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Highlights:

* 9Cr and 14Cr ODS steel tubes are creep testedniey gas pressure representative of the

fission gas loading encountered in service conaktio

» Creeps tests handled by 4 different European tedthslifferent experimental set-up are

consistent showing a very low scattering

» The ODS steel tubes typical failure mode is leakaigieout burst on a longitudinal crack

occurring at very low hoop strain.
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Abstract:

Oxide-dispersion strengthened steels are promisnagerials for extreme service conditions
including nuclear reactors core. In service condgi nuclear fuel claddings are exposed to thefiss
gas pressure at temperatures about 700°C. This pegsents novel results on ODS creep properties
from a round robin of inner gas pressure creep feghs pressure creep test, simulating fission gas
loading, was designed and achieved by four diffeeemopean teams. Lifetime and specific behavior
of ODS steel tube are prospected. Based on a mieehatamping achieving gas tightness, short
length tubes samples are tested by different laboes. In-situ laser measurements exhibits thekad
expansion of ODS steel tubes before failure. Posttam, geometrical characterizations are
performed to determine hoop strains at failureoAsistent creep lifetime is observed by all thentga
even with slightly different testing apparatus af@mping systems. Under inner gas pressure, ODS
steels exhibits a typical failure by leakage assed to a very small radial expansion. This behravio
results from a brutal failure (burst) without evide of tertiary creep stage. This failure mode bSO
cladding in creep conditions is consistently obedran all samples of the study. Inner gas pressure
creep tests where compared, for the first timdply European laboratories on ODS steel tube. This
technique, simulating the fission gas pressureitgads applied on small and mechanically clamped
samples. This technique shows a remarkable consistaetween the different laboratories results
and demonstrates to be efficient for ODS steel difad tube qualification. The results show a
correlation between the creep properties and tloeostructure.

1. Introduction

Considering technical and economic issues, the mgpmeneration of Sodium Fast nuclear Reactors
(SFR) must achieve very high fuel burn-ups. Thaesfthe choice of materials is crucial to guarantee
safety and reliability of the core components. Mafghe structural components of the core are made
of stainless steel to provide corrosion resistand®th service and fuel reprocessing conditions [1
2]. As to prevent geometrical distortion at highirbup, the ferritic grades exhibiting a very lowidio
swelling under irradiation are, however, preferf@d]. Within this framework, ODS ferritic steels
are foreseen for the fuel cladding material [618]e very fine and stable nanoprecipitation of ogide
hinders the dislocation mobility at high temperatutich results in the good creep properties of the
ODS steels [9], [10]. In service conditions, thieds must withstand the fission gases pressurglat hi
temperature (about 700°C). At the same time theldioty material is submitted to a neutron
irradiation up to 150 dpa. The assessment of cpeeperties was first made using tensile samples
made from bars or a massive block [11, 12]. Howetler ODS steel microstructures are known to
be very anisotropic, which depends on the used faatwring and forming processes [13]. Thus,
creep results are very dependent on both the niaatsre and testing direction [14],[15].

Since 2012, CEA manufactures cladding tubes fronh Eddruded rough bars [16], further cold
formed by tube pilgering [17]. To assess the badravi such cladding tubes with a complex
microstructure inherited from the manufacturingusstre, the need of advanced creep test emerge.
Such tests are expected to be demonstrative oé#héoading path during service [18]. However, to
perform creep tests on tubular materials, the ggeeimen must be plugged to retain the pressure
inside the tube, which is not a trivial challengkerefore, within the framework of the European EU-
MatISSE project, a task was dedicated to innerspirescreep tests on ODS cladding tubes involving
four Europeans teams which developed their owngahggsystem and test apparatus and performed
the tests.
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Welding is the most typical technique used for ging conventional materials for internal pressure
creep tests. However, ODS-materials lose theipcséength when melted, which must be taken into
account when designing the test set-up. Rathée ligpenly available information on ODS tube
material internal pressure tests and plugging tiecias was found in literature [18], [15]. Different
methods for plugging have been prospected in eastiedy [19]. Pressurized resistance welding
(PRW) was often selected over uniaxial diffusiondireg, spark plasma sintering or friction stir
welding [18] [20]. Magnetic pulse welding [21] arfdction stir welding [22] have also been
developed for welding fuel bundle plugs.

