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Abstract

Since 2015, AREVA and CEA teams decided to lauredrly industrial tests of MOX pellets with
an adapted GEN Il design in the MELOX plant, tegere the future manufacturing of MOX fuels
bundle for Astrid reactor.

First campaign (2015) of tests was dedicated toostnate the feasibility of this manufacturing at
half industrial scale; Main modifications involvdde pelletizing station of LCT workshop (small
scale line for MOX manufacturing) and one of thdustrial furnaces, in order to define the range of
main parameters (powder preparation, pelletizing aimtering steps and MOX pellet analyses
procedures). Specified analyses results were paeiin MELOX plant laboratory, completed with
EPMA analyses on MOX pellet sent to CADARACHE CE#bératory : First results show that
required properties of these MOX pellet, meet thectfied criteria defined by CEA teams, the most
important one’s are related to pellet design (disiems and density), Pu distribution and oxygen
stoichiometry.

Second campaign (2016) of tests, included a poywdaaration step at industrial scale on one of the
blender of the MELOX plant, in order to prepare ith@ustrial manufacturing of MOX pellet for one
fuel bundle, designed for a prototypical irradiatidlain results show again that the specified Gdte
arerespected increasing the confidence in the pracess.
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I. INTRODUCTION

The global program was defined in strength collabon with CEA for each campaign of tests in
order to adopt a step by step approach, becaugestdfi MOX pellet manufacturing is a more
complex manufacturing than those for BWR or PWR M@let, for which MELOX plant have an

important knowledge and feedb&tKThis approach was managed as follow:

During 2015 campaidn™:

» First, for sieving conditions, a Design Of Experitee(DOE) was performed to optimize the
characteristics of the MOX powders blend to be catibfe for pelletizing step (in term of flow-
ability), using a granulator installed in LCT (laktory scale),

» Acquiring the adapted conditions for an optimize®Xlpowder blend, several hundred of
MOX pellets with an annular design were pelletizethe LCT workshop and sintered in the
industrial furnace (sintering conditions were addpb reach the specified oxygen
hypostochiometric criteria)

» All analyses performed on these pellets in the MEL&boratory, verified criterion of CEA
specification,

» Several pellets were sent to CEA Cadarache lalmgrét&FCA) in order to perform an EPMA
analyses program.

During 2016 campaidf:

* The goal was to increase the scale, up to industmiafor powder preparation (milling step in
one of the plant blenders), so that 2 types of MM der blends were prepared, at LCT scale
and one at production scale,

« As during previous campaign, several hundred of Mi2Hets using the 2 types of blends were
pelletized and sintered in the same industrialdoen

» Again, all analyses performed on these pellethénMIELOX laboratory, verified criterion of
CEA'’s specification.

The manufacturing scheme of this global programpissented in scheme n°l, with main
manufacturing conditions of each campaigns sumrmedriz table 1.

Scrap

L

Feedback of 2015 .
+Parameters tested: [l

1
1

= Scale (LCT/Prod)

Milling - Oxygen potential
1

Milling

Parameters tested:
- Type of scrap

+ Compaction Milling

+ Sintering
Sieving 1
Several batches
I Several batches 2016
Lubrication I Pellets characterizations
Pelietizing 1
1 @ >
~industrial sintering I A Industrial
scale scale
a Ler a

2015 Characterizations

Scheme 1: manufacturing process for the 2 campaigns

Year Number max. pellets]  %Pu (x20% rel)  Powder aragon Pelletizing Sintering
2015 <300 24% LCT LCT Prod.
2016 <300 24% LCT + Prod. LCT Prod.
2017 To de defined 24% LCT + Prod. LCT Prod.

Table 1 (LCT: small scale manufacturing line)
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I1.MOX PELLET MANUFACTURING TESTS
1.1 Raw materials

UO,, PuG and scrap powders used for all tests were samgleitie usual sampling station of
MELOX plant. For 2015 campaign, d°%crap lot, containing Astrid pellets was prepaired.CT
miller. For 2016 campaign, a final blend, withiretaxplored Pu content range was prepared in one of
the production miller stations. Table 2 summaritezimain characteristics of powders.

Year | %scrap| Scrap origil Pu©rigin UG, origin Prepared Blends
LCT
-~ 0, q
2015 10% +Prod. La Hague Areva plants 2 (LCT)
2016 ~10% Prod. La Hague Areva plants 2 (LCT,prodl)

Table 2: composition of blends for the 2 campaigns

I1.2 Powders characteristics

Sieved granulometry device equipped with 40 to 100Gieves, bulk and tapped densities device
and BET device for specific surface area can beyaaut at each step for better powder properties
characterization¥.

11.3 Equipment and experimental conditions

11.3.1 Preliminary blending step

An optional preliminary blend step of the 3 typégpowders can be carry out before the ball milling
step at the 2 scales.

At LCT scale, a Turbula blender is used with préreel parameters, in terms of powder rate in the
container inserted in the device and rotation sgge8min?).

11.3.2 Powder blending step (Ball milling)
For dosing steps (LCT and production scale), eagelylwdevice is calibrated and a surveillance is
performed before each dosing step, using adapteghwenge standards.

In order to very well blend the 3 types of powdérsterms of powder reactivity for sintering), 2
blenders, called “ball milling station” were usedliCT and production, at 2 scales (see table 3).

Station Ball Powder load Parameter|U Milling time

LCT Same design 1-2kg u-~1

Production|  of U-ball up to 60kg U~1
Table 3: blending step parameters

Knowing the final powder properties are driven leyvfimportant parameters, the 2 scales stations
were settled up in term of milling conditions (Sesble 3).

Same time (~2h)

11.3.3 Final blend granulation step

Each type of final blend is granulated with a gtatar (Frewitt device), equipped with a ~200um
mesh grid and a four knives alternative rotor, @L.workshop.

Previously to 2015 campaign, a D&&was carried out for each blend to optimize thevfability to
be compatible for powder feed rate at pelletizitgp g powder feeding rate and rotor speed).

The powder feed rate and rotating speed were agaiinio reach the highest powder flow-ability.
These parameters were then settled up for allélketests.
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11.3.4 Lubrication step

After granulation step, the lubrication was perfethwith zinc stearate in the same Turbula blender,
but just before the pelletizing step to prevent #rgrmal effect on lubricant due to Pu powder. This
effect will be study later.

11.3.5 Pelletizing step

The pelletizing station of LCT is used: it's a dtleffect hydraulic press station, adapted to the
Astrid pellet design, and equipped with 3 specifiols designed to elaborate MO
pellet with a central hole. Each green pellets lbavas then placed in a Mo-boat f
next process step.

Compared to PWR MOX pellet design, the pelletizoygle was also updated an’
adapted to these MOX pellets designs with centld.h

11.3.6 Sintering step

Each MOX pellet batch was sintered just after pizileg step (again, to prevent any effect on green
pellet due to Pu powder thermal heating; this ¢ffélt be evaluated later), in a Mo-boat.

One of the production furnaces (scheme 2) was daaticto each tests campaign during several
weeks to respect particular Quality and Safety irements, the sintering procedure was adapted,
including the surveillance of pellet height in thi®-boat, required for these high Pu content pellets
sintered in a PWR production furnace.

The atomic oxygen-to-metal 0.70 - —— < — ! @ single fcc
ratio (O/M) has to be 0.69 F——— \..MOX+U;6;\\\\\”‘=\ \\\ MOKsgas | ©locHee
hypostochiometric (i.e. O/M 7 s N = fcc+metal
< 2.000) and close to 1.97 at 0687 Qe MOX \‘\Q\f\ ks
room temperature. Previous  0.67 - .00;,_ . \ i

studies have shown that the gqq f 88 g K;A" < 3 w5k

sintering of MOX fuel with & *IN\e \ © 7 T\

around 25-30 wit% of Pu 3 %657 RS R Moxth Mok '*\ :,,M?’;t;'v'oxz
under dry Ar/4%H leads to a 0.64 \{\\“\\ o B\ e
very low O/M (~1.94) [5].  es. NN
Moreover, a  demixing o e Ay \\\\\\\\ 5 =

phenomenon can  occur el 1 A\ [

during the cooling down 0.61 - ,\VMSXP ‘i\iﬁi\ .
phase. This demixing is g0 | : Tl o . iy
consistent with the existence 0 005 010 0.15 020 025 0.30 035 040
of a miscibility gap in the fcc x (Pu)

phase in the U-Pu-O system Figure 1 : Calculated phase diagram of the U-Pu—0 system
[6]. As shown in Figure 1, the

smaller the O/M or the at 473K [6]

greater the plutonium content,
the more pronounced the
demixing phenomenon.

