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Abstract

This paper presents a large database of thermgp cata from pressurized unirradiated DIN
1.4970 Ti-stabilized austenitic stainless steeé. (iIEN 1515CrNiMoTiB or “15-15Ti")
cladding tubes from more than 1000 bi-axial creegist conducted during the fast reactor
R&D program of the DeBeNe (Deutschland-Belgium-Neldinds) consortium between the
1960's to the late 1980's. The data comprises ¢ede@mnd time-to-rupture between 600 and
750 °C and a large range of stresses. The data $psts on material from around 70 different
heats and 30 different melts. Around one fourthhef data was obtained from cold worked
material, the rest was obtained on cold worked eda@00 °C, 2 h) material. The data are
graphically presented in log-log graphs. The cnede data is fit with a sinh correlation, the
time to rupture data is fit with a modified expotiahfunction through the Larson-Miller
parameter. Local equivalent parameters to Nortdéave are calculated and compared to
literature values for these types of steels aratedlto possible creep mechanisms. Some time
to rupture data above 950 °C is compared to lieeatlynamic recrystallization data. Time to
rupture data between 600 and 750 °C is also cordparkterature data from 316 steel. Time
to rupture was correlated directly to creep rat¢thwhe Monkman-Grant relationship at
different temperatures.

1 Introduction

Austenitic stainless steels have long been a favoheice for fast reactor cladding material
due to good creep resistance, high-temperature amexdi strength and ductility, and
established fabrication technology. In the earlyt@iype sodium-cooled fast breeder reactors,
AISI 316 was commonly used as fuel cladding maltgtia It was soon discovered, however,
that AISI 316 is highly susceptible to void sweflinnder fast neutron irradiation and from
the mid-1960’s, various research programs were wtted to improve its swelling resistance.
The German-Belgian-Netherlands consortium (DeBedtlgied initially Nb-stabilized alloys.
The development by Sandvik (Sweden) of a Ti-stabdi austenitic steel (12R72HV) with
high creep resistance, and indications of limit@eéling and He embrittlement under neutron
irradiation [2,3], triggered the interest to inctudlso Ti-stabilized cladding materials in the
research program. Around 1970, four candidate ¢ledding steels were investigated: Nb-
stabilized DIN 1.4988, DIN 1.4981 and DIN 1.4961ddn-stabilized DIN 1.4970. From the
mid-1970’s, it was well-established that the Tikdiaed DIN 1.4970 had a superior swelling
resistance compared to the other alloys. Furtherkweas from then on focussing on
metallurgical optimisation: degree of cold work aadnealing times and temperatures to
further reduce irradiation swelling [4-9].In otheountries, similar efforts were made to
develop swelling-resistant austenitic steels, legqdo quite similar results: 15-15Ti/AIM1 in
France [10-12], D9 in the US [13] and India [14fdaJPCA/PNC316 in Japan [15-17]. A
review of the historical developments of the DIMJZ0 steel as structural material for fuel
elements has been published by Bergmann et ad8 [9]..
When Ti is added to the steel as stabilizer, im®fine TiC precipitates and thus effectively
binds the free carbon. The absence of dissolvdiboagliminates the formation of chromium
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carbides and hence reduces the corrosion sengitizaitgrain boundaries. Under appropriate
annealing conditions, fine, nm-sized TiC precigtatorm which act as defect recombination
centers during irradiation and, together with otfmémor alloying elements, such as Si, proved
to be beneficial against irradiation-induced efedh particular void swelling [8,11,18,19].
The fine tuning of the alloy composition led to dwal improvements of its behavior under
irradiation.

Fuel pins made of austenitic stainless steel haen lirradiated to dpa level exceeding 150
dpa without failure [20] but maximum dose for safeeration is probably limited to 120 dpa
(embrittlement limit due to excessive swelling) J21

The excellent resistance to radiation-induced smgelbf ferritic/martensitic steels and ferritic
oxide dispersion strengthened alloys [22-26] makem appealing when very higher neutron
doses (>120 dpa [27]). Compared to the stabilizaestemitic steels, the ferritic/martensitic
steels or ODS alloys still face serious challenfgesvidespread use: limited creep resistance
for the former, difficult fabrication and limitedxperience for the latter. Additionally, they
may experience liquid metal embrittlement in certavolants such as lead-bismuth [28]. It is
therefore not surprising that optimized austerstaels remain the materials of choice for the
first cores of several Gen IV reactor projects [2¥gnce the current renewed interest in the
knowledge accumulated on these steels.