For example, JAEA has developed tubes creep testg two end plugs welded by PRW [18]. This
technics enables a large number of tests in the $amace [23], [24] but is not optimal considering
the deformation monitoring during testing. At CE#ectron beam welding is used for manufacturing
of long samples where welded regions are protedtgohg testing by water boxes [15]. This last
technique is expensive and material consuming atleet complexity of the sample apparatus.

In the present work, a mechanical plug was develgrel used. A mechanical plug allows more
efficient use of the material, as the HAZ of theldsedoes not need to be protected during the test,
reducing the overall tube length. Moreover, foredtdr understanding of the failure mode of ODS
tubes, diametrical expansion monitoring duringitesis useful and possible. , VTT has successfully
developed a mechanical plug for internal pressesérntg of 15/15Ti steel tubing, which indicated
that this type of plugging can also be used for Qillis [25]. The plugging was slightly modified
for ODS materials. While KIT and MPA Stuttgart usshtly modified types of VTT’s plugging
system, EDF developed their own experimental sysiased on mechanical plugs.

In this study not only lifetime but also creep defation were captured showing the singular failure
mode of ODS steels. Post—-mortem analysis werecalsted out to identify the crack geometry.

This study evidence the creep behavior of ODS tubéer temperatures and loading path similar to
the service conditions.

2. Materials and methods
2.1 Material manufacturing

ODS steels are the results of a complex manufacjls@quence involving powder metallurgy. Pre-
alloyed gas-atomized metallic powder is used wiitb@ of about 80 pum in two different Cr contents,
9 and 14 wt%. These powders are then mechanidédlyed, under H atmosphere, with 0.25 wt%
of Y203 and 0.3 wt% Tik. The nominal composition of the various gradethefstudy is presented
in Table 1. The powders are processed in one oHwdEXtrusion batches. The powder is put in soft
steel cans of about 3 kg and air vacuumed durihgad400°C. After sealing, the billets are heated
for 1 h at 1100°C in a radiative furnace. Durings ttreatment, nano-oxides precipitate [26],[27].
Then the billets are Hot Extruded (HE) using audac die and a 675 ton hydraulic press with an
extrusion ratio of R=12.5. After removing the caarsd deep drilling, seamless rough tubes are
obtained with a diameter about 16 mm. Before pdlgering, a specific heat treatment is applied
depending on the composition of the tubes. Forféhatic grades (14Cr), a 3 h heat treatment at
1200°C releases stress induced by hot extrusiontheoferritic-martensitic grade (9Cr), a softer
initial treatment of 1h at 1050°C is imposed. Thesgequence of four cold working passes by High
Precision Tube Rolling (HPTR) pilger mill is apmligvith intermediate heat treatment at 1200°C and
1050°C for 14Cr and Cr respectively. The cumulddgarithmic strain is about 40% for each of the
4 passes. The final dimensions are ¢10.73x0.5 ntha &éinal heat treatment is applied depending on

3
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the grade. For 14Cr ODS grade, a 750°C/1 h recdveayment is applied after the last pass whereas
for the 9Cr ODS grade, quenching is applied regylh a martensitic structure tempered at 750°C/30
min. Then, tubes are straightened and opticallytrobead. About 2000 mm of each grade was
produced and dispatched to the EU-MatISSE projaxhprs.

Table 1. Nominal composition of the ODS steel gsade

Grade Nominal composition (wt-%) Final heat treatment
Cr W C Y203 Ti Ni Fe
9Cr ODS 9 1 0.1 0.25 0.2 0.15 Bal. Quenched +
tempered
760°C/30min
14Cr 14 1 0 0.25 0.3 0 Bal. 750°C/1h
ODS

2.2 Microstructural investigations

SEM EBSD orientation maps are presenteHigare 1andFigure 3for the 14Cr and 9Cr ODS tubes,
respectively. The inverse pole figures colour cedaotted respectively to the longitudinal directi
(RD). ND corresponds to the radial direction of thiee. For both tubes, poles figures corresponding

| i ! { | 8 3 %
& Janqrn Quality+IPFYMap ik I B4 ) 1 : Pattern Quality IPEZMap -1
PX: 57 nm MapSize: 1000 x 750 , ¥ R 1" W Px: 57.fim: MapSize: 000 X 750

Figure 1. SEM EBSD orientation maps along RD fer t4Cr ODS tube, (a) in longitudinal and (b) transa direction (CEA).
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Figure 2. {100}, {111} and {110} poles figures comed from EBSD maps for the 14Cr ODS tubes projemteda) RD-TD and (b)
ND-TD planes (CEA).