The oxygen partial pressuned;) of the sintering gas must be increased in oraeeach the targeted
O/M and to limit the consequence of demixing. Tatthim, several conditions (S1 to S8) consist in
adjusting the moisture rate of the sintering gald %iH,.
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Knowing the CEA specified characteristics of AstddOX pellets, sintering conditions were

precisely defined:

e Standard conditions remain unchanged (temperatoie,cboat feed speed inside the furnace,
main gaz),

« Oxygen potential was adapted to warrant the sgekttirget of under-stoichiometry.

Industrial

scale

Scheme 2: Production furnace

11.3.7 Pellet char acterizations

Laser devices were used to characterize the dimessif each pellet, using standards before each
measurement.

Quality controls were also performed in laboratand dimensions quality control stations for each
sintered pellets batch manufactured during the 2@b8paign; it concerns all the specified properties
(dimensions, stoichiometry, porosity, microstruetumpurities).

1.1 MOX PELLETSBATCHESAND EXPERIMENTAL CONDITIONS

I11.1.1 Principle of testsduring the first campaign (2015)

Knowing Areva-CEA previous background for Astrigaty pellet design, the 2015 tests campaign
was managed in order to determine the influenc® afain process parameters in the MELOX
process:
e The composition of the final blend: 2 types of gcpawder lots were elaborated:
0 The batches 1 to 4 were dosed with the same priotue¥WR scrap powder lot (noted Low in
table 4),
0 The batches 5 to 8 were dosed with Astrid-typegpelesign scrap powder lot from batches 1
to 4 (noted High in table 4),
0 Others components (U®@owder and Pugpowder lots) were the same for all batches
* The pelletizing conditions: 2 series of tests weoaducted, by setting 2 compaction pressure
targets, noted Low and High in table 4 (The ragtneen the compaction pressure targets is 1,5),
e The sintering conditions: 2 series of tests weradoocted with 2 sintering stage times at
maximum temperature of 1700°C, noted short andgLiantable 4 (The ratio between max
temperature sintering stage times is 1,4).

The table 4 summarizes the fabrication conditisgediufor each batch (around 35 pellets per batch).



lazykinaa
Typewritten Text

lazykinaa
Typewritten Text

lazykinaa
Typewritten Text

lazykinaa
Typewritten Text

lazykinaa
Typewritten Text

lazykinaa
Typewritten Text

lazykinaa
Typewritten Text
IAEA-CN245-582


IAEA-CN245-58-

Proceedings for IAEA FR17, June 26-29, 2017

(CN-582) 16

Batches Pu content level of scrap Iot ~ Compacti@s$ure level| Sintering stage time

1 Low Low Short

2 Low High

3 Low Low Lan

4 Low High 9

5 High Low

6 High High Short

7 High Low Lan

8 High High 9

Table 4: manufacturing conditions of 8 batches @01

I11.1.2 Main results of batchesfor first campaign (2015)

The different figures, 1 to 4, present the main afisions results of pellet batches manufactured
according to conditions described in table 4.

As for PWR MOX pellet manufacturing, the resultsfigfures 2a and 2b confirm that the major
factors which influence the pellet external diamete as following (decreasing effect):

« Compaction pressure : highest value of pressuréeapguring pelletizing step, leads to largest
external diameter after sintering,

« The composition of the initial blend (namely thégor of the scrap lot) : batches 6 to 8 containing
scrap powder prepared with pellets batches 1 tshdw systematically lower external sintered
diameter compared to results of batches 1 to 4,

< Sintering stage (ie. sintering time at max. tempee, the effect of this last factor is considered
as minor.

Note: for each presented boxplot, circle is meaoejgsquare represents range from 25% to 75% ofifadion, minimum and

maximum values of population are extremities ofie@rline - Blue dashed line : specified targetusa- Red continuous line
: minimum specified value

Box Plot of External diameter per batch (2015) Box Plot of External diameter per batch (2015)

External diameter
External diameter

Batch 1 5 3 7 2 6 4 8
Sintering stage 1_Short 2_lang 1_Short 2_lang
CP parameter 2_High

Batch 1 5] 2 6 3 7 4 8
CP parameter
Sintering stage 1_Short

2_lang 1_Low

Fig. 2a: external diameter vs Compression
pressure (CP parameter) and sintering
parameter (Sintering stage)

Fig. 2b: External diameters population vs
sintering parameter (Sintering stage) and
compression pressure (CP parameter)

For the external diameter range (noted EDR andespaonding to the difference of maximum
diameter minus minimum diameter measured for eatletp results per batch show constant mean
values for each CP level; Values population arestotlvan one fourth of the specified tolerance.
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Concerning the calculated sintered density, thenrmedue per batch is higher than the specified
target; no particular influence is detected regagydihe influence of the 3 previous factors
(manufacturing conditions).

Box Plot of External Diameter Range (max - min) per batch (2015) Box Plot of Pellet Sintered Density per Batch (2015)
£ 3
£ g
E 2
g i
' ]
x °
£ 3
E 2
: §
® ey
T T T T T T T T T T T T T T T
Batch 1 5 3 7 2 6 4 8 Batch 1 5 2 6 3 7 4 8
Sintering stage 1_Short 2_lang 1_Short ) 2_lang CP parameter 1_Low 2_High 1_Low 2_High
CP parameter 1 Low 2_High Sintering stage 1_Short 2_lang

Fig. 3: EDR population vs sintering parametergig. 4: Calculated sintered densities population
and compression pressure vs sintering parameter and compression pressure

Note: for each sampled pellet, internal diametes weeasured using a multiple diameters pass/fail
gauge with a gap between each of less than 50uflugiiite on calculated density is less than
0.01g/cm).

A linear regression model was built with all indlual data to evaluate precisely the effect of each
factor; ratios between the 3 regression coeffisi@ftthe model are done in table 5. The choice of
these factors is in very good agreement for thislehdbecause 98.8% of the observed variations is
explained with these 3 factors.

Factors Compaction pressdjretomposition Sintering stage
Regression coefficient +A -A/14 -A/28
Table 5: regression coefficients of the model (2015

I11.2.1 Principle of tests during the second campaign (2016)

Taken into account the results of first campaigrevA-CEA decided to set the following parameters:
The scale of the powders blend:

0 2 blends were prepared to compare scales of lalygrand industrial blenders,

0 The same scrap powder lot was dosed for both blends

0 Others components (U@owder and Pugpowder lots) were the same for all batches,
The pelletizing step : same medium compaction pres&lil.1.1) was settled-up for all the batches,
The sintering step : 8 sintering tests were coretlgtith the short sintering stage time at maximum
temperature stage of ~1700°C (noted short in téplalefined during campaign of tests in 2015;
Only oxygen potential were modified during thesests.

A total of 12 MOX pellets batches were manufactudeding this second campaign. The table 6
summarizes the manufacturing conditions used foln &atch (around 35 pellets per batch).
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Batch Pu content level Blend origin Compaction Sinteri_ng Sinte_ring
of scrap lot Pressure level stage time condition
1 Low LCT+PROD Medium Short S1
2 Low LCT+PROD Medium S2
3 Low LCT+PROD Medium Short S3
4 Low LCT+PROD Medium S4
5 Low LCT+PROD Medium Short S5
6 Low LCT+PROD Medium S6
7 Low PROD Medium Short S7
8 Low PROD Medium S8

Table 6: manufacturing conditions of the 8 batc{Rl6)

I11.2.2 Main results of batchesfor the second campaign (2016)

The different figures, 5 to 8, present the main afisions results of pellet batches manufactured
according to conditions described in table 4.

For the external mean diameter (fig. 5), mean \&lfper batch) of
both types of blends are very close, but locatethetupper diameter
limit of the specification, meaning that for nexnepaign the diameter
tools have to be reduced from half of the specitiaineters range or

compaction pressure to be decreased Sintered pellets on tray for visual
|nspect|0n
BOXPLOT OF EXTERNAL DIAMETER PER BATCH (2016) Box Plots of sintered length per batch (2016)

External diameter

Sintered length

Blend origin ~ LCTPROD ~ LCTPROD ~LCTPROD LCTPROD LCTPROD LCTPROD PROD PROD
Sintering Conditions s1 s2 s3 s4 S5 S6 s7 S8

Blend origin  LCTPROD LCTPROD ~LCTPROD LCTPROD LCTPROD LCTPROD PROD PROD
intering Conditions St s2 s3 S4 S5 S6 s7 S8

Fig. 5: External sintered diameters populatiofrig. 6: Sintered lengths population per batch
per batch

For the external diameter range (EDR on fig. 7)responding to the difference of maximum
diameter minus minimum diameter measured for eatletp results par batch show constant mean
values, which are lower than one fourth of the B@ettolerance.


lazykinaa
Typewritten Text

lazykinaa
Typewritten Text

lazykinaa
Typewritten Text

lazykinaa
Typewritten Text

lazykinaa
Typewritten Text
IAEA-CN245-582


IAEA-CN245-58:

