is shown in Fig, 6. It is located preferen-
tially in the densified buffer and inner PyC coating. A low concentration 
is observed in the central area of the kernel (i.e., the area with very 
low U content believed to be carbon rich). Not unexpectedly, very little 
Cs was observed in the U-bearing kernel phase and in the areas adjacent 
to the cracks in the SiC and in rare earth accumulations. We believe 
that Cs would migrate out of these areas rapidly because of its high 
vapor pressure at the irradiation temperatures. 

Distribution of Zr, Ba, and Sr 

The distributions of Zr, Ba, and Sr are shown in Fig. 8. The Zr 
was located with the U-rich kernel phase. Similar behavior of Zr has 

13 
been observed in dense UC^ particles. 

The behavior of Ba is essentially identical to that of Cs. Barium 
is apparently mobile in this system, so very little was observed in the 
U-rich kernel phase. In addition, the long-lived Ba isotopes have many 
Cs precursors, which contribute to the dispersion of Ba. 

Like the 0%-converted WAR just discussed, very small concentrations 
of Sr were observed. The only area where an appreciable concentration 
was located (i.e., enough to obtain an acceptable x-ray display) was 
the carbon-rich phase in tho center of the kernel. 

With the 100%-converted WAR fuel system, practically no oxygen is 
present. So all the Zr, F,a, and Sr will be present as carbides. 

Distribution of Mo and Ru 

The distribution of Mo and Ru is shown in Fig. 8. Both elements 
are located with the uranium-rich kernel phase. No migration out of 
the phase is apparent. The Mo is evenly distributed, while the Ru is 
preferentially located at the surface of the kernel phase. No metallic 
inclusions of any type were observed. 
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Fig. 8. X-Ray Displays of 100%-Converted Particle Shown in Fig. 5. Orientation is identical to 
that in Fig. 6. (a) Cs La. (b) Ba La. (c) Zr La. (d) Sr La. (e) Mo La. (f) Ru La. 
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Discussion 

We have seen that th« UC. c o0 o n, WAR particle behaves similarly 
4 >JO AmUH 

to dense UO^ in that the kernels exhibit amoeba migration up the tempera-
ture gradient. This behavior is the limiting factor for their use in 
an HTGR. The fission product behavior was similar (with the exception 
of Mo) to dense UO2 as reported in other investigations. 

On the other hand, the UC3 Q^ ̂ AR particle behaved like dense 
UC2 in that the high-yield rare earth fission products (i.e., Nd, Ce, 
Pr, and 7a) migrated down the temperature gradient and corrosively 
attacked the SiC coating. The other major fission products behaved 
similarly to those ir» dense UC2 as reported in previous studies. 

Each of the particles examined showed an exclusive performance 
problem. In other words, although the UC^ 5g°2 04 kernel exhibited 
amoeba migration, the rare earth fission products were retained in the 
kernel. Similarly, the UC coO_ n i kernel showed very little retention J • b o U «UX 

of the rare earth fission products but no amoeba migration. Thermo-
dynamic calculations^ show that combinations of UO^ and UC^ would be 
able to suppress the amoeba effect by lowering the oxygen potential 
while at the same time retaining the rare earth fission products. 
With this in mind, kernels with the following compositions were 
examined: U C ^ O ^ , U C ^ O ^ , and D C ^ O ^ ^ . 

RESULTS ON PARTIALLY CONVERTED WAR PARTICLES: 14, 52, AND 74% 

14% Converted (UC^ 3 9 0 1 Q ) 

A typical 14%-converted particle is shown in Fig. 9. Like the 0-
and 100%-converted particles just discussed, its appearance is charac-
terized by a densification of the kernel and the buffer coating. In 
most cases, the kernel moves out from the densified buffer. This may 
be due to an amoeba-type migration mechanism, but because the true 
thermal gradient conditions during irradiation are so complex, movement 
and temperature gradient have not been correlated. One observation 
that is consistent is that the kernel moves away from where the densi-
fied buffer is attached to the inner PyC coating. 



Fig. 9. Irradiated 14%-Converted WAR Particle (1104.390^72) • 
(Conditions in Table 2.) Hot side of particle is on the right-hand 
side of the photographs, (a) Bright field. Horseshoe-shaped light 
phase is densified buffer. (b) Polarized light. 
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Besides densifying during irradiation, the buffer undergoes other 
changes. Like in the 0%-converted particle, the buffer is optically 
anisotropic after irradiation, whereas before irradiation it was 
optically isotropic. This change in optical activity is an indication 
of changes in the crystallographic orientation of the pyrocarbon. 

During irradiation a great deal of phase segregation occurs in 
the kernel. As shown in Fig. 9, two different kernel morphologies 
appear. One phase is always farthest from the densified buffer and 
contains fission gas bubbles, metallic inclusions, and ceramic inclusions. 
In addition, its appearance is much like the 0%-converted kernel. The 
other phase is adjacent to the densified buffer and contains no bubbles 
or inclusions. No distinct boundary between the two morphologies 
exists. The two kernel morphologies are also recognizable in the back-
scattered electron image shown in Fig. 10, done at a low beam current. 
The fission gas bubbles are easily identified, but "holes" are seen in 
the morphology adjacent to the densified buffer. Comparing with the 
optical micrograph shows that the dark areas really are not holes. The 

Fig. 10. Backscattered Electron Image at Very Low Beam Current of 
14%-Converted Particle Shown in Fig. 9. Inhomogeneity of kernel phase 
adjacent to densified buffer is apparent. 
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backscattered electron image depends on the atomic number of the 
materials, so the dark areas have relatively low average atomic numbers. 
We can deduce that these areas have little or no uranium (a high-
atomic-number element) and are probably areas of excess carbon formed 
during agglomeration of the U-bearing phases. Thus, the morphology 
adjacent to the densified buffer, though appearing relatively homogenous, 
is in fact inhomogenous. 

U Distribution 

The distribution of U is shown in Fig. 11. It is concentrated in 
well-defined areas: namely, the two kernel phases and separate phases 
dispersed in the densified buffer. These phases can also be identified 
in the backscattered electron image. The U concentration in the kernel 
is variable, as evidenced by the U x-ray display in Fig. 12. The U 
inhomogeneity in the kernel is caused mainly by inclusions, but a semi-
quantitative analysis showed that the residual kernel matrix also 
varied approximately 30% in U concentration. 

The appearance of the separated U-bearing areas in the densified 
buffer of the 14%-converted particle is similar to that observed in 
the 0%-converted particle. 

Rare Earth Distribution 

The distributions of the rare earth fission products, Nd, Ce, Pr, 
and La are shown in Fig. 11. These fission products are located with 
the U in the kernel and separated areas in the densified buffer. Addi-
tionally, they are present in remnants of the buffer that have adhered 
to the inner surface of the inner PyC coating. Migration of the rare 
earths has been commonly observed in the 100%-converted WAR particles, 
but, like the 0%-converted particle, the rare earths were expected to 

1 3 
remain as immobile oxides. ' Evidently, this is not the case. Figure 11 
does show that, although Nd, Ce, Pr, and La did migrate, they did not 
move through the inner PyC coating to the SiC. This result has been 
true for all 14%-converted particles examined with one exception, which 
is discussed below. 



Fig. 11. X-Ray Displays of 14%-Converted Particle Shown in Fig. 9. (a) Backscattered electron 
image. Compare with Fig. 9 for location of hot side of particle, (b) Nd La. (c) Ce La. (d) U Ma. 
(e) Pr La. (f) La La. 
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R-74627 

Fig. 12. High-Magnification X-Ray Displays of Kernel of Particle 
from Fig. 9. (a) Backscattered electron image. (b) U M(3. (c) Nd La. 
(d) Ce La. 
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Figure 13 shows the 14%-converted particle in which the rare earfh 
fission products migrated to the SiC coating. As shown in the optical 
micrograph in Fig. 14, the inner PyC coating has pulled away from the 
SiC, and a path for the rare earth migration may been been provided. 
It is important to note that even though the rare earths were found at 
the SiC, no corrosive attack or detrimental effects were observed. 
Evidently enough of the rare earths are tied up as stable oxides in the 
kernel to prevent appreciable SiC attack. 

In the kernel the distributions of the rare earths are very 
inhomogenous. X-ray displays from a small area of the kernel, presented 
in Fig. 12, show this. The rare earth concentrations appear greatest 
in the kernel matrix, where semiquantitative measurements indicated 
that the Nd content varied as much as 50%. Lower concentrations are 
observed where inclusions are present. 

21 
Chlorine, which has been associated with SiC corrosion, was not 

found in either of the particles examined, although its presence could 
have been below the detection limit of the electron microprobe. The 
detection limit with the present equipment was approximately 0.5 wt %. 

Distribution of Cs and Xe 

The distribution of Cs is shown in Fig. 15. During irradiation, 
the volatile Cs distills out of the kernel into the densified buffer, 
the inner PyC coating, and the remnants of the buffer that adhere to 
the inner PyC coating. The SiC coating acts as a barrier for further 
migration of the Cs. 

The distribution of Xe is very similar to that of Cs. The Xe 
migrates out of the kernel into the densified buffer and the buffer 
remnants adhering to the inner PyC coating. Because of the large void 
volume created by densification of the kernel and buffer, much of the 
Xe is assumed to be present as a gas in the particle. 
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Fig. 13. X-Ray Displays of 14%-Converted Particle Shown in Fig. 14. (a) Backscattered electron 
image. Compare with Fig. 14 for location of hot side of particle, (b) Nd La. (c) Ce La. (d) U Ma. 
(e) Pr La. (f) La La. 
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Fig. 14. Irradiated 14%-Converted WAR Particle (UC4.39O1.72) with 
Inner PyC Coating Separated from SiC. (Conditions in Table 2.) Hot 
side of particle is located on right-hand side of the photographs, 
(a) Bright field, (b) Polarized light. 
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Fig. 15. X-Ray Displays of 14%-Converted Particle Shown in Fig. 14. Orientation of x-ray 
displays is identical to that in Fig. 13. (a) Cs La. (b) Mo La. (c) Tc La. (d) Ba La. (e) Zr La. 
(f) Ru La. 
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Distribution of Zr and Ba 

The distribution of Zr and 3a is shown in Fig. 15. Both fission 
products are observed in the two kernel phases, the densified buffer, 
and the remnants of the buffer that adhere to the inner PyC coating. 
Apparently the Zr is very mobile in this fuel system, judging from 
the dispersion in the densified buffer and buffer remnants. However, 

90 91 
some of the Zr comes from the decay of Sr and Y after termination 
of the irradiation. The dispersion of the Ba is believed attributable 
to Cs precursors and the high mobility of Ba at these temperatures. 
Though thermodynamic considerations say that enough oxygen was present 
at 75% FIMA, one cannot assume that all the Zr and Ba are present as 
oxides. Early in the irradiation, all the freed oxygen is consumed. 
Some is gettered by the lanthanides (i.e., Y, Nd, Ce, Pr, and Sm) 
forming (RE)O^ compounds. The residual oxygen reacts with VC^ to 
form Until the oxygen potential rises high enough to allow the 
formation of BaO and ZrO^ these elements are present at BaC2 and ZrC. 
Thus, early in the irradiation Zr and Ba can migrate out of the kernel, 
forming carbides with the excess kernel carbon. Only after high burnups 
have been achieved is enough oxygen available for the Zr and Ba to form 
oxides in the kernel. 

Agglomerations of the Zr and Ba are observed in the kernel. High 
magnification x-ray displays, presented in Fig. 16, show that these 
areas correspond to the small (<1 ym) ceramic inclusions in the kernel. 
The inclusions are believed similar to those observed in the 0%-converted 
particle, and again Sr was not detected in sufficient concentration to 
obtain an x-ray display. 

Comparison of the x-ray displays from Figs. 12 and 16 show that, 
in addition to Zr and Ba, other elements are associated with the ceramic 
inclusions. We observe U and the rare earths in these areas, but the 
ceramic inclusions are so small that we cannot be sure whether these 
elements are in the inclusions or the surrounding matrix. However, 
ceramic inclusions of this type where U and the rare earths are included 13 have been observed previously. 



R-74629 

Fig. 16. High Magnification 
X-Ray Displays of 14%-Converted 
Kernel of Particle from Fig. 9. 
Orientation of x-ray displays is 
identical to that in Fig. 12. 
(a) Zr La. (b) Mo La. (c) Ru La. 
(d) Ba La. (e) Tc La. 
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The presence of the ceramic inclusions indicates that Zr and Ba 
are present as oxides in these kernels with high burnups. No results 
are available on partially converted WAR particles with low burnups to 
determine whether the Zr and Ba are associated with ceramic inclusions. 

Distribution of Mo, Ru, and Tc 

The distribution of Mo, Ru, and Tc is shown in Fig. 15. These 
elements are present in the kernel phases and the densified buffer. 
According to the dispersion in the densified buffer and the agglomeration 
in the kernel, the mobility of these fission products is apparently 
high in this fuel system. A situation may be involved, where the noble 
metals migrate out of the oxide kernel phases and are gettered in the 
excess kernel carbon. The presence of Mo in the densified buffer is 
similar to the 0%-converted particle, but in this case Ru and Tc were 
also observed. 

The agglomerations in the kernel are identified, as shown in 
Fig. 16, as metallic inclusions and a two-phase region. These types 
of phases have been observed in irradiated VO^. As stated previously, 
the Mo is associated with the Zr-Ba ceramic inclusions as well as the 
metallic inclusions and residual kernel matrix. Some of the Mo may be 

95 present from the decay of Zr. 

52% Converted (UC4 6 30 Q g ?) 

A typical 52%-converted particle after irradiation is shown in 
Fig. 17. As with all the WAR particles, the kernel and buffer coating 
densify during irradiation. Some movement of the kernel is evident, 
but no correlation with temperature gradient is consistent. 

The kernel segregated into two distinct phases, which are apparent 
in Fig. 17 and the backscattered electron image in Fig. 18. One phase 
has a higher reflectivity and is concentrated in one area, with the 
less reflective phase dispersed throughout it. The kernel part that 
is attached to the densified buffer consists entirely of the less 
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Fig. 17. Irradiated 52%-Converted WAR Particle (UC4.e3O0.97)-
(Conditions in Table 2.) Hot side of particle is on right-hand side 
of photographs, (a) Bright field, (b) Polarized light. 
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R-74637 

Fig. 18. X-Ray Displays of 52%-Converted Particle Shown in Fig. 17. 
(a) Backscattered electron Image. Compare with Fig. 17 for location of 
hot side of particle. (b) U MB. (c) La La. (d) Pr La. (e) Nd La. 
(f) Ce La. 
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reflective phase and appears relatively homogeneous. No ceramic or 
metallic inclusions were observed, but fission gas bubbles were present 
where the two kernel phases were together. 

The buffer coating attached to the less reflective phase was 
optically anisotropic under polarized light (see Fig. 17). The extent 
of the anisotropy was not as great as observed in the 14%-converted 
particle, but was comparable to the 0%-converted particle. 

U Distribution 

The distribution of U is shown in Fig. 18. The two kernel phases 
and some small separate phases in the densified buffer (in the area of 
high optical anisotropy) contain U. No U appeared to have migrated 
out of the kernel. This was an important consideration because CI was 
detected in the particle. 

A slight U concentration difference between the two kernel phases 
is observed in Fig. 18 (with the more reflective phase having the higher 
concentration) but the difference is not as apparent in Fig. 19. The 
change in concentration is a gradual one, and the results from a semi-
quantitative analysis confirmed this. The more rel.voctive phase had 
uranium concentrations 25 to 50% higher than the less reflective phase. 

Rare Earth Fission Product Distribution 

The distribution of the rare earths Nd, Ce, La, and Pr is presented 
in Fig. 18. They are located in the kernel phases, in the remnants of 
the buffer adhering to the inner PyC coating, and in the inner PyC 
coating. Migration of the rare earths through the inner PyC coating 

1 3 
to the SiC is evident and is consistent with previous observations. ' 
The amount of rare earths at the SiC represents a very small proportion 
of the total inventory in the particle. 

The x-ray displays presented in Fig. 19 show a difference in the 
rare earth distributions between the two kernel phases. The phase with 
the higher reflectivity has the lower concentrations. Because of the 
rare earths' high affinity for oxygen, the phase with the lower reflec-
tivity must have the greater oxygen content. 
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R-74641 

Fig. 19. High Magnification X-Ray Displays of 52%-Converted Kernel 
of Particle from Fig. 17. A mixture of two kernel phases is present in 
upper half of displays, while the lower half contains only the less reflec-
tive phase. (a) Backscattered electron image, (b) Nd La. (c) Ce La. 
(d) U Ma. (e) La La. (f) Pr La. 
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As previously mentioned, chlorine wa: .Dserved in the particle. 
X-ray displays did not show d e f i n i t i o & the chlorine was located, 
so the electron beam was traversed over the ^article and the count rates 
for both chlorine and cerium (representative of the other rare earth 
fission products) were monitored simultaneously. As shown in Fig. 20, 
the concentrations of chlorine and cerium coincide. 

ORNL-DWG 77-11761 

Fig. 20. X-Ray Line Scan of 52%-Converted Particle Showing Relative 
Concentrations of Cerium and Chlorine. The concentrations of these 
elements coincide. 

Distribution of Cs and Xe 

The distribution of Cs and Xe is shown in Fig. 21. The Cs is 
observed in the less reflective kernel phase, the densified buffer, the 
inner PyC coating, and the remnants of the buffer adhering to the inner 
PyC. The observation of Cs in the kernel is the most surprising. We 
expected that with the high volatility of Cs and the presence of U (with 
its accompanying heat generation), the Cs would have migrated to other 
areas in the particle. The less reflective kernel phase may have a 
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R-74636 

Fig. 21. X-Ray Displays of 52%-Converted Particle Shown in Fig. 
Orientation of displays is identical to that in Fig. 18. (a) Ru La. 
(b) Ho La. (c) Xe La. (d) Zr La. (e) Cs La. (f) Ba La. 
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great deal of porosity surface area where the Cs can preferentially 
locate. The porosity, if it is present, is unresolvable in the optical 
micrographs in Fig. 17, so it is considered a minor possibility. 
Because the WAR kernels contain a great deal of excess carbon, it 
also may be that free carbon is preferentially located in the less 
reflective phase and the Cs is gettered in small areas rich in carbon. 
Similar results have been observed in kernels made of UC„ where free 

13 22 carbon was present. Other investigations have shown Cs migration 
out of the uranium-bearing kernel phases in WAR particles with a 
composition of UC^ gg^g (69% converted) . Thus we believe that the 
presence of Cs in the kernel phases is variable and depends on the 
disposition of the excess carbon, which is thought to getter the Cs. 

We observed Xe in the densified buffer and the remnants of buffer 
adhering to the PyC. Indications are that the inner PyC provides a 
barrier to Xe diffusion. Most of the Xe in the particle is expected 
to be in the large voids created by the densification of the kernel 
and buffer coating. 

Distribution of Zr and Ba 

The distribution of Zr and Ba is shown in Fig. 21. The Zr was 
observed in both kernel phases, the densified buffer, and the buffer 
remnants. These results are similar to those on 14%-converted particles. 
The Ba was found in the less reflective kernel phase, the densified 
buffer, the inner PyC coating, and the buffer remnants. 

The Zr is apparently a mobile species in this fuel system. Like 
in the 14%-converted particle, all freed oxygen is gettered by the 
lanthanides and UC^ early in the irradiation. But unlike in the 14%-
converted particle, Zr is unable to form stable oxides, even when high 
burnup is attained. So theoretically, in a 52%-converted particle Zr 
is able to migrate out of the oxide kernel phases, forming carbides, 
since no stable oxides are possible. Figure 22 shows that the Zr is 
preferentially concentrated in the more reflective kernel phase, which 
is believed to have less oxygen than the less reflective phase. 
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R-74628 

Fig. 22. High Magnification 
X-Ray Displays of 52%-Converted 
Kernel of Particle from Fig. 17. 
Orientation of x-ray displays is 
identical to that in Fig. 19. 
(a) Cs La. (b) Zr La. (c) Mo La. 
(d) Ba La. (e) Ru La. 

(e) 
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The presence of Ba in the less reflective kernel phase but not 
in the more reflective phase is very similar to the distribution of 
Cs previously discussed. Areas of free carbon could be present and 
able to tie up the Ba (as well as the Cs). 

Distribution of Mo and Ru 

The distribution of Mo and Ru is shown in Fig. 21. Both fission 
products are present in the two kernel phases, with higher concentrations 
in the more reflective phase. The difference in concentrations between 
the two phases is clearly seen in Fig. 22. Additionally, some Mo and 
Ru were observed in the densified buffer as in the 14%-converted particle. 
As in UC^ kernels, neither kernel phase contained metallic inclusions 
(such as were observed in the 0%- and 14%-converted particles). Most 
probably Mo and Ru are in the form of UMoC_ and U9RuC9 in the more 

23 reflective phase. 

74% Converted (UC^ 1 40 Q 5 3 ) 

A typical 74%-converted WAR particle after irradiation is shown 
in Fig. 23. Densification of the kernel and a portion of the buffer 
is readily apparent. The kernel resembles the 100%-converted kernel 
previously discussed, where no metallic or ceramic inclusions were 
observed. In addition, parts of the kernel adhered to the buffer, and 
all these parts were optically anisotropic. 

U Distribution 

The distribution of U is shown in Fig. 24. It is present in the 
kernel and in the kernel parts adhering to the buffer. No U appeared 
to have migrated even though chlorine was detected in the particle 
(Fig. 25). The chlorine distribution was nearly identical to that of 
the uranium. 
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Fig. 23. Irradiated 74%-Converted WAR Particle ( U C ^ j ^ O q ^ ) . 
(Conditions in Table 2.) Hot side of particle is located on right-
hand side of photographs, (a) Bright field, (b) Polarized light. 
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Fig. 24. X-Ray Displays of 52%-Converted Particle Shown in Fig. 23. 
(a) Backscattered electron image. Compare with Fig. 23 for location of 
hot side of particle. (b) Nd La. (c) Ce La. (d) U Ma. (e) La La. 
(f) Pr La. 
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Fig. 25. Chlorine (La) X-Ray Display of 52%-Converted Particle 
Shown in Fig. 23. Orientation of display is identical to that in 
Fig. 24. 

Rare Earth Distribution 

The distributions of the rare earths Nd, Ce, La, and Pr are presented 
in Fig. 24. They are associated with the kernel phase and the kernel 
parts adhering to the buffer. But, judging from the x-ray displays, 
the rare earths are mostly located in the densified buffer and in the 
inner PyC coating. Migration of the rare earths to the interface 
between the SiC and inner PyC was also evident. 

Distribution of Cs 

The distribution of Cs is shown in Fig. 26. It is observed in the 
kernel phases, buffer, and inner PyC coating. Like in the 52%-converted 
particle, Cs in the kernel is surprising. However, for the same reasons 
as given previously, enough excess carbon may be present in the kernel 
to getter the Cs. 
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R-74631 

Fig. 26. X-Ray Displays of 52%-Converted Particle Shown in Fig. 23. 
Orientation of displays is identical to that in Fig. 24. (a) Cs La. 
(b) Zr La. (c) Rn La. (d) Ba La. (e) Sr La. (f) Mo La. 
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Distribution of Mo and Ru 

The distributions of Mo and Ru are shown In Fig. 26. Both are 
similar to the uranium distribution, where concentrations occur in the 
kernel phases and densified buffer. No metallic inclusions were noted. 

CONCLUSIONS 

In every case, kernels made from WAR densified during irradiation 
with the creation of a large void volume. Because the initial density 
is relatively low, this is not surprising. Creation of this void 
volume (and subsequent fission gas release into it) is blamed for the 

2 A 
recently found greater release of fission gas from failed WAR particles 
than from failed particles with dense kernels. During shrinkage of the 
kernels, the uranium-bearing phases tend to agglomerate, leaving 
surrounding areas of excess carbon. 

The buffer coatings undergo various degrees of densification and 
optical property changes. These observations are most dramatic in the 
14%-converted (UC^ 3 g0 1 7 2 ) particles, where all the buffer densifies 
and becomes optically anisotropic. The fission products Cs, Xe, Ba, 
Zr, Mo, and Ru were all present in the densified buffers. 

The behavior of most fission products was shown to depend on the 
initial oxygen-carbon ratio. The effect is most prominent with the 
high-yield rare earth fission products (i.e., Nd, Ce, Pr, and La). 
With high oxygen contents (0% converted or UC^ 53^2 04^ r a r e e a r t' i s 

are practically all retained in the kernel. As the oxygen content 
decreases (and the relative carbon content increases), the retention 
of the rare earths in the kernel decreases to where in the 100%-converted 
^UC3 68°0 01^ P a r t i c l e s t h e rare earths essentially completely migrate 
down the temperature gradient and end up at the inner PyC-SiC interface. 

The behavior of the oxide-forming fission products, Zr and Ba, also 
depended on the initial oxygen content. In the high-oxygen-content 
particles, 0% converted (UC^ ^g02 q^) and 14% converted (UC^ » 
the Zr and Ba were able to form ceramic inclusions. However, in the 
particles with lower oxygen contents, not enough oxygen to form oxides 
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was available (most being gettered by the lanthanides and uranium). 
In these cases, most of the Zr was in solution in the residual kernel 
phases. Barium, on the other hand, migrated out of the kernel and into 
the densified buffers and irner PyC coatings. 

The volatile fission products, Cs and Xe, were always observed in 
the densified buffers and inner PyC coatings. Their behavior did not 
appear to depend on oxygen content. However, some Cs was observed in 
this study with the uranium-bearing kernel phases in the 52%- and 74%-
converted particles, while the other kernels showed none (this includes 
the 100%-converted particle). We believe that these kernel phases were 
rich in carbon, which was able to getter the Cs. Thus the behavior of 
the Cs in these WAR particles depends on the disposition of the excess 
kernel carbon. 

Molybdenum and ruthenium were present as metallic inclusions in 
the 0%-converted (UC^ 5 g 0 2 and 14%-converted (UC^ 7 2 ) kernels. 
Evidently, they do not remain in solution in the kernel (consisting of 
mostly oxides) and tend to agglomerate together. As the oxygen content 
decreases (i.e., greater than 52% converted), the Mo and Ru remain in 
solution in the residual kernel phases. 

These results show that fission products in the 0%-converted 
(UC, 5q02 04^ P a r t i c l e s behave like fission products in dense U0 2 

particles and those in the 100%-converted (UC_ --0,, ) WAR particle 
j . 0 0 U . U - L 

behave like fission products in dense UC2 particles. Neither of these 
particle compositions has acceptable irradiation behavior. The partially 
converted particles with compositions UC. o n0, UC. ,o0_ and 4.39 1.72' 4.63 0.97 
UC, 53 conversion levels of 14, 52, and 74%, respectively) 
show better performance and have neither the amoeba nor massive rare 
earth fission product migration problems. 
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