For the fully ferritic 14Cr ODS tube material, Frgul show clearly an anisotropic microstructure.
The ferritic grains are elongated in the axial mi@ion with a size of tens of micrometres, whiie t
size in the opposite direction is a few micrometi®se to the reduced number of grain captured by
the map, Figure 2 is more indicative than quamgatHowever, the well-known rolling texture,
<110> fiber along rolling direction is observed tbe ferritic 14Cr ODS tube. Consequently, 14Cr
ODS material is assumed to exhibit strong creepgat@es anisotropy.

: Pattern Quality *IPFZMap i
Px: 57 mm MapSize: 1000°x 750

Figure 3. SEM EBSD orientation maps along RD fer %iCr ODS (K30-M3) tube, (a) in longitudinal and {tgnsversal direction
(CEA).
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Figure 4. {100}, {111} and {110} poles figures comted from EBSD maps for the 9Cr ODS tubes projemte®D-TD plan (CEA).

The microstructure of the tempered martensite 908 @ube material is predominately constituted
of equiaxed packets of few microns in size. Thetemaitic structure is very specific to ODS grades
with less than 11 wt% Cr. It comes from previoustanitic grains that are only a few microns in
size. This leads to a transformation in which oaeiant per previous martensitic grain is often
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observed. To the end, at the macroscopic scatgharrisotropic structure is obtained. It is fornoéd
small packets of ferrite laths, very entangled,chiare difficult to discern by SEM.

A weaka fiber is noticed in Figure 4 compared to 14Cr OB8ntrary to the Japanese 11Cr ODS
grade [28], the material is entirely constitutedr@rtensitic domains excluding residual ferrite.

Specimens for TEM observations were prepared lotrelgtic polishing of 3 mm discs drilled from
the tube wall, using the reactive mixture of 5%ghdoric acid and methanol at -60 °C. Usual imaging
methods such as Bright Field (BF) and Weak Beank Bald (WBDF) were employed in a TEM
JEOL JEM-2010 with LaBfilament operated at 200 keV. Size distributiors\veatimated by image
analysis technique measuring the longer axis afipitates, using at least five different areassfach
measurement employing JMicroVision software [Z9}e microstructure of the 9Cr ODS tube is also
described with SEM by E. Ofiorbe et al., .The samégstructure with large precipitates (mainly
TiO2 about 100 nm in dimeter) within grains and at giaoundaries was also visible [30]. Dense
networks of dislocations were present within grand a homogeneous distribution of nano-oxides
where dislocations were pinned. The microstructir@4Cr ODS tube consisted in large columnar
ferritic grains with a high dislocation densityefrolling process. Figure 5 shows an example ®f th
fine distribution of nano-oxides in the 14Cr OD$guU¥e 6 shows the size distribution obtained for
both materials. Precipitates appear smaller in X30% grade compared to the 9Cr martensitic ODS
steel with an average diameter (2.4+0.9) nm in 1ak (4+1) nm in 9Cr ODS.

14

Wl AN
Figure 5. TEM BF image of the dispersion of nan@es in 14Cr ODS tube (CIEMAT).
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Figure 7. SANS characterization, (a) size distribng in terms of number density of scatters periszement, (b) size distributions

in terms of volume fraction of scatters per sizgement (HZDR).

Precipitate distribution was also determined uSngall Angle Neutron Scattering (SANS) for both
14Cr and 9Cr ODS grades on D22 at ILL Grenoble.[BilLFigure 7, the maximum density is noticed
at 1.5 nm for 14Cr ODS and about 2 nm for 9Cr ODE8nsity appears slightly higher in 14Cr
compared to 9Cr ODS. Both SANS and TEM characteoma consistently exhibit a fine
precipitation in both materials with a higher déynsind reduced size in 14Cr compared to 9Cr ODS.