For reactor designers, reliable creep correlatidesved from actual cladding tubes are
essential to define safe operation margins. Themxental data set should furthermore be
sufficiently extensive to account for heat-to-heatiations and to cover the inherent scatter
encountered in creep experiments. Under the DeBsdwsortium, more than a thousand
biaxial creep tests were performed, spanning tweades of work. Yet, the results were in
danger of being lost: their records only existed ifew paper archives. The Interatom Data
Base is also no longer available. Some data wasepred in an online database maintained
by the European Commission [29]. To avoid repealimgy-term, costly experiments and to
preserve what has been done in the past, it iseat gmportance for the nuclear community
to revive existing datasets while they are stilaidable. It is the purpose of this paper to
present and review the existing datasets on cregepies of DIN 1.4970 cladding tubes in
the unirradiated condition obtained by the DeBeNasortium during the development of
KNK II, SNR-300 and SNR-2/EFR reactors.

2 Material and methods

2.1 Thermo-mechanical treatments and microstructure

More than 40 heats of the 1.4970 steel have bemtuped [30] by different manufacturers
during the DeBeNe R&D program to manufacture tuli@her products such as bars and
plates were also produced [31] but the present wmnitlk focuses on tubes. The steel was
generally prepared by melting scrap steel in arugtidn furnace and remelting it under
vacuum (by Vacuum Arc Remelting (VAR) or by Eledliay Remelting (ESR)) to achieve
the requested high levels of purity. The chemicahposition is listed in Table 1.

Element B C Ca Co Cr Cu Mn Mo N
0.0030- | 0.080- 14.5-
0, -
wt.% 0.0080 | 0120 | £0:010| <0.030| ¢ | <0.050 | <2.0 1.0-1.4| <0.015
Element Nb Ni P S Si Ti Ta \Y;
wt.% 11‘;?3 <0.015| <0.015| 0.3-0.6| 0.3-0.55 <0.02 | <0.05

Table 1 — Chemical composition of DIN 1.4970 alloy



The procedure used for processing ingots into tbilland hollows was up to the
manufacturer as long as homogeneity with respecthemical composition could be
guaranteed and that non-metallic inclusions and pi@nary precipitateswere within
specifications. The final step in billet productisna homogenization heat treatment typically
at 1200 °C for at least 12 hours to bring Ti andaCk in solid solution. Hollows from which
the tubes are drawn, are made by peel turning eed doring.

The tubes are obtained through a series of plugidcasteps, each preceded by a short
solution-anneal around 1100 °C for a few minutes inontinuous furnace. The last plug-
drawing determine the cold work level defined as bduction in cross-section. In the ‘aged’
state, a final ageing treatment around 800 °C duflh was applied after the last cold-
drawing.

Cladding tubes so obtained are fine-grained (giEize < 50 pm), contain HCs
precipitates at grain boundaries (improving creepistance by hindering grain boundary
sliding [32]) and coarse ‘primary’ TiC precipitatédiameter > 50 nm). During aging, fine
‘secondary’ TIiC precipitates (diameter20 nm) nucleate at high temperature (>600 °C [33])
on defects introduced during the final cold work[id,34-36]. The fine TiC precipitates are
particularly resistant to temperature-driven coirsg and, by pinning dislocation motion, are
critical in improving creep properties [17,36-48]so. It was also found that they similarly
nucleated under in-reactor conditions at high teaipee £~500 °C under irradiation [19])
on cold-worked steel. Swelling resistance of noeeagold-worked steel was found to be
better so the ageing treatment at 800°C was abaddorthe later stages of the Fast Reactor
(FR) development programs. As will be shown lat@bes in the cold worked or cold worked
+ aged states show similar creep properties, betigbsignificantly better than the solution
annealed state [46]. Almost all creep tests peréairrduring the DeBeNe program were
performed on tubes with the following two thermoeamnanical (TM) treatments:

e TMZ1: Solution anneal (~1060-1150 °C, 5-10 min) 4dceork 15-25% + aging (800 °C,
2h)

* TM2: Solution anneal (~1060-1150 °C, 5-10 min) {doeork 15-25%

In the following TM1 tubes will be referred to esld worked + agedcw + aged and TM2

ascold worked(cw).

2.2 Dataset content

Close to 1150 tubes have been tested for biaxégpcover the course of the DeBeNe
R&D program [30]. Creep tests were performed afedi#nt institutions of the DeBeNe
consortium, some in parallel with irradiation expernts and others to qualify fuel pin
cladding material. Besides the determination of Haseline creep properties and the
uncertainty quantification for design purposes,eprdéests were often applied to identify
abnormal fabrication and served, as such, as aptawe test including also the qualification
of plug welding.

In 1974, based on the results available to thag, dat + agedDIN 1.4970 was selected for
the first core (Mkla) of the SNR-300 sodium-coofedt reactor for a target dose of 65 dpa
[47]. However, ongoing irradiation experiments withld worked material showed better
resistance to swelling [30,48] by delaying its dnsEmpared to thagedstate. These results
led to the selection ofw DIN 1.4970 as the reference state for the secamd @VIKII).
Accordingly, creep tests were performed am + agedtubes in the early part of the fast
reactor program (1968-1980) and ow cladding tubes in a later stage (1975-1990). & th
present paper data obtained on both TM statesrasemed. