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ABSTRACT 

The DFR 527/1 experiment was the first irradiation of 

EIR sphere-pac uranium-plutonium mixed carbide fuel in 

a fast flux. The experiment has been successfully irra

diated to a burn-up of 7.3% FIMA at ratings between 45 

and 62 kW m"-*- and clad temperatures between 300 and 

600°C. Restructuring and elemental redistribution has 

been found to be similar to the pattern established for 

pellet type fuel and follows effects seen in earlier 

sphere-pac carbide tests. Gas release of 12 - 14% has 

been measured. 

A preliminary comparison of radial temperature distribu 

tion calculations using a first version of the fuel be

haviour modelling code SPECKLE with the actual metallo

graphy has been attempted. 

Descriptors: SPHERE-PAC FUEL, MIXED CARBIDE FUEL, 

LMFBR FUEL BEHAVIOUR, IRRADIATION EXPERIMENT, RESTRUC

TURING, FUEL MODELLING, FUEL-CLADDING INTERACTION. 
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1. INTRODUCTION 

The DFR experiment was a comparitive irradiation test 

of pelleted and sphere-pac mixed carbide fuel pins in 

the Dounreay Past Reactor (DFR, Scottland) and jointly 

undertaken by the Belgian Centre d'Etude de l'Energie 

Nucleaire (SCK/CEN) at Mol (Belgium) and the Swiss Fe

deral Institute for Reactor Research (EIR) at Wueren-

lingen (Switzerland). Between 1974 and 1977 these In

stitutes carried out two joint irradiations to study 

the behaviour of both forms of mixed carbide fuels un

der fast and epithermal conditions. 

This report describes the results of the post irradiation 

examination of the sphere-pac fueled Swiss pin and dis

cusses the possible behaviour of the pin. No systematic 

reference to PIE results of the companion pellet pin is 

made since a comparative description is reported else

where/1/ »/2/»/V • 
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DESCRIPTION OF THE DFR 527/1 IRRADIATION TEST 

Fuel and Fuel Pin 

The fuel used in the Swiss DFR pin was manufactured at 

EIR by a wet chemical (internal gelation) process' '. 

The fuel consisted of a two size fraction mixture of 

700 ym and 60 ym nominal diameter microspheres. 

In order to attain a target burn up and rating of 6,5% 

FIMA and 65.0 kWm-1 resp. the uranium enrichment was 

93 At% 235jj an(j t n e piutonium concentration was ̂ 16% 

of heavy atoms. 

The two size fractions consisted of several production 

batches. In the case of the coarse fraction three typical 

variations in microstructures occured: (1) two phase, 

slightly hyperstoichiometric, (2) single phase, hypostoichio-

metric, (3) two phase, slightly hypostoichiometric/5/. The 

fine fraction was two phase with 30 - 40 % sesquicarbide 

and high in carbon. 

Details of the analysis of the two fuel fraction mixtures 

are given in Table 1 together with isotopic compositions. 

The design of the pin is shown in Fig. 1. The cladding was 

AISI type 316 L stainless steel with 20% cold work. Wall 

thickness was 0.4 mm at an outside diameter of 6.61 mm. 

The cladding material properties are given in Table 2.The 

cladding was drawn down to size using larger tube after 

which it was characterized. 

The fuel isolating devices were, on each side, a natural 

UC pellet, a tungsten disc to retain the fines and a po

rous stainless steel filter disc. Fuel column retaining 

inserts consisted of a spring collet and a collapsible 

strut (temperature triggered release, set at 180°C). 



page 3 

The fuel was vibro filled and vibro compacted using an 

infiltration mode for the fine fraction. The total 

length of the fuel stack was 500 mm with a smeared 

density of 75% TD. Detailed pin data are shown in 

Table 3. 

Irradiation Vehicle 

The EIR pin was mounted in an incore irradiation vehicle 

(rig) at Dounreay in pitch 8 of DFR. The pin was cooled 

by downward flowing (core) NaK. This coolant stream was 

kept insulated from the core coolant flow by an argon 

filled gas gap. The coolant flow rates were set by fitting 

a calibrated orifice at the base of the rig to give the 

required operating temperatures. 

The qoolant inlet temperature in the plenum above the 

reactor core was 230 ± 5°C. 

Irradiation History 

The experiment was irradiated during four DFR cycles no.78 

to 81. The first cycle started on April 4th, 1975 and 

reached full power after 45 hrs. without incidents. The 

experiment was irradiated to a total of ^270 equivalent 

full power days at an average power level of 60 MW and 

with moderately frequent power reductions/shutdowns. 

Table 4 summarizes the statistics of run 78 to 81 of DFR. 

Examination 

Initial nondestructive examination of the fuel pin was 

carried out at DERE Dounreay wnere the experiment was dis

mantled. The bulk of the subsequent PIE was completed at 

EIR. Special examination were carried out also at SCK/CEN 

Mol (Microprobe analysis and clad density) and at AERE 

Harwell (clad carbon distribution). 
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NONDESTRUCTIVE EXAMINATION 

Radiography, Visual Examination, Weights 

The pin (CV 176} was radiographed before and after 

irradiation/6/ using 300 kVA at mA filament current, 

in order to obtain a silhouette picture. The pin length 

was covered by five shots - plenum, top of fuel, upper 

middle, lower middle and bottom of fuel column. In 

addition a full length shot of the pin was taken to ob

tain an outline to estimate pin bow. The pin was laid 

on the surface table and it was assumed to adopt its 

plane of maximum bow. After irradial ion the pin showed 

regular appearance with little evidence to distinguish 

it from its pre-irradiation condition; it showed no signs 

of gross fuel cracking. The bottom uranium carbide pellet 

was barely distinguishable from the vibro-compacted fuel, 

the top UC pellet could not be resolved. The bottom of 

the pin was displaced 1-2 mm from a line projected from 

alongside of the plenum. Thermal bowing of fuel pins in 

DFR is not considered as abnormal and bowing is known to 

result from slight asymmetry of coolant flow around the 

pin/*>/. I n t h e c a s e 0f this pin the pre-irradiation radio

graphs suggest that bow was present before the pin was 

irradiated. 

After cleaning the changes in visual appearance between 

the pre- and postirradiation condition was limited to a 

general darkening of the surface over the fueled section 

and light surface scratching due to pin loading and un

loading and in-cell handling. 

Prior to weighing the pin was cleaned using ethyl alcohol. 

Six consecutive weighings were obtained against known stan

dards. The accuracy of each individual weighings was 
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± 0.020 g (3a). The results are given ^n Table 5. The 

pin showed a gain in weight of 0.44 g. 

Since it appeared intact, there is no explanation of 

this weight gain. Coolant and foreign materials adhering 

to the surface can cause small increase in weight but 

these increase are usually limited to the range of 20-40 mg. 

A weight gain by carbon uptake from the coolant and fuel 

over the fueled pin length calculates to *» 37 mg on the 

basis of the carbon profiles shown in Fig. 10. 

Dimensions 

To measure the pin diametral strain, an automatic in-cell 

profilometry machine was used'6' to obtain diameter data 

at half-inch (̂ 12 mm) intervals over the entire pin length. 