2.3 Creep testing

Internal pressure creep tests were performed hyldtnoratories using tube specimens with 45 mm
length (one laboratory used 90 mm long specimehshort specimen length was mainly chosen
based on the amount of tube length available #®tekts. Before the tests were started, the plgggin
of the tubes using mechanical plugging had to besldped and verified. All laboratories were

successful in this task. The internal pressures tg@ste performed at 700°C and pressures between 90
and 120 bar for the 9Cr ODS tube material, anc#t B50° and 700°C and pressures between 100
and 181 bar for the 14Cr ODS tube material

2.3.1 Creeptestingat VTT

The principle of the mechanical plugging at VT based on two conical clamping rings compressed

against each other as shown in Figgiréhe Multi Physics software was used in the selaaif plug

material and plug structure. Stress analyses werf@rqmed using Iron Cad software with a Multi
7
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physics program. According to these calculatidms kbiest materials for both the plug beads and rings
is 304 stainless steel. Compressive stresses wefiersed at the plug, and the structure did noseau
any stress localisation in the tube close to the.pl

Tube Cone bead_1 Cone bead_2

Tightening nut Inner plug

Figure 8. Drawing showing the plugging design by VTT

Two thermocouples were installed in the middlehaf $pecimen gauge section, but not tied onto to
the tube to avoid scratching. ODS-materials arevkmim be very notch sensitive, and scratches could
easily affect the results. The tube specimens wessured using argon gas, while the environment
on the outer surface was air. The tests were mamiyinued until failure. In a few cases, the tests
were interrupted without failure after 1800 hourke last test was performed using biaxial loading
with axial/hoop stress ratio of 1. The main intentof this was to demonstrate the effectiveness of
the plugging in this type of loading for future ugiaxial testing is useful to produce data for
improved models incorporating the material anigogrdout also to produce data for different loading
scenarios during use, including dry storage, wihéaial loading may prevail. The location of the
crack was determined after the test to evaluatessiple influence of the plugging on the results.
Most specimens were also subjected to dimensioaakarements and scanning electron microscopy
(SEM).

2.3.2 Creep testing at EDF

The experimental setup, used by EDF for the OD&dutey tubes, was originally designed for testing
Zirconium alloy claddings for pressurized waterctees (PWR). Argon is used as the pressurizing
gas. The furnace was modified at the beginnindh@fEU-MatISSE project in order to reach higher
temperatures (up to 800°C) and to accommodateb® bwrst (i.e., adding an inner shield to the
furnace). Several creep-to-rupture tests were padd on Zircaloy cladding and were successful.
Temperature homogeneity was checked at 800°C, mi@3@ gradient was found on 120 mm long
specimens. Maximum temperature was measured atittdte of the specimen and the lowest near
the bottom plug. Such temperature variations witlge that failure will occur near the middle of th
specimen, as was effectively seen in the tests.

During the test, the cladding deformation is mamitbat mid-length by a laser with an accuracy of
5 um (<0.1 %). The maximum pressure available is 580 Dhree thermocouples are taped to the
specimen to control the furnace. Before and aétstirig, dimensional controls are performed on the
specimen. Based on the experience achieved from BMRling tube testing, the chosen plugging
technique is inspired by the Swagelok tube fittingnciple, but several improvements were

8
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undertaken for ODS cladding tubes. The use of aarifilling part on which the tube will collapse
was introduced and the different materials werenghd to take into account the high mechanical
strength of ODS tubes and the need to reuse tlssymefittings. Since the available tube-length is
small, only 90 mm long specimens were used, instéd@0 mm for Zircaloy tubes. The first high
temperature tests were performed using another ©8tSube provided by CEA. These proved the
homogeneity of temperature (x1 % along the specjrard the tightness of the circuit.

2.3.3 Creep testing at KIT

At KIT, a universal INSTRON (Type 4505) testing rhae, equipped with a 5-zone radiation
furnace, was used. To apply a controlled interneggure using argon during testing, a new pressure
unit was built, allowing pressurizing a sample bedw 10 and 200 bar with a deviation of less than
0.3 bar related to a set value. After completibe, éntire test facility was successfully validabgd
different specified tests on welded Zircaloy 4 $pemns. Additionally, one test on an ODS test tube
sample was performed in order to ensure the usalafi slightly modified mechanical clamps,
originally developed at VTT.

For post-test investigations, a customized laseasm@ment device from ANT Antriebstechnik
GmbH (Germany) with a measurement accuracy of Iyamused to generate 3D scans of the tested
samples to determine the shape evolution depemfirte test conditions. The measurements were
conducted such, that the diameter of a sample etesrdined over the entire length for a multitude
of positions, using a step size of 500 um betweaenadjacent positions. In order to examine the
roundness of a specimen, a sample was rotatededegge at every longitudinal position and 360
values per plane were measured (generally, it wbalénough to measure up to a rotation of 180°
since afterwards the measurement is more or lgssated). Afterwards, the diameter at every
longitudinal position was calculated by averagimg 360 measured values and finally, these averaged
values were used to calculate the related hoomstad the outer surface along a sample.

2.3.4 Creep testing at MPA

At MPA Stuttgart, a plugging type, modified basedtbe VTT design, was applied. The tube was
clamped between conical elements, allowing a mininmfluence on the notch sensitive material.
The specimen was tested in a 4 column servo-hyidranlversal test machine with a new control
electronics. The specimen was heated using a 3+zafi@tion furnace. Three thermocouples were
applied to measure the temperature along the laa&at bne couple on each specimen grip and one
on the centre of the specimen. The temperatureegriacbuld be kept below 1°C and is in accordance
to the given requirements for standard creep té&sis.pressure was applied with compressed argon
gas. During the creep tests, axial load was zZ&his means that only the effect of the inner pressu

is accommodated within the tube itself. The pressuas applied after heating up of the system and
kept constant within 2% of accuracy. The pressulet had a certain length inside the heated area to
avoid re-cooling of the tube when applied the pressand gas flow into the tube. The axial strain
was measured during the test using a high temperatuntacting extensometer. The contact pressure
of the extensometer was minimised since the fia#life crack was at a different position than the
contact points. The length and the diameter weigsomed both before and after the test with a peecis
light projector which is capable of measuring sndathensions. It is commonly used at the MPA to
measure creep strain.

3. Results
3.1 Creep properties



282 The results from the internal pressure tests aesgmted in Figure 9. The behavior of the tube
283 materials is very consistent, with smaller scattan what is usually observed in this type of rssul
284  even for conventional industrial materials.
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286 Figure 9. Monkman-Grant plot of Internal pressureep test at 700°C. Pressure as function of lifetfor 9Cr and 14Cr ODS
287  tubes.

288 The creep stress results are plotted as a funatithre Larson-Miller parameter (with constant C=30)
289 in Figure 10. By modifying the C-parameter of tHdR. parameter, it was possible to fit the results
290 of each material on a single line. The Mean Diamidtmop stress is defined by equation 1, where
291 isthe gas pressurB,is the external tube diameter arntie tube thickness.

)]
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292 MDH Stress = p

293
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Figure 10. Internal pressure tube creep test resatt700°C. Mean diameter hoop (MDH) stress astfonof the Larson-Miller
parameter.

The 14Cr ODS tube is clearly superior to the 9CiISQilbe in terms of lifetime. This behavior could
be explained by the significant difference in ngmeeipitation density between the two grades. The
biaxial test using 9Cr ODS tube was successfulsiimived a shorter lifetime than those obtained
using internal pressure only. With only one biaxést result further conclusions on possible reason
for the shorter lifetime will not be done. The extast conditions are summarized in $hpplementary
tables S1 and S2 for 14Cr ODS and 9Cr ODS tubespeotively (Please refer to electronic
supplementary material).

The on-line diametric measurements, i.e., the coeeyes, performed by EDF, are shown in Figure
11. The creep hoop strains at failure are smdbaitn materials, but smaller in the 14Cr ODS tube
material compared to the 9Cr ODS tube material.
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Figure 11. Creep curves for (a) 9Cr and (b) 14Cr ODBetspecimens (EDF).

It is clear that leakage and final failure of tudmeurs without any tertiary creep stage. Minimalegr
strain rate is lower for the 14 Cr ODS material paned to 9Cr ODS material at all stress levels.
Even for the 9Cr ODS material, the overall hoopistdoes not exceed 1 %. Considering the fuel
cladding-tube application, this failure mode withduwrst is beneficial because it minimizes the
impact of a possible burst on the coolant flow athe tube. At the same time, the very narrow
crack helps in retaining the solid fuel pelletsdesthe tube.

3.2Results from post-test analysis

The length of the cracks after failure were tydical few mm, and they locate at least a few mm
away from the plug (Figure 12 and Figure 13), gilpnmplying that the test results were not
influenced by the plugs. Typically, the specimeastained one main crack after rupture, parallel to
the rolling direction, with secondary smaller cragtear the main one. This was observed in both
materials, although this feature was stronger enl#Cr ODS material, Figure 12 (b). This behavior
relates probably to the columnar microstructurénefcold rolled tubes. Previous creep studiesedriv
on massive samples machined perpendicular to ttrasgon direction have shown a preferential
crack propagation along the grain boundaries [LIBlis, the cracks are probably prone to propagate
along the grain boundaries in tubes also. Thedracturfaces were heavily oxidised, and the cracks
morphology could not be determined. The oxidatsobviously occurring during the creep test. At
VTT, the furnace cooling down after failure candakfew hours exposing the open crack surface to
high temperature air and thus oxidation.
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Figure 12. SEM pictures of (a) 14Cr ODS tube speniafeer failure (tested at 70€C - 120 bar), (b) 9Cr ODS tube creep specimen
after failure (tested at 700°C - 90 bar) . Sevegparate short cracks are seen near the main crealising the leak (VTT).

creep crack formation creep crack formation creep crack formation
outer surface outer surface inner surface. . .

Figure 13. Optical microscope pictures of a 14Cr OiDBe (tested at 700°C - 130 bar) - creep crack &ifom: (A), (B) outer
surface, (C) inner surface (KIT).

The main crack has almost the same length on thex ind outer sides of the tube, Figure 13, and
the leak is assumed to be due to this single nacraek.

Based on diametric measurements after the tediaithee strains were in all laboratories foundt
smaller than 1% (mostly about 0.6 %). Figure 14@nés the measured strains in a 14Cr ODS tube,
along various lines and angles. Some localisatioteeformation was observed, indicating that the
local failure strain is higher than the overallda¢ strain, and can be up to four times higher.
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Figure 15. 9Cr ODS tube creep deformations after (tested at 700°C - 110 bar), (a) hoop strain @dhe tube axis and (b)
Diameter along the azimuthal angle for various &gt along the tube axis (KIT).

Figure 15(a) presents the hoop deformation of a 9Cr OD® g a function of the axial position
along the tube axis. For this figure, the hoopistis computed as the mean values of the various
generatrix. The diameter of the creep-tested sampidotted as a function of various generatrix
angles for different positions along the axis irgfe 15 (b). The axial position 17.5 mm,
corresponding to the maximum hoop strain, exhitvits cracks localization peaks. For 9Cr ODS
tubes, the average hoop strain at failure is apprabely two times higher compared to the one in the
14Cr ODS material. Comparison of diameter, aloreggdiack generatrix, exhibits a more uniform
creep deformation for the 9Cr ODS tube compareithéol4Cr ODS one. The 9Cr and 14Cr ODS
materials respective behaviors are consistenttivéimoticed variation of the nano-oxides population
and therefore the Zener pinning force on dislocati32]. Indeed, the 9Cr ODS material exhibits a
more ductile behavior compared to the 14Cr ODS nahte

4. Discussion

Microstructural analysis of both 9Cr and 14Cr ODBets show that grain morphology is different in

the two materials. The crystallographic textursimilar but more pronounced for 14Cr compared to

9Cr ODS tube material. Nano-precipitate analysit by SANS and TEM reveals finer precipitates
14
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and higher density for the 14Cr ODS material. Tras already been documented for other ODS
materials [33] and mainly attributed to the occnoeof a phase transformation at high temperature
in 9Cr ODS tube material.

Creep strength of the 14Cr ODS tube material itebétan that of the 9Cr ODS tube material. This
is consistent with the observed differences imidweo-precipitates density that could explain a lowe
creep strain rate in 14Cr. It can be noticed teapde a strong microstructural anisotropy in th€rl
ODS tube material, this is a good candidate fadailag tube application.

Previous study performs creep tests on hot extrddélt ODS steel bars tested in two directions
[12]. Samples in the extrusion direction are obslgstronger than the ones in the transvers doecti
in term of lifetime. Due to the dominant contrilmrtiof the hoop stress in gas pressure tests, ltles tu
strength should be compared to the transvers daired¢til5]. However, the tube strengths are
significantly lower compared to those of the exadidars [12]. This could be explained by the
nanoprecipitation coarsening induced by the inteliate high temperature heat treatments of the
pilgering sequence. At the same time, the materiabnstantly deformed along the axial direction
increasing the microstructural anisotropy finalyserved on tubes

Post-test analysis of various samples shows thaksrare relatively short and propagate exclusively
in the longitudinal direction in both grades. Thésconsistent with the applied stress and the
microstructural anisotropy issued from cold formikgr all performed tests, leakage is due to one
single macroscopic crack sometime surrounded bgnskeey cracks in the same region. The tube
leakage occurs with very small radial deformatiesg than 1 %) around the main crack. Monitoring
of tube samples geometry during creep shows taiatge occurs without evidence of tertiary creep
stage. This behavior is consistent with documeatedp tests on forged bars [10].

The tests matrix analysis shows good consistentydss all results, in which partners applied
various testing procedures, showing that the nadgeare homogenous, and are not affected by lab-
to-lab variations. The creep performance of OD®s$udirongly depends on the microstructure of the
material and the amount of strengthening nano-exiBler example, with regard to martensitic ODS
steels, JAEA has developed tubes with a specifigtdemartensitic microstructure with internal
pressure properties which are superior to thoseeBCr ODS tubes tested in this study [24, 34].
Likewise, a 12Cr ferritic grade ODS with a higher adntent (2wt%) than the 14Cr ODS grade
studied here, exhibits lifetime significantly higttban the one observed in this project [23], [24].

Thus, depending on the technical specification iseploby the reactor design, it appears possible to
increase significantly the performance of the OD&lding tubes under internal pressure. The
appropriate choice of chemical composition and rfesturing route for ODS tubes will be governed
by the compromises between the various requirenaérikee intended application.

5. Conclusions

Ferritic ODS tubes were manufactured as thin ¢tagtubes and further tested in creep conditions
by inner gas pressure. The creep behavior wasndigied for two ODS materials with different
chromium content, i.e., 9Cr and 14Cr. These twaenms exhibits some difference in terms of grain
size and shape as well as in texture and nanogitegel distribution. The creep test matrix using
internal pressure was built in collaboration betw&®F, VTT, KIT and MPA. The test set-ups
differs mainly in the experimental device and taglmmping system. The following main results are
obtained:
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* Internal pressure creep test results obtained @t@%and 700°C at VTT, EDF, KIT, and
MPA are consistent. The same tendency are obsdxv#idfor 14Cr and 9Cr ODS tube
materials. All results, produced by different padjeartners are consistently aligned on a
single Larson-miller graph despite the use of waiolamping system and testing device.
Thus, no lab-to-lab variation exist, and the materare homogenous. The 14Cr ODS steel
exhibits a better creep strength compared to theCI0S material. This tendency, largely
documented for tensile samples from forged matgrialconfirmed here for cold formed
tubular materials.

* The microstructure of 9Cr and 14Cr ODS tube mdteddfers strongly in terms of grain
size, aspect ratio and crystallographic textureexXpectedly, the strong microstructural
anisotropy of 14Cr ferritic grade is not detrimétita the tube creep behavior.

* The observed differences between the 9Cr and 143 @Qbe creep strength ccan be linked
to the differences in the nano-precipitate deresity size.

» The samples develop a single main crack of abouhitOlong that cause leakage and stop
of the test. This crack induces small hoop straarrthe crack, which is limited to a few
percent. Secondary cracks are often observed mIsEr and 9Cr ODS tube materials.

» Consistently with tensile tests, the tube creepsiesw no tertiary creep stage associated to
a brutal cracking and leakage.
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