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Abstract. Due to their high void swelling resistance, wrdrdened titanium abilized austenitic

steels have been chosen as cladding material for sodium cooled fast reactor. In this study, HPTR
cold pilgering procss is compared to cold drawimag the last shaping step of the tube processing.
The effects of the cold work accumtibn and heat treatments are studied in connection with the
microstructure (grain size), the hardness and the texture. The following results were found:

- As larger amount of cold work can be applied by HPTR cold pilgering, a lower number of
intermediateheat treatmentsre required. In addition, the bending of the tube is significantly
reduced after each pass for this process allofeing limitation of the straightening operations.

- For bothprocessesoptical micrographs show micrometric titanium ddebprecipitates and the
presence of deformation twins on a few grains on the final Ausgynificant grain size refinement

from &85 P WBR P FDQ EH REWDLQHG E\ UHGXFL QM AMMKdWwhmOLQJ V
1353K For tte latter, the precipitatedmass fractiormeasured by selective dissolution of the alloy
matrix is the largest, revealing a possible negative impact on swelling under irradiation.

- Throughwall Vickers hardness profileshowan increase of the hardness at the outer diameter for
HPTR cold pilgering whereas the hardness profile remains continuous for cold drévisnigund

that the Qfactorhas an influence on treewall-thicknesshardnesgprofiles.

- For each process, neutron diffraction measurements on finished tubes revealitviber texture
componentst112and ¢002parallel to thetube axiswith differences in their relative intensities.

Introduction

Sodium Fast Reactors (SFRs) have been selected as the reference type in France, leading to
extended studies dedicatedttee ASTRID reactor (Advanced Sodium Technological Reactor for
Industrial Demonstration) to be built in the next decft@]. For the first core of Astrid, the
cladding tubes of the fuel assembly will be fabricated withgradereferenceso-called 15/15i

AIM1 (Austenitic Improved Material #1]2], experienced in the past in the former french sodium
reactors

The void swelling resistance of this alloy has been improvedpbynizing the minor element
amount Ti, Si, P, B),andaddiion of swelling inhibiors (Ni)[3, 4, 3. This material is used after a

prior cold work(CW) of about 2625% resulting in defects such as dislocations which interact with
point defects produced by neutron irradiation thus enhancing recombination and hence making this
alloy more resisant to irradiation swellindg5]. The coldworked level andhe stabilization by Ti

allow for delayng the beginning of the swelling under irradiation and make AIM1 suitalolase

up to 110 dpa at least which is tlegjuired target for Astrid fitscore[6, 7].



Ingots of AIM1 steel are usually made by primary vacuum induction melting process (VIM)
followed by a secondary melting performed by vacuum arc remelting (VARSr prolonged
soakingat ~1200°Cto homogenize the cast ingptisey arehot forged to obtain bardhesebarsare

hot extruded and then machined including drilling operation in order to obtain hollow round
primary shape. The cold drawing stegkow for gettingthe final cladding from the hollow round
primary shape. The heat trernt conditiongreoptimized toachievethe best microstructure (grain

size) in relation with the suitable level of tensile properties.

In this paper the attention is specifically focused on the final cold working stage. The cold drawing
process is the ference used in the past to achieve the cladding tubes for example for French SFRs
like Phenix or SuperPhenix. But an alternative process such as the cold pi{garicig has widely
proved satisfactory results in the field of zirconimased cladding tubfer WPR reactorcan be
envisaged too. In addition, this process is also investigated forstdeScladding§,9].

This study gives a comparison of characteristics obtained on cladding tubes manufactured at
laboratory scale level processing either bylc¢calrawing or by HPTR cold pilgering, including
appropriate heat treatmentBhe impact on the grain sizeprecipitates hardness and texture is
investigated.

Material *Fabrication route

Material

Chemical composition is determined extrued barby several techniqgueshosen as a function of
the analyzed elemen®ptical Emission Spectroscof@ES, Combustion and Infrared Absorption
(CIA) andPlasma Emission Spectrome(BES. The chemical composition is reportedlable .

Tablel: Elemental compatson range of AIM1 (in wt%)

Cr Ni C Mo Mn Si P Ti S
Weight% 14.0 15.6 | 0.091 | 1.52 1.65 0.85 | 0.041 | 0.40 | 0.003
Uncertainty| +£0.25 | +0.20 | +0.03 | +0.03 | £0.03 | +0.02 | +0.003| +0.01 | £0.001
Method OES PES CIR OES | OES | OES | OES | OES | CIR

Fabrication route

The figure 1 presend the two different fabrication routes used for manufacturing cladding tubes.
From an extruded bar,rad of 20 mm diametés obtained by cold swagin@his rodis drilled and
thenmother tubesireprocessed either BYPTR cold pilgeringor by cold drawing.

Cold processingequiresin each caseeveral passeand intermediate heat treatmerfEnally, the
tubesaresubjected to golution annealingt 1353K or 1453K for 2 minutes before the lpass of

cold workingwhich leads to a CW oH818% or 23% With A 'S/S, S is the section of the tybe

By comparing the cold processing stages, it can be pointed outl¥dR cold pilgering offers
certain technological benefits

- The bending of the tube is significantly reduced after each foasthis process allowing
limitation of the straghtening operations

- A heat treatment is performed after each pass for cold drawing in order to protect the durability of
the drawing tools (deeandmandrel$. In contrasta larger amount of cold workan be applied by
HPTR cold pilgeringseveral cumulated passesupled witha lower number of intermediate heat
treatments.

- A drawing tag is requirefbr cold drawingwhich leads to avasting of materiaht oneextremity of
thetube
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Figure 1: Fabrication routeusedfor cladding tube manufacturing

Experimental

Optical microscopwith motorized stageés carried out on transverse cresectionwith a Reichert
MeF-3. The samplesare observedafter standard metallographic gparationand electrolytical
etchingwith 60% nitric acid.Grain size measuremenése performed by using image analysis
(Visilog software) Severakthousand of grainareanalyzed in each case.

Selective dissolution of the matrix is carriedgt by electr@ahemical methodlhis method allowsor
recoveringa residue comprising a selectively extracted phase. This residue can be aaadlyeel
precipitated mass fraction can be determirkexd.the dissolution to be quantitative dissolved mass
Is 20g minimum.The electrolyte used isomposed with 10% offiydrochloric acidand 90%of
methanal Dissolution is carried out withconstant intensity (1 ampere).

Wall thickness hrdness profés arerealizedon transverse crosectionddy using

- Micro-hardness nmasurements performedith a VMHT30a - LEICA testerwith a test force of
100 grams,

- Berkovichmeasurmens carried out with a nanoindenter NBFTCSM with a 250 mN loacEvery
measurement is performed wahminimum spacing aibout 2630um width (around2.5 footprin)
between eachardnespoint The following euationallows theconversiornof Berkovichvaluesin
Vickers.

(1)

with: g, the accelmtion of gravity, A, the projected contract area of penetragtéis the
surface area ahe penetratr, H;r the indentation or penetratioBerkovich hardness
and H\{r the indentation or penetration Vickers hardness.
Crystallographic textureare measured byeutron diffractionusinga 4-circle diffractometer (6T1)
at Leon Brillouin Laboratory (LLB)Orphée (CEA Saal-CNRS). Diffraction experiments are
performed in transmission mode with waveleng0.1159 nm. The alyzed volume is about a
few cnt. Pole figuresaremeasured fof111) (200) and (22Q)lanes The Labotex softwaris used
for computingtheresults




Results

Optical microscopy Grain size
The figure2 shows optical micrographs obtainexzh claddingW XEHTV WUDQVYHUVDO FU

for cold drawing or for HPTR cold pilgering, respectively.

c)DR- A8
hoy =42+ 241n)

b)PI-T1403
Poy= 58+ 1

d) DR-T1403

Figure 2: Optical micrographs sheing grain size a and g after cold drawing and last solution
annealing at 1403Kb) after HPTR cold pilgering and last solution annealing at 14@3&nde)
after solution annealing at 1403K followed by 18% of CW (drawing)

For both processes, the optiqaicrographs show the presence of micrometric titarased
carbide pecipitates(solid black arrows in figure 21, € identified by EDS analysisThe larges(a
few um up to 20um)precipitatesappear asquareinclusions(primary precipitateyvhile the black
dots correspond to a populationfiofest(a few hundred onanometersJiC secondargarbides



Somethermaltwins are revealedn a few grain®n anneald material(dottedblack arrows on Fig.
2d) whereas somenechanical twins are observedly after CW on a few graingdotted black
arrows onFig. 26.