Proceedings for IAEA FR17, June 26-29, 2017
(CN-582) B

Box Plot of External Diameter Range (max - min) per batch (2016) BOXPLOT OF SINTERED DENSITIES PER BATCH (2016)

EDR (max - min) in mm

Sinetred density (%TD)

Blend origin  LCTPROD ~ LCTPROD  LCTPROD ~ LCTPROD  LCTPROD ~LCTPROD PROD PROD — — — — — — T T
Sintering Conditons st s2 s3 s4 s5 6 s7 s8 Blend origin  LCTPROD LCTPROD  LCTPROD LCTPROD  LCTPROD LCTPROD PROD PROD
Sintering Conditions st 52 s3 s4 S5 6 s7 s

Fig. 7: External Diameter Range (EDRJig. 8: Calculated sintered densities population
population per batch per batch

Concerning the calculated sintered density (Figtt8 mean value per batch is much higher than the
specified target; no particular influence is degdctegarding the influence of the 3 previous fector
(manufacturing conditions).

IV CHEMICAL PROPERTIESOF MOX PELLETS
V.1 Stoichiometry of MOX pellets

For each batch, a sample of 4 pellets was analye#tke laboratory of MELOX plant, to determine
the O/M ratio, using an oxidizing-reduction mettihding a thermal treatment of each sample.

For both campaign, the measured value per batch leeeed in a range of 1.974 to 1.985,
conforming to specified criteria.

V.1 Hydrogen content

For each batch, a sample of 5 pellets was analye#tk laboratory of MELOX plant, to determine
the hydrogen content. For both campaign, the medstalue per batch was located in a range of 0.4
to 1 ppm/ox, conforming to specified criteria.

V PLUTONIUM DISTRIBUTION
V.1 Analyses with a autoradiography method

For each batch, a sample of 2 pellets was analyzed) thea-radiography method performed in
MELOX plant (either with an intensified cooling dawamera or with the standard film method).

The 2 pellets were cut through the lengt r by |

or the diameter; each was then embedd ‘_ ;

for polishing step, before to realize|
photographs of the whole polishec

surface, and then thea-radiography | -
photographs (a film is laying few second : :
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on each sample fora-radiography
impression and revealed by chemica
etching or using a scintillator with an
intensified cooling camera to realize @n
cartography that shows the PL
distribution).
These analyses show a very good P
homogeneity (white spots on right images
are artefacts).

Standard method with film ntensified cooling camera

Fig.9 : a-radiography photographs

V.2 EPMA ANALYSES

Several samples of each campaign were sent to C&thar@che laboratdfy; in order to perform
EPMA analysis.

An EPMA CAMECA SX100 equipped with W filament isagsto perform measurements at 20 kV
on rays U My, Pu M3, and O Ki. Samples are metallized with a carbon depositlyxead surfaces
and volumes are aroungrh? and um®,

Cartographies are done with horizontal and vertieablutions of 1lum and a 20ms acquisition time
per point.

Area fraction

Eswl Pu content

Fig. 11 : Area fraction versus Pu content of 1
sample of 2015 campaign

Fig.10 : Cartographies of 1 sample of 2015
(Secondary electron, O, U, Pu)

On the cartographies above, U-rich and Pu-richsaega much lower than 100um; these analyses
revealed the very good Pu homogeneity of the LGlIesmanufacturing. Regarding samples of 2016
campaign, analyses are still in progress.
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VIl Conclusion

Main manufacturing parameters were defined andededuring the two campaigns performed, at
LCT (laboratory area) scale and industrial scaleese parameters concern the powder preparation
(using ball milling, sieving and lubrication stepgglletizing (compaction pressure) and sintering
(industrial temperature ramp, stoichiometry manamgedetting the oxygen potential) steps.

From first campaign a model was built to define th&in parameters involved in pellet shrinkage in
order to respect specified criterion for pellet dimsions.

During the second campaign, these parameters wegked to the manufacturing of 2 types of
pellets, dosed with blends prepared at LCT anddini scale.

For each campaign, all results measured on manméatAstrid design pellets (several hundreds) are
in compliance with the CEA specification requiretsemamely, the dimensions of the pellets (mean
external diameter), the microstructure (Pu homoierdemonstrated for pellets of first campaign)
and chemical properties (stoichiometry).

Further tests are scheduled this year, in ordéllmw the step by step approach.

Safety
Each campaign is performed under particular proeedand submitted to a prior authorization of the
French Safety Authority (ASN) in order to respeafiesy requirements of the plant.
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