At each station readings were taken at 36° intervals around 

the pin. The accuracy of each measurement was ± 0.0002 inches 

(±0.005 mm). 

(Diameter measurements were carried out in imperial units; 

this was necessary to achieve compatibility with the existing 

data bank for data treatment.) 

Maximum increases were found over the hot lower section and 

cold upper section of the order of 1.0 t. The middle section 

of the fuel pin, covering a cladding temperature ranc,e of 

400 - 580°, showed diameter increases of 0.50-0.65%. A 

feature of the profile is the sharp fall in diameter in

crease at the top of the fuel column and the apparently 

smooth profile from point to point (Fig. 2). 

Leak detection 

- Glycol test were performed for leak detection. The test 

failed to indicate any leak, which is in accordance with 

visual inspection and gat sample analysis (see page 8 ). 
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3.4 Axial Gamma Scanning 

Axial Gamma scans were measured 191 days after end of 

irradiation^7/. 

Four profiles of the integrated gamma activity were taken 

at relative azimuths of 0, 90, 180, 270 degrees. The 

following scanning condition were set: 

Collimator width 0.5x20 mm2 

Energy range 0-2,2 KeV 

Step 0,5 mm 

Counting time 1 sec/step 

In addition axial gcunma profiles of the following iso

topes were measured: 

Ce-lM/133 KeV, Cs-137/661 KeV, Nb-95/766 KeV, Ru-103/497 KeV, 

Ru-106/511 KeV, Zr-95/724 KeV, Co-50/811 KeV, Mn-54/835 KeV. 

The scanning conditions were 

Collimator width 

Energy range 

Number of channels 

Step 

Counting time per 
step 

Rotation 

0.5x20 mm2 

50-1500 KeV 

2048 

0,5 mm 

125 sec 

3 rpm 

Gamma profiles of Cs-137, Nb-95, Zr-95 and Mn-54 are depicted 
i n Fig. 3 on a "percent of individual average basis". The 

same figure includes the clad temperature profile and the 

notations of the main cross sections together with the axial 

fluxes for total and > 3,68 MeV neutron doses. 
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In general the integrated as well as the individual 

gamma profiles (exept the Cs-137 profile) compare well 

with the given flux distribution for total fast neu

trons . 

The Cs--'.37 profile does not follow the neutron flux 

distribution. No evidence exists for caesium migration 

along the temperature gradient. This contrasts with the 

compagnion two pellet pins of the same irradiation ex

periment/7/ where a slight migration of caesium towards 

the cooler pin eud (top end) has possibly occured. 

The Ru/Rh-106 profile (Pu fissions)(not shown in Fig.3) 

is similar tc that of Nb-85/Zr-95 (power profile) 

suggesting that the fissions in U-235 and Pu-239 occur 

in the same proportions over the whole fuel length. 

DESTRUCTIVE EXAMINATION 

Gas release 

The plenum region was punctured (25 mm from the top end) 

under vacuum of 5.10""2 Pa (4,10"3torr)/8/. The resulting 

pressure was 1.53 kPa (115 torr) at a free volume of the 

sampling system and the fuel pin of 236.5 cm3 and 5.00 cm3 

respectively. 

A total gas content of 35.79 cm3 (NTP) has been derived 

from these figures and, accounting for a pre-irradiation 

gas pressure of 12 kPa (1.2 bar) a volume of 29.87 cm3 

(NTP) was therefore released. 

U3ing cumulative yield values of Xenon and Kryption from 

fast fission of 235U and 239 P u week & Rider/9/) and 

for an effective ratio of 235u/239Pu 0f 5.4 (see Table 3) 
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a stable fission gas (Xe + Kr) production of 0.2314 cm3 

(NTP) g"1 per 1% fima has been calculated. With an 

average burn-up of 6.78% fima (see Fig. 3) a volume of 

212.7 cm3 (NTP) of Xe and Kr has been produced. The 

fraction of gas release was therefore 14%. 

Two gas samples were taken for massspectro metryanalysis, 

the result of which is given in Table 6. It confirmed 

that no leaking had ocoured during lifetime of the pin. 

The concentration of the stable fission gases was 80% 

(sample 1) and 73% (sample 2), representing 28.63 and 

26.13 cm3 (NTD) resp. of released Xe+Kr stable fission 

gas. On this basis the fraction cf gas release has there

fore been calculated to be 13 and 12 %. 

Measured Xenon and Kryption abundances in the two gas 

samples are given in Table 7, together with predicted 

values using the data of Meek and Rider for individual 

yields, both for fa3t and thermal fission. The predicted 

abundances as well as the Xe/Kr ratio are in good agree

ment with the measured values. 

4.2 Fuel microstructure 

Specimens of fuel and cladding were examined from a variety 

of axial locations in the fuel column. Fig. 4 gives the 

cutting plan of the pin. All metallographic specimens were 

mounted using "araldite" cold setting resin. Each specimen 

was examined after polishing and after etching. 

The fuel cross sections showed to a variing degree sintering 

of the center region with "unsintered" spheres remaining in 

the outer radial regions. 
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In the section from the top end (low power, low tempera

ture) of the fuel pin the sphere-pac structure was visible 

right to the center with virtually no restructuring 

(Fig. 5c). 

The highest power (center) region with moderate clad 

temperature showed the maximum extend of fuel sintering 

with the formation of a solid pellet type matrix and a 

slight increased porosity (Fig. 5b)• 

The section of the lower pin region at moderate power and 

high clad temperature also showed full sintering of the 

center region but over a smaller radius and with little vi

sible porosity increase (Fig. 5a). 

The restructured sintered regions were up to 85% dense 

co-npared to a start density of 75% and consisted of ca. 

50 pm uniform grained monocarbide with most of the poro

sity present at the grain boundaries. Some fine axial and 

radial microcraeks were observed at the sintered zone at 

the highest re ting. In no case did the cracks extend to 

the unsintered fuel regions adjacent to the clad material 

(Fig. 5b). 

Some higher carbide phases were visible in all the unsin

tered fuel regions adjacent to the cladding. The fuel micro 

structure appeared little changed by irradiation at the 

cool upper end of the fuel column. 

Fine fuel adjacent to cladding operating at > 450°C tended 

to be joined to neighbouring spheres and also to the sur

faces of the large spheres (Fig. 6). In these same regions 

there was evidence of fuel/clad chemical and mechanical 

interaction with cladding affected up to a depth of 10 um 

(Fig. 7). 
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Some fission product ingots were observed mainly at the 

edge of the restructured fuel regions. Isolated fission 

product ingots were observed trapped deep in the restruc

tured zone. Microprobe analysis detected Rh, Pd and lan-

thanides in these fission product phases. 

Cladding Microstructure and Carbon Analysis 

Cladding temperatures in the DFR experiment ranged bet

ween 300°C (top end), and f 00°C (bottom end). 

The cladding microstructure after irradiation at 300°C 

showed little or no difference to non-irradiated cladding. 

The microstructure at 450°C showed evidence of carbon 

pick-up mainly at inner but also at the outer clad sur

faces. There was some enhanced carbon decoration of grains 

and boundaries over the whole wall thickness however 

(Fig. 8). 

At f ;0°C clearly visible and heavy carbide decoration of 

the whole cladding wall was observed (Fig. 9) . 

Samples of the cladding which had operated at 450 and 600°C 

were analysed for carbon distribution using the Harwell 

nuclear microprobe/^O/. The results are shown in Fig. 10. 

Transfer of carbon from fuel to clad inner surfaces has 

occurred at both temperatures with maximum inner clad 

values of 0.75 wt% of carbon. After 25 % penetration of 

the wall thickness values were typically 0.1 wt% at 450°C 

and 0.15 wt% at 600°C. Carbon levels were also up on the 

coolant side of the clad with values of 0.4 wt% (450°C) and 

1.0 wt% (600°C). At 600°C a larger contribution appeared to 

come form carbon up-take from the NaK coolant. 



page 11 

4.4 Burn up analysis 

Chemical burn up determinations on specimens of fuel were 

carried out by mass spectrometry dilution analysis based 

on Nd-148 concentration. Samples of five axial positions 

(see Fig. 4) were analysed using standard separation 

techniques for Nd, Pu and U respectively. A fission yield 

for Nd-148 of 1.700 was assumed for both U-235 and Pu-239 

fissions. Table 8 shows the resulting burn up values to

gether with the uranium and plutonium isotopic analysis 

of the samples. 

A comparison between the chemically measured burn up values 

and local burn up derived from a end-of-life linear power 

profile is made in Table 9. The results show a consistent 

difference of 0.3 to 0.6 % FIMA, the chemical burn up 

(representing time integrated values) have the higher fi

gures. On a "percent of individual average" basis the dif

ferences are less than 4 %, including also values of the 

axial Nb-95 activity profile. The good agreement between 

destructive and non-destructive burn up values can also be 

seen in Fig. 3. 

A peak burn up of the DFR sphere pac pin of 7.6 % FIMA is 

derived from these results. 

Based on mass spectrometry analysis a Pu/Pu+U ratio is de

rived (Table 8). It can be seen that (except for sample 4) 

this ratio remains unchanged when compared with the value 

of 15 ? of the pre-irradiated fuel. Thus within the accuracy 

of determiantion the fissions occured proportional to the 

plutonium and uranium abundances. 
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4.5 Radial gamma scanning and a. BY autoradiography 

Radial gamma profiles of the following four isotopes 

were measured: Cs-137 (661 KeV), Rh/Ru-106 (511 KeV), 

Ce-144 (133 KeV), Zr-95 (727 KeV). The scanning con

ditions wer^: 

Energy range 50 - 950 KeV 

Number of channels 2048 

Step 0.1 mm 

Collimator size 0.15 mm x 0.15 mm 

Counting time per step 5000 sec 

Scan of three sections E, M and S at ratings of 45, 62, 

49 kWm resp. are shown in Fig. 11 to 13 together with 

optical micrographs and a, BY autoradiography, a auto-

radiographs were taken on foils of Kodak "non-silver" 

special film type 106-01-A according to a technique 

described in '*•*-'. For By autoradiographs Kodak plates 

type 2 were used. 

The a-autoradiographs of section M and to a lesser extent 

of section E show a clear pattern of high activity associat

ed with the inner surface of the outer ring of nonsintered 

spheres. 

3, Y autoradiographs show a distinct ring zone of high ac

tivity at the edge of the restructured region corresponding 

with the Y-P^ofiles of Ce-144 and Rh/Ru-lOf. 

Section S exhibits a, BY autoradiographs which are quite 

typical for non-irradiated fuel showing a flat activity 

distribution. Practically no radial migration of fission 

products and a-activity is observed. This observation is 

also confirmed by the Y scans. 
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4.6 Plutonium and fission product redistribution 

Two samples, specimens C and M (see Fig. 4) were analysed 

with a shielded electron microprobe by J. Ketels, SCK, 

Mel/"/. 
The specimens were mounted in a 3i-Sn alloy 

(specimen C) or araldite (specimen N), polished and 

vacuum coatod with a *hin gold layer. The radial Pu/Pu+U 

profiles were measured along diameters. The intensities 

of the uranium Ma and plutonium MB X-ray lines were mea

sured simultaneously with two spectrometers and compared 

with the intensities of pure uranium and plutoniuro stan

dards. From these the true Pu/Pu+U concentration ratios 

were calculated. Fig. 14 shows results representing mea

surements done by point analysis. 

In general the plutonium distribution in the central re

gion is rather homogeneous. The specimen of section M, 

located in the region of maximum linear power of 'v 62 kWm 

shows a slight migration of plutonium from the center to 

the edge of the sintered zone. The average value of Pu/Pu+U 

in the sintered and non-sintered zone is 14.5 and 16 % re

spectively. In the outer region sharp plutonium concentra

tion peaks of 19 to 22 % are seen. At the edge of some of 

the big spheres very narrow bands of ( ̂ 5 ym) of plutonium 

enrichment have been found (Fig. 15). Similar bands were 

also seen in a-autoradiography. 

In the central sintered fuel region fission product phases 

consisting of Rh, Pd and Lanthanides were detected (Fig. 16). 

Where small fuel spheres are in close contact with the stain

less steel cladding a phase containing Cr and Mo has been 

formed (Fig. 17). Fe and Ni have been depleted in the 

cladding at th<~ points of contact. 
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DISCUSSION OF RESULTS 

This was the first irradiation of EIR sphere-pac (UPu) C 

in a fast flux. Previous irradiations have been carried 

out in thermal fluxes and under a cadmium screen (epither-

mal flux) in BR-2' ' . The DFR experiment was successful 

in that the pin reached a peak local burn up of 7.3% fi-

na without failure and provided further information on 

the performance of this fuel type. Taking into account 

the irradiation conditions (rating, temperature) the re

sults generally confirm the findings of the earlier tests, 

particularly the MFBS-7 experiment in BR-2. 

Pin strain 

&D Pin diametral strains of 0.5 - 0.7% — were measured over 

the center region of the pin (400° - 580°). These rose to 

VL.0% |p at both ends (^350° and ^610°). Compared to the 

pellet pins this was a lower overall strain and the mea

sured points showed a smoother profile with little or no 

ovality/:L/. 

The dendency to form two maxima in the strain profiles of 

pins irradiated in DFR has been reported previously. Blank 
/13/ 

' ' reports that mixed carbide pins irradiated in DFR 

above *v4% burn-up display ~ maxima at ^380° and ^600°C 

whereby the second peak is strongly dependent on the fuel 

carbon content. The twin maxima are most pronounced at the 

higher burn-ups. Blank reports that vipac pins show the 

lowest rate of swelling and survived to the highest burn 

up (7.8%). A tendency to form twin maxima in oxide pins 

clad in CU 316 in DFR is also shown by Swanson at al' ' 

at temperatures of 400°C and 560°C respectively. Uematsu 

' ' describing strain profiles of oxide pins in DFR re-
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ports only a single peak at 450°C but in these cases the 

maximum clad temperature did not exceed 500°C. A later 

paper by Uematsu et al does however report twin maxima 

in strain profiles on oxide pins (316 clad) where the 

maximum clad temperature reached 640 -650 C' (see al

so later comments below). It has not been possible to 

find similar effects reported for irradiation in other 

fast reactors except by implication' ' ' . Many re

ports give strain profiles against position and not re

lated to local clad temperatures which may be too low 

for the effect to be observed." 

Several explanations of this phenomena are possible 

either separately or combined. 

It is possible to conceive of a qualitative explanation 

in which the combination of material properties and 

swelling effects related to temperature and fuel rating 

coincide to form maxima at 350 - 400° and at i600°. For 

example at the cooler end the low plasticity of the 

swelling fuel is sufficient to directly strain the clad 

while in the zone with the highest clad temperature but 

a lower fuel center temperature the less plastic fuel 

is now reacting with a more plastic clad. In the axial 

center region the swelling fuel densifies due to its 

higher plasticity (thermal and irradiation creep) and 

by reacting againsc the relatively stronger clad (450°C). 

Insufficient information exists on the properties of 

sphere-pac fuel and on the clad used and a model of the 

fuel clad mechanical interaction incorporating tempera

ture and burn-up related properties, swelling rates, 

creep and stress-strain relationships is lacking. 

22 
With maximum neutron doses of 5.49 x 10 (total) n/cm2 

21 
and 1.6 x 10 n/cm2 (>3.68 MeV) neutron induced void 
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swelling would not be expected to have contributed 

strongly to che measured clad strains' ' . Attempts to 

/l 9/ 

measure clad density changes were inconclusive' . How

ever the occurence of twin maxima in — profiles have 

also been explained by variations in void number densi-

ty in cold worked 316. Brager and Straalsund' show 

that 316 stainless steel with 20 - 27% cold work exhibits 

two maxima in void formation at around 400 and 600°C 

(27% cold work at 3 x 1022 n/cm2 >0.1 MeV). This is due 

to the normal temperature dependent void formation at 

400°C and a superimposed increased void formation at 
600 C in regions having a (temperature dependent) en-

/18/ 
hanceu dislocation recovery. Matthews ' noting the 

tvin maxima seen in DFR irradiations and in the Kanford 

studies of Brager and Straalsund also introduces a 

stress related effect causing variations in void pro

duction by altering the flow of vacancies from voids 

to dislocations. Matthews however concludes with the 

judgement that at the low temperatures (<400°C?) be

low which void swelling at low doses should not be sig

nificant the low temperature ~~ peak in carbide and 

oxide irradiations can be explained by irradiation 

creep effects. 

Migration of chemical elements and fission products 

could also influence the clad profile. Bellamy ' ' 

discussing clad carburization from oxide fuel and 

from NaK (DFR coolant) points to the volume increase of 
AV 

carburized steel - 0.17% — per 0.1% carbon increase 

vhich leads to a reduced tensile stress and lower crack 

propagation. That the build up of fission product and 

reaction products at the interface of the fuel column 

and blanket pellets can induce higher local clad strains 

is well known. Recently this effect was observed at a 
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pellet - sphere pac fuel interface in one of EIR's Fi-

los experiments (but could also have been due to pellet 

carburization). in this case the pellet was near the 
/21/ center of the fuel column' '. This build up of fission 

products and the resulting clad strains has generally 

been associated with the migration of caesium in oxide 

pins coupled with the formation of low density caesium-
/16 22 23/ 

U0- reaction products' ' ' and is generally loca-
/16/ ted at the extreme ends of the fuel column. Uematsu' 

reports on the direct relationship between axial cae

sium activity profiles and clad strains seen in oxide 

pins irradiated in DFR. Here the — twin maxima corre

late strongly with the maxima on the caesium profiles. 

No reports of axial caesium migration in carbide fuel 

has been found in a brief survey. Caesium is reported 
/24/ to exist either in elemental form' ' or as compounds 

/25/ 

with Bromine or Iodine' ' . In the case of the experi

ment reported here however it is interesting to note 

that the axial caesium profile (y-activity) also shows 

a double maximum at 450°C on 580°C. Such a profile can 

be caused by partial axial migration of caesium to i2-

gions of lower fuel temperature. 

Summarizing, insufficient data exists to separate the 

different effects of mechanical interaction, clad void 

swelling and chemical migration on clad strains. The 

dose received appears too low to cause the double peak 

seen in the strain profile by neutron induced vols swel

ling. A direct relationship between caesium migration 

and clad strain in oxide pins irradiated in DFR appears 

to exist. No such correlation appears to have been seen 

up to now with carbide pins. The comparative pellet pin 

irradiated in this experiment in fact shows a more strong-
111 ly defined douole maxima effect in caesium' but this 
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cannot be related to a corresponding clad profile. Pos

sibly the clad strain was swamped by other effects in the 

pelleted pin. 

It is tempting to give weight to the volume change due to 

clad carburization. Blank's study referred to the second 

(600°) peak being dependant on fuel carbon levels. Kith 

the exception of the Hanford studies on void formation 

all the reported occurences seem to be related to DFR. 

Bellamy reports carbon up take in cladding in DFR even 

in oxide pins and more significantly from the NaK coolai.t 

at temperatures around 600°C. This could explain the phe-

nomenum for oxide (and carbide) pins at the 600° clad 

temperature particularly at low neutron doses and the re

lationship to DFR wich its "dirty" NaK coolant. 

5.2 Fuel restructuring, gas release (incl. comparison with 

calculation) 

The DFR sphere-pac pin shows clearly the effect of tempe

rature and rating on the formation and growth of the cen

tral "sintered" region of the fuel. The three cross sec

tions from the top, center and bottom of the fuel column 

show that the extent (sintering radius) and the degree of 

sintering (formation of a pellet type matrix) is dependent 

on fuel rating, fuel temperature and temperature gradient. 

For an explanation of this phenomenon it is necessary to 

refer to the sintering together of the contact points. 

This has been suggested is due to diffusion, material mig

ration and hot pressing phenomena. These mechanism are of 

course dependent on temperature, temparature gradients, 

fission activated processes, material migration and geo

metry. The contribution of each to the overall sintering 

phenomena is dependant on the local conditions at the point 
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of contact. It should be noted that not all sintering 

leads to geometric shrinkage' • Matthews' suggest: 

that initial "necking" between particles occurs by mic

roscopic mechanisms such as grain boundary transport and 

surface diffusion. At low temperatures and under load 

creep processes predominate and at high temperatures 

> 2000°C evaporation-condensation is the principle mecha

nism leading to the formation of a pellet type fuel struc

ture. Once sufficient necking hts occured between spheres 

to form closed porosity the pellet associated reactions, 

e.g. movement of lenticular voids, can occur. 

An attempt has been made to incorporate equations repre

senting some of these sintering mechanisms into the code 

SPECKLE 1' . When calculations of the expected radius 

of the fully sintered zone (matching conductivity bounda

ry MCB) are made for the conditions of the given DFR 

cross sections quite good agreement is found. The SPECKLE 

calculations also show, in agreement with observation, 

that by end of life necking between spheres has occured 

out to the clad/fuel boundary even though the fuel other

wise appears unchanged. 

On a microscopic scale the fuel structure can usefully be 

characterized using a method proposed by Blank, Ronchi 

/13/ 

and Sari . This system divides the structures of ad

vanced fuels after irradiation into four zones some of 

which may or may not be present depending on the irradia

tion conditions and fuel composition. In the case of this 

experiment and taking the section with the highest EOL 

center temperature it can be seen that only three of the 

zones are present (II - IV). The high porosity center 

zone I has not formed although there are indications of 

a increase in center porosity relative to the denser 

zone II. 
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Blank 

Original grain structu

re near clad. No opti

cally visible fission gas 

bubbles (>0.1um) Original 

grain size. Snail amount 

of inpile sintering. Tem

perature limit of zone 

<1100°C. 

Decoration of grain 

boundaries with gas bubb

les near no zone IV going 

to interlinked grain 

boundary bubbles on the 

hotter side of zone III. 

Formation of fission gas 

bubbles perpendicular to 

temperature gradient. 

Fission product accumu

lation in this region. 

Equiaxed grain growth. 

Temperature gradient 

across this zone 30 -

80°C. 

Low porosity (high den

sity) zone. Pores and 

grains larger but pores 

smaller than grains. 

Alignment of grains and 

pores parallel to temp 

gradient.Pore movement 

stops within zone. Tem

perature limit >1150°C 

Observed or estimated 

for DFR section 

As manufactured porosity 

and grain size. No obvious 

fission gas bubbles. 

Slight sintering of fine 

fraction material. 

Estimated boundary 1100°C. 

Grain boundary decoration 

by fission gas bubbles on 

cool side moving to inter-

linkage n hot side and 

formation of bubbles per

pendicular to temp grad. 

Fission product deposits 

on inner edge of this zone. 

Estimated temp difference 

across zone 123S - 1110° -

125°C. 

Slight tendency to form 

grain and pore alignment 

parallel to temp gradient 

longer pores. High density 

region except in center. 

Estimated temp limit >!235°C 
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I Porous central region. Large Not present 

irregular shaped pores of Peak EOL temp in zone IIIs 

comparable size to grains 1300°C 

Temperature boundary 1300°C 

Because of insufficient rating (temp gradient) at a moderate 

temperature zone I has not formed. Due to the flattening of 

the temperature gradient the center zone II therefore ex

tends to the center with little evidence of radial grain/ 

pore structures which need a higher temperature gradient 

to form. In other sections for example section S the cen

ter region barely foms zone III, the entire cross section 

being mainly zone IV. 

There is reasonable agreement between observed fuel struc

ture, Blank's temperature limits and the temperatures esti

mated with SPECKLE. 

Blai.k et al use this analysis of fuel structure to describe 

the contribution of each zone to swelling and gas release, 

thereby building up a picture of overall fuel behaviour re

lated to initial fuel characteristics and irradiation con

ditions. 

This analysis cannot be continued further here due to the 

lack of experimental data. For example it would be extremely 

valuable to have a measurement of fission gas retained in 

each "one (in bubbles and dissolved in matrix) and hence an 

estimate of each zones contribution to gas release. Un

fortunately it is difficult if not impossible to determine 

the density or volume change of any given sphere over the 

irradiation due to the fact that the fuel can only be ini

tially characterized on a statistical basis. 

The build up of visible fission product phases at a distinct 

annulus is a well known effect accompanied by the corres

ponding a and By activity peaks. Kleyfcamp' 5' refers to this 
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concentration on a distinct Isothermal band (between 

1100 and 1300) as due to the migration of intermetallic 

and carbide type liquid phases which solidify at these 

temperatures. 

As stated above little can be said concerning localized 

gas release rates. The measured and calculated total gas 

release of 13% is consistent with the behaviour of a pin 

with relatively low fuel temperatures and without the 

formation of a large and highly porous center region. The 

measured and predicted isotopic abundances for Xe and 

Krypton are in good agreement. 

5.3 Clad attack 

Fuel in the DFR experiment was a mixture of large fraction 

containing ^5% sesquicarbide and fine fraction 30 - 40% 

sesquicarbide and with oxygen levels of 0.3 w/o and 0.8 w/o 

respectively. The clad was iiominally 20% CW 316L with an 

initial carbon content of 0.023 w/o. 

Uptake of carbon by the clad on the fuel side was negli

gible at 300°C but increased with clad temperature as has 

been seen in other experiments/^/. Inner clad carbon values 

were similar at 450 and 600°C but at the higher temperature 

greater carbon penetration had occured. Some sensitization 

was observed however throughout the clad at 450°C. The peak 

inner clad carbon level of 0.75 w/o are very much higher 

than these seen in the hyperstoichiometric fuel test 

FILOS 07/21/ at 600°C (0.14 w/o). This is probably due to 

the longer irradiation time (6,400 h versus 3,200 h). Local 

linear powers were the same at the 600° clad position 

(45 kW/m). 
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The uptake of carbcr* on the coolant side is well docu

mented for DFR irradiation. Surface values of 1.0 w/o C 

were measured with the Harwell nuclear microprobe at 

600°C. Precisly this effect has been observed in oxide 

DFR pins with the degree of penetration from the coolant 

side being temperature sensitive. Bellamy and Paris'^0/ 

note that no defects can be attributed to these high car

bon levels possibly because the resulting volume increase 

reduces tensile stresses and the tendency to crack pro

pagation. It is also worth noting that the oxide fuels 

with carbon levels of 20 - 50 ppm were able to induce 

maximum surface carbon levels on the fuel side of 0.38 w/o. 

Pressing of small and large spheres into the cladding was 

observed at the 600°C clad level (section E) to a depth 

of ̂ 10 ym and to a much smaller extent in the 4 50°C 

section (section M). At this cooler center region with 

hotter fuel more flattened spheres were seen against the 

clad. The impressed areas also showed a chemical reaction 

zone extending up to a further ̂ 10 vim into the clad, this 

being more pronounced at the higher temperature. 

Microprobe analysis of this reaction zone/-^/ showed a 

local depletion of iron in the surrounding clad and an en

hancement of Chromium and Molybdenum in the intermediate 

zone (Fig. 17). Evidence of scattered nickel, chromium and 

molybdenum could also be observed in the fuel region, plu-

tonium traces were found evenly throughout the adjacent 

clad (surface contamination?) and uranium appeared to be 

confined to the fuel spheres. 

In spite of the rather extensive carburization at the hot 

end and the much more limited evidence of localized fuel-

clad chemical interaction no signs of incipient failure of 

the pin, - i.e. no intergranular cracking, was observed. 
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5.4 Migration of actinides and fission products 

Axial and radial ̂ 'scanning, a and BY-autoradiography and 

microprobe analyses were used to determine the distribu

tion of selected isotopes and elements in the fuel. 

Axially only an apparent movement of caesium was detected. 

This was discussed in part 5.1. All other isotopes mea

sured (Zr/Nb-95, Mn54, Rul03, 106) followed the power 

profile with a maximum at the or near the fuel column 

center. It is not clear why caesium shows two peaks along 

the fuel length and, if it moves down the temperature gra

dient, why no build-up of caesium was detected at the inter

face of the insulator pellet and fuel. An explanation might 

be related to the lack of extensive fuel restructuring in 

the pin which while sufficient to densify a good part of 

the fuel was not able to free the trapped isotopes in 

forming a porous center region. That caesium movement might 

require a strong restructuring mechanism is indicated by 

the flat radial caesium profile in the cross section S 

which shows the least structural changes. 

In all the radial y-scans Zr/Nb maintains a flat distribu

tion following the expected radial power and burn-up distri

bution. In the more strongly restructured sections M and E 

(but not in the unrestructured S) the concentration of 

Rh/Ru-106, Cel44 and Csl37 have increased at the outside 

of the sintered zone, or in the case of Caesium in the 

center section almost to the fuel boundary. These peaks 

are not very sharp as is also seen in the diffuse activity 

of the $y-autoradiographs. 
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Microprobe examination of a local area of fuel containing 

fission product inclusions at the edge of the sintered fuel 

(Zone II) was made/12/. Phases containing Lanthanides inter

spersed with ingots of Rh-Pd alloys were present. Unlike 

the findings of Kleykamp/25/ the Rh-Pd did not appear to 

be Pu rich. 

In the a-autoradiographs there is a ring of a-active 

material around the inner surface of the outermost 

spheres. It is most pronounced in the area with the 

most strongly restructured fuel. This may be compared 

with an analogous ring seen in pellet carbide fuels. 

Kleykamp/2^' describes the effect as a weak redistri

bution of plutonium due to its high vapour pressure 

but hindered by low material fluxes whereby the pluto

nium "condenses out" at the relevant isotherm. Earlier 

studies by EIR/V have also shown that a-activity is 

enhanced by the presence of curium which can be formed 

in fuels whose Pu feed contains Americium. 

The redistribution of plutonium to form an increased con

centration in the outer zone (but not reaching the clad) 

is confirmed by microprobe scans across the diameter of 

Section M and C. The results show a slight depletion of 

Pu across the center region and a sharp concentration 

peak of ^19-22% Pu/U+Pu on the outer ring. The movement 

is less pronounced in the cooler section with occasional 
Pu local peaks up to 19% „--: . 
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Linear Power, burn-up, temperature distribution 

(comparison with SPECKLE calculations) 

There is a very good agreement between the linear power 

profile calculated from flux distribution and that given 

by Nb-95 -y-scanning. Conversion of these to burn up gives 

values only slightly lower (4%) than the Nd-148 mesured 

burn-up. The end of life peak linear power was ^62kW/m. 

From the power and clad temperature profiles (Fig.2) lo

cal values of linear power and clad temperature were ta

ken and used as input to a series of SPECKLE-1 calcula

tions for Sections E, M and S. 

It is important to point out that SPECKLE-1 is in the 

early stages of development and consists mainly of ther

mal behaviour sub-routines with no mechanical interac

tion or swelling terms. A lot of debugging is still needed 

on the code as it exists now. However it is perhaps use

ful here to compare some imperfect SPECKLE-1 calculations 

of the DFR pin behaviour with the experimental observations. 

This will allow a demonstration of the development status 

of the code as it exists today. 

SPECKLE-1 provides values for certain parameters which can 

be compared with the experiment. These are gas release, ex

tent of center fuel restructuring, temperature boundaries 

of structural zones (from radial temperature profile and 

micrographs) and the temperature of metallic fission pro

duct deposition. SPECKLE-1 also calculates a crude poro

sity profile but here the procedures for experimental deter

minate .. of radial porosity are not well established at EIR. 

Calculated local temperatures can be compared with values 

given by other experimenters for the same structural appea

rances. 

For example Blank and co-workers define temperature limits 

for each of their four structural zones (see 5.2). Other 
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workers give fairly precise temperatures for the appearance 

of fission product inclusions. 

Table 10 shows the comparison between experimental and 

SPECKLE-1 values for the three cross sections. The SPECKLE-

1 calculation assumed an immediate start to full power. In 

fact power was raised in stages to full power over 45 hrs. 

The version of SPECKLE-1 with this ramp start is however 

still being debugged (Oct 1980). SPECKLE-1 is a full pin 

calculation taken into account plenum effects. 

Overall, examining the fuel structure of the three cross 

section (low power, low temp; high power moderate tempera

ture; low power high temperature) SPECKLE-1 correctly shows 

that this was a low temperature experiment - thanks to the 

low coolant inlet temperature of DFR. SPECKLE-1 calculated 

the total gas release 20% (actual 13%). The SPECKLE-1 value 

for fission gas content was 84%, the actual Xe + Kr analy

sis gave 79%. Dealing with each section in turn the follo

wing picture may be obtained. (See Table 10 and Fig. 18 

to 20). 

Section_E (EOL 45 kW/m, 610° mean clad, 5.3% fima, BOL 

center temp 1730°C, EOL 1195°C). 

SPECKLE correctly places the temperature of the fission 

product deposits in the 1100 - 1300°C band (1150° - 1160°). 

The temperature estimate for the Zone IV/III boundary is 

exactly HOC ~>c and because of the low center temperature 

(SPECKLE -1135°) no zone II is formed. Also because of the 

flat temperature profile there is no formation of fission 

gas grain boundary bubbles perpendicular to the temperature 

gradient. SPECKLE-1 slightly over predicts the radius of 

the sintered zone (0.97 - 1.18 mm versus 0.87 mm). SPECKLE-1 

calculates a centerline temperature drop from 1730° to 1195°. 
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SECTION_M (EOL 62 kW/m, 458° mean clad, 7.1% fima, CL tempera

ture 1930OBOL, 1310°EOL) 

Again SPECKLE correctly fixes the temperature of the fission 

product inclusions in the 1100 - 1300© band (1190 - 1230) 

and also the zone IV/III boundary is exactly 1100°C. In this 

case a clear zone II has formed with a boundary at 1235°C 

(SPECKLE-1) compared to Blank's estimate of ̂ 1180°C. SPECKLE 

correctly shows that the maximum temperature (1310°C) is too 

low to form a zone I (Blank >1300°C) although some slight in

crease in center porosity may be detected in the macro-photo. 

SPECKLE-1 predicition of the sintering radius 1.53 - 1.68 mm 

is in perfect agreement with the observation - 1.56 mm. 

SECTIONS (EOL - 49 kW/m, 320<>c mean clad, 5.6% fima, 

CL temperature 1500°BOL, 1300°EOL) 

No fission products are seen in section S even though SPECKLE-1 

predicts maximum EOL temperature of 1300°C. If SPECKLE is 

correct this would indicate that temperature distribution 

alone is not sufficient to deposit FP inclusions at a di

stinct isotherm but that restructuring must also take place. 

This is sensible since both are material flow phenomena. Vir

tually no restructuring is seen in section S which ran at 

1500° or below throughout life. Hence SPECKLE-1 here overpre-

dicts the formation of a sinter boundary placing it in the 

first node 0 - 0.68 nun. An only partly developed zone III is 

visible (fission gas bubbles at grain boundaries) due to the 

flat gradient in pin center. The SPECKLE-1 temperature for 

the zone IV/III boundary is 1255°C (Blank 1100°) showing 

that the sintering is still in a very early stage. 

Summarizing so far it can be said that -
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1) SPECKLE-1 slightly over predicts the extent of restruc

turing - hence perhaps the overprediction of fission gas 

release. 

2) With well restructured fuel the SPECKLE predictions are 

good to excellent. 

3) Kith well restructured fuel the temperature distributions 

agree with (or are as good as) the estimates of other 

workers. 

4) Restructuring is necessary for the movement and deposit 

of visible FP inclusions. 

Further examination of the cross sections and the SPECKLE-1 

radial temperature profiles raises more questions (see 

Fig. 21). Assuming that the temperature profile for section S 

is reasonable accurate why does it nearly match that of sec

tion M which has a higher power, higher temperature and a 

larger sintered zone? The answer could be that the lower 

rating of section S should give it a center line temperature 

lower than M but this is balanced by the lower conductivity 

of the colder unrestructured section. Coincidently section N 

with its higher power and higher initial temperature re

structures (improving conductivity) sufficiently to give it 

a center temperature and temp profile close to S. 

A second question is then, with an EOL center temperature 

and temperature profile higher than section E why has sec

tion S not restructured at least to the same extent as E. 

The linear powers at each section are the same (49 - 45 kW/m). 

The answer could lie in the higher initial temperature of sec

tion E. Again always assuming that SPECKLE-1 is operating 

correctly it predicts that section E with a BOL center temp 

of 'vlTSOoc quickly restructures bringing the center tempera

ture of E below that of S after Mi. 5 hrs. 
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The question however remains why does section E continue 

to restructure more rapidly than S given the conditions 

that SPECKLE-1 predicts? One pointer might be that even 

at the end of life the mean bulk temperature of the fuel 

in section E is still higher than that of section S. 

6. CONCLUSIONS 

The DFR 527/1 experiment was the first irradiation of EIR 

sphere-pac (UPu)C in a fast flux and has been successful 

to a burn-up of 7.3% FIMA at ratings between 45 and 62 kWm-1. 

Trie binary fuel, having an average sesquicarbide content 

of ^15% or ^50% in the fine fraction carburized the 3.16 L 

type cladding at the 600°C section to a maximum of 0,75% 

carbon. Salient to DFR irradiation the clad was carburized 

from the coolant side to a maximum of 1% carbon. 

Maximum diametral pin strains of 1% has been measured with 

values as low as 0.5%. in the axial central region between. 

This twin maxima profile has been discussed in terms of 

interrelated fuel/clad mechanical interactions, clad void 

swelling and chemical migration effects (caesium/carbon) . 

At least the high temperature maximum of the strain could 

partly be related to an estimated volume increase of 0,42% 

of the clad due to a total local carbon uptake of 0,27% 

average (carbon being supplied also from the coolant). 

Caesium significantly migrated axially in both directions 

which might also be related to the occurrence of twin strain 

maxima. This behaviour was unique to the sphere-pac pin and 

not seen in the compagnion pellet pin. Future investigations 

should include density (porosity) measurement in radial fuel 

zones and in the clad as well as void swelling studies to 

determine the remaining clad inelastic strain. 
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Restructuring and elenental redistribution has been found 

to follow well the pattern established for pellet type 

fuel, at least in the highest rated sections. Gas release 

of 12 - 14% has been measured and are very close to the pre

dicted values. 

Preliminary calculations of radial temperature distribu

tion and other structure relevant parameters using the 

SPECKLE code of a physical model on sphere-pac fuel be

haviour have been conducted. It was possible to relate 

fairly well the theoretical locations of F.P. inclusions, 

sintering bounderies, grain and pore structures with micro

graphy. It has to be emphasized that it was only a very 

preliminary comparison and much more can be done in this 

area. 
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TABLE 1 Fuel used in DFR 527/1 pin 

Coarse Fine 

Fraction 

Botch NO 

Sphere diameter (ym) 
Density (gcnT3) 
Relative Density (%TD) 
Weights loaded (g) 

Uranium content (wt%) 
Plutonium content (wt%) 
Carbon content (wt%) 
Oxygen content (wt%) 

XLII-86 

630-800 
12.74 
93.5 

100.44 

79.94 
15.20 
4,56 
0.30 

XLII-85 

40-80 
12.95 
95 
35.16 

79.15 
14.71 
5.25 
0.89 

Metallography 

Sesguicarbide (%) 
Dicarbide {%) 
Oxide (%) 

Equivalent Carbon (wt%) 

5 
0.5 

n.d. 

4,79 

30-40 
0.5 

n.d. 

5.92 

n.d. not detected 

Isotopic Composition 

Plutonium Pu 239 
Pu 240 
Pu 241 
Pu 242 

91.24 
8.00 
0.70 
0.06 

(at%) 

Uranium U 235 
U 238 

92.83 
7.17 
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TABLE 2 Chemical composition and physical properties 

of AISI 316 L pin cladding material used for 

DFR 527/1 experiment (wt%) 

c 
0.023 

Mn 

1.18 

P 

0.015 

S 

0.012 

Si 

0.4 

Cr 

18 

Ni 

14.35 

Mo 

2.57 

Density 

Specific heat 

Thermal conductivity 

Thermal expansion coeff. 

Elasticity Modulus 

German designation 

7,9 (g/cm3) 

0,5 (J/g deg) 

0.15 (W/cm deg) 

18.5 (10_6/deg) 

200 (kN/mm2) 

1.4435 
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TABLE 3 Details of DFR 527/1 pin data 

Pin No. 

Fuel type 

Fuel material 

527/1 

two size sohere-pac 

uranium,16? plutonium carbide 

Cladding material 

Outside/Innerside diameter 

Wall thickness 

AISI 316 L 20% CW 

6.61/5.81 mm 

0.40 mm 

Length of pin 

Length of fuel stack 

Weight of pin 

Weight of fuel 

Volume of fuel 

Volume of fuel stack 

Initial fr*»e volume in pin 

Smeared density 

709.5 mm 

500.2 mm 

198.64 g 

135.60 g 

10.89 cm3 

13.26 cm3 

5.79 cm3 

10.23 gem"*3 

Initial fuel properties (see also Table 1) 

Uranium enrichment 93 at% 2 3 5 T 

Plutonium 

235u/239pu ratio 

'U 
16 % H.A. 

5.38 

Nominal operating data 

Nominal peak operating power 63.5 kWm~l 

Target full power time 6500 hrs 

Target burn up 6.5 % FIMA 



TABLE 4 DFR Run 78 •* 81 Statistics 

Run Date of 
No Start Up 

Date of MWD for 
Shutdown Run 

Average Equivalent Days No of Power 
Power(MW) at Full Power Reductions/Shutdowns 

78 

79 

80 

81 

6.4.75 

4.12.75 

15.6.76 

6.12.76 

25.6.75 

26.2.76 

22.9.76 

23.3.77 

3952 

4032 

3579 

4553 

59.7 

60 

60 

60 

66.2 

67.2 

59.6 

76.2 

5/5 

1/5 

9/4 

6/2 

Total 16116 59.9 269.2 

6460.8 hrs 
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TABLE 5 Weights of irradiated pin 

Fuel Pin Post-Irrad. 
weight (g) 

Pre-Irrad. 
weight (g) 

weight 
gain (g) 

CV 176 199.01 198.57 0.44 

TABLE 6 Analysis of gas samples extracted 
from the DFR 527/1 pin 

He 

H2 
N2 

02 
Ar 

Kr 

Xe 

Xe/Kr 

Sample 
% 

19.93 

trace 

0.23 

trace 

0.23 

1 

11,41}79.61 
68.20 

5.98 

Sample 2 
% 

26.17 

0.07 

0.67 

trace 

0.22 

10'31}72.87 
62.56 

6.07 



TABLE 7 Xenon and Krypton Isotoplc concentration (%) 
gas samples extracted from DFR 527/1 pin 
(measured and predicted values) 

in 

Isotope 

Kr 82 
83 
84 
85 
86 

Xe 130 
131 
132 
134 
136 

Sample 1 

^ 

15.87 
27.86 
6.61 

49.66 

,̂ 

15.06 
22.32 
34.12 
28.50 

Sample 2 

mm 

15.82 
27.91 
6.67 
49.60 

«H 

15.12 
22.35 
34.12 
28.41 

Mean 

^ 

15.85 
27.88 
6.64 

49.63 

«, 

15.09 
22.33 
34.12 
28.46 

Predi-

fastb) 

0.03 
15.53 
27.J-
7.55 

49.77 

0.01 
15.28 
21.69 
34.36 
28.66 

=ted*) 

thermal^) 

0.03 
14.48 
26.46 
7.69 
51.33 

0.01 
14.06 
20.64 
35.67 
29.62 

a) Values of isotopic yields from'^/j 
b) Fission cross section ratio ^ 1 
c) of,235 - 582.2 barns, of,239 " 742,5 barns 

235u / 239Pu 5.4 



TABLE 8 Burn up values of five DFR samples with uranium plutonlum 1sotopic composition 

Sample 
No 

(See Fig.) 

1 

2 

3 

4 

5 

Average 
value 

234 

0.59 

0.59 

0.60 

0.60 

0.59 

Uranium(At%) 

234 

91.36 

91.29 

90.85 

91.11 

91.13 

. 

236 

1.62 

1.81 

1.88 

1.79 

1.58 

238 

6.43 

6.31 

6,67 

6.50 

6.71 

Plutonium(At%) 

239 240 

90.10 9.27 

89.7" 9.48 

89.20 9.81 

89.84 9.43 

89.85 9.35 

241 

0.63 

0.67 

0.86 

0.64 

0.70 

242 

0.08 

0.09 

0.13 

0.09 

0.10 

Pu 
Pu + U 

14.97 

14.99 

14.93 

15.74 

15.01 

Burn up (t FIMA) 
based on Nd-148 

6.24 

7.15 

7.57 

7.10 

5.82 

6.78 



TABLE 9 Comparison between chemical burn up values and values derived 

from linear power profile and axial Nb-95 distribution 

(percent of individual average) 

Sample 
No 

1 

2 

3 

4 

5 

Average 

Local 
Burn up 

% H.A. 

5.65 

6.71 

7.24 

6.69 

5.33 

6.34 

% Of 
Average 

% 

89.1 

105.8 

114.2 

105.5 

84.1 

100.0 

Burn up 
Nd-148 

% FIMA 

6.24 

7.15 

7.57 

7.10 

5.82 

6.78 

% Of 
Average 

% 

92.0 

105.5 

111.6 

104.7 

85.8 

100.0 

Axial Nb-95 
Activity 

% of average 

92.2 

103.8 

110.9 

104.9 

87.7 

100.0 



TABU 10 SROOC-1 Calculation and comparison with obsarvation and experimental data (Curve A) 

Cross 
Saction 

S 

N 

E 

BOL* 
Bower Nsan 
kN/wt CladT. 

«C 

53 

67 

48 

*BCL 

325 

471 

632 

BOL 
Power Nsan 
kN/to CladT. 

°C 

49 

62 

45 

320 

458 

610 

is and of first cycle 

Burn up 
% 

flM 

5.6 

7.1 

5.3 

Calculated 
Centarfuel T. 
BOL** BOL 

1500 

1930 

1730 

1300 

1310 

1195 

Teep of 

Dsposit 
tone°C 

BagUy'11 

1200*0 
Kleyhamp 
1100-1300°C 

No fission product 
dsposits 

1190 • 

1150 • 

**BCL is O.OOhrs. 

- 1230 

• 1160 

Temperature of Blank 

IV/IXI IIX/II II/I 
1100% 1180OC 1300°C 

1255 

1100 

1100 

NO 
sonsiz 
SoneXZZ No 
not ions 
fully Z 
dsvs-

1235 

no 
zoneZZ 

Slight 
porosi
ty in
crease 

No de
veloped 
zone Z 

no 
zone Z 

Radius of sintered 
boundary-SKCXLE MCB 

SPBCKIZ OBSERVES 
MCB SINTER BOUND 

o -
0.68 

1.D3-
1.68 

0.97-
0.118 

NO 
sinter 
boun
dary 

X # SrafVWt 

<1220°C) 

0.87 
(U7SOC) 

Total 

Gas 
Releasi 

17% 

2 

201 

•a 

e 
20% j 
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FIG DFR 527/1 Sphere-pac mixed carbide fuel pin 
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FIG 3 DFR 527/1. Axial profiles of fission nuclides incl. 
burn up values/ linear power and dose 
ratings 
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FIG 5 DFR 527/1. Micrographs of metallogranhic sections at positions E, M, S tn 
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FIG 10 DPR 527/1. Clad carburization, 6500 hrs in DPR 
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FIG 11 DFR 527/1. Radial gamma scan of section E and 
a-,S-,Y-autoradiographs for fuel rated at 
45 kW/m 
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FIG 12 DFR 527/1. Radial gamma scan of section M and 
ot-,$-,Y-autoradiographs for fuel rated at 62 kW/m 
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FIG 13 DFR 527/1. Radial gamma scan of section S and 
o-,B-rY"autoradlographs for fuel rated at 49 kW/ra 
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FIG 14 DFR 527/1. Diametral Plutonium distribution in pin 
section C and M rated at 43 and 62 kW/m 
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FIG 15 DFR 527/1. Pin section C electronmicroprobe 
micrographs, Pu enrichment on large spheres 
in the outer fuel region 
90 x 90 ym 
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FIG 16 DFR 527/1 Pin section C electronmicroprobe micrographs, 
Fission product phases in sintered fuel region and 
Bi-Sn mounting alloy. 
180 x 180 ym 
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FIG 17 DFR 527/1. Pin section C electronmicroprobe micrographs 
Ni/Cr/Mn/Mo phase in fuel clad interaction zone 
90 x 90 pm 
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SECTION S 

I//////// / // / A SPECKLE MC B 13 
ft 

FIG 20 Comparison of micrograph section S with suggested fuel structure zones 

(Blank'13') and temperature limits as calculated by SPECKLE 
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FIG 21 Radial temperature distribution in section E, M and S as 

calculated by SPECKLE 