It can be seen that theienaot alargegrain size difference on tubégfore last pasgfterlast heat
treatmentfor eachprocess gbout 845 um for cold drawing andg58 um for HPTR pilgeringafter
SA, respectively This size islightly decreaseafter 18% of CW( Imgy 842 pm for cold drawing.
However by reducing the temperature of the last solution anneairgignificant grain size

refinement can be obtained. The grain size is decreased more than twice by reducing of about 50K

the temperature of ihlast heat treatmernfl353 instead of #03XK) as shown on the Fi@. In this
case, the mean grasize diameter is aboug€16 um for HPR cold rolling and 817 um for cold
drawing, respectively.

a) DR-T135358
hoy =16% 9pm)
Figure 3: Optical micrographs showing graisize: a) after cold drawing and last solution
annealing at 1353K, (b) after HPTR cold pilgagiand last solution annealing at 1353K

Sincethe last solution annealingan modify the titanium carbides dissolution, a quantification of
the precipitates and the determination of the titanium content in solid solutigedoemedby
using selective g@solution.

Precipitate fraction

The weight ratio of precipitatess measured by using selective electrochemical dissolution of the
alloy matrix. These measuremerase carried out on the motheold swaged baifor two different

heat treatment temperatures. 1353K or 1403KFor the caseof a temperature @f03K), two
selective dissolutionsiere performedn order to establish a reproducible experimental procedure,
leadingto a precision of the fraction of precipitates of 0.02%.

The weighing of thereviowly dried filterbefore and after extraction makes it possible to deduce
the totalmass fraction from recovered precipitat@saddition, by chemically analyzing the liquid
solution and the residue it is possible to obtain the titanium fraction in sdlitios and theontent

of themain metallic elements which are present in the resithe results are reported drable 2



Table 2: Precipitates and titanium fraction measured after selective

analysis of the residue.

dissolution and chemical

Batch 1 (133K)

Batch 2 (140)

Batch 3 (1403K)

solution (wgt %)

Mass fraction of precipitatg 0.483 0.402 0.3%
(wgt %)
Titanium fraction in solid 0.41 0.57 0.55

Chemical analysiénvgt%)

(main metallic elementg)

Ti: 67.8 ; Mo: 4.0
Cr: 16.8; Fe: 4.6

Ti: 68.4; Mo: 3.6
Cr:12.2; Fe:5.1

*average values obtained from theP-MSanalysis ¢ 6 samples for each residue

The total mass fraction of precipitateneasured iseproduciblefor the same treatment temperature
(1403K) with a percentagef about0.40%. A lower temperature (1353K}he mass fraction is
largeraround 0.480; indicating that their redissolution in solid solution is less efficient.

By referringto results obtained on cladding in AlMitecursor irradiated in Phenix [10], it can be
expected that the lower temperatur@353K) leadsindeedto a detrimental effect on irradiation
swelling.

The titanium fraction in solid solution is inversely proportiotalthemass fraction of precipitate.
At 1403K, the percentage is in the ranQeb50.57% andat a lower temperaturg(1353K) this
fraction is only around 01%. It is correlated with the fact that titanium is the main element present
in these precipitate@iC or (Ti,M0)C primarysecondary carbidg40]) as shown in table 2 (Ti ~
68% in wgt). For theboth temperatures, thntents intitanium, molybdenum and iron are very
close.Only thechromium content is foundighea at 1353K (16.8%) compared to 1403K (226).
One can suggeghat it can be related to thresence oh small amount othromium cabides
which should remain undissolved at 1353K.

Hardness profiles+Q factor effect
Throughwall Vickers hardness profileme measured at different stagd the fabrication route for

HPTR cold pilgering and for cold drawing (F#).
350

4&-Pl- €23 -&PI-T973 -O-DR- €18

325

Hardness (HV,,)

250

225

Inner diameter

Outer diameter

200
0 Normalized thickness 1

Figure 4: Hardness evolution across wahlicknesson cladding tubes processed bgld drawing
( H8L8%) or by HPTR cold pilgerig in CW conditiorf #83%) or after annealingat 973K

Figure 4 shows that the hardnesalues are in the range 2360 HV for all the samplesn CW
condition, he mean hardness value are slightly lower for cold drawing compared to HPTR pilgering
which can be related to the lower degree of CW (18% instead of 28%@ness profiles reveal a



gradual rise in micrdnvardness from 27280 HV on the inner diameter side to about-3@0 HV on

the outer diameterside for HPTR cold pilgering wareasthe hardness profileremain flat or
constantfor cold drawing. The hardnesgradientis strongly redeed for HPTR pilgering after a

heat treatment atperatingemperatureq73K, 4h.)

Previous studiebave pointed out that the hardness gradient in austenitic steels tubes obtained by
cold drawing should be linked to thef@ctor [11]. Indeed, different pgplied strain path determine
different relative changes in the diameter and wall thickness of the tube. The relationship between
the relative variation of the wall thickness and the tube outer diameter is known asasiaiactor

or Q-factor.

Q= )

WhereE, D and ed are the thickness and the outer diameter before and after the rolling pass,
respectively.
For the current fabrication, a-factor value close to 1 has been selected for thepkesst ofcold
drawing. But, for HPTR cold pilgering,hree valus of Qfactor aretested:0.08; 1.0; 4.3Three
tubes were obtained and for each of themtransversal cross sectiomas subjectedto
nanoindendatioprofileson 12 generating lineslted by 30° each.
The mearhardnesprofiles obtained for each-@ctorarereported on the figurg.

Figure 5:Hardness evolutioacross wallthicknesdor with different Qfactor

It is indeed verifiedhat for the same cold work leveH823%), the higher the @actor value, the
lower the mearnardness valumeasured across thell-thicknessThe same trend is observed for
304L stainless steel deformed by cold drawifhtj.[In addition it seemghat the hardness values
are more heterogeneous for a pass withwaQ-factor value: for Q=0.08, nimflection of thetrend
curveis observed across the wéticknessit should benteresing to check ifthetensileproperties
of the cladding are also influenced by the appliefh€@or.

Texture measurements

Each coldworking procesds expected to Bdto a specificcrystallographidexture whichneeds to

be analyzed in view to understand the deformation mechanism and to have a better control of the
fabrication.Figure 6 presents Pole Figures (PFs) calculated from experimental data with LaboteX
softwae. The three upper calculated PFs provide information on texture components of the final
tube obtained frondrawing process and thieree othe calculated PFbelowcorrespondo the final

tube obtained frorPTR pilgeringprocess.



In both samples, highntensity at centers oft112and @002PFs can be observed which suggests

two texture componentstll2and @002 in the tube axis direction, DAable 3) Moreover, the
presence of regular intensity rings at specifleangles advocates for fiber texégr This is
confirmed by the perfect matching between the experimental rings and theoretical ones calculated in
the case of perfect fiber components and added to the experimental PFs.

If the two samples exhibit similar fiber texture componentd12and @003, their respective
strength is different as shown by the intensity values prese@: this may be reasonably
attributed to the different thermmaechanical treatments undergone by the tvpegyof tubes. As
shown by literature data, it is typical to obtain a strahtyl 2texture in severely cold drawn FCC
metals while the® 002texture is generally attributed to (dynamic) recrystation [12].

The fact that the present study results frondegp volume analysis (neutron diffraction with
penetration of several centimeters) does actually question on the spatial distribution of the two
texture components, i.e. whether they are homogeneously distributed or located in different regions
of the tubs (e.g. external or internal sghirface of the tubes). Is it expected that laboratengyx
diffraction will bring some elements of answer due to the lower penetdgth ofX-radiation

Figure 6 : Calculated Pole Figureshiained by neutron diffraction on final tubes (axial section) a)
cold drawing b) HPTR cold mjkring (DA is the rolling direction)

Table3. Maximal intensities measured on pole figures by neutron diffraction for each cold process

¢112 @002 2202
Colddrawing(DR- H8) 3,0 3,3 1,9
HPTR cold pilgeringdPI- 123) 3,5 2,5 1,9

Conclusion

In this study, HPTR cold pilgering pragsewas compared to cold drawiaigthe last shapingtep of
the tube processinghe effects of the cold work accumulation and thieaatmentsverestudied in
connection with the microstructure (grain size), the hardness and the t&ktermainresultsare
the following:



- It seems that the use of eawid working process doesot result inlargedifferences on grain size
and textwe. The grain size is mainly depeard of the solution annealing temperature applied just
before the final cold working step.

- The average level of hardness is not changed by the woilling process for equivalent
accumulated strainBut it seems that tihe is a largergradientin micro-hardness from inner
diameter side to outer diameter sidethe case of HPTR coldilgering with higher hardness
values near the outer diamet€his hardneséeterogeneitys drastically reduced after a thermal
ageing of4 hours at a temperature of 973K.

- It is demonstratethat for the same cold wortate the higher the @actor value, the lower the
mean hardness valaerosshe waltthickness.

- By analyzing the texture of final tubes obtained by cold drawing or by HRIRpdgering, two
main fiber textures were foundl1l2and @002parallel to the rolling directignas expected in
FCC metals after processing involving cold working and annealing steps.
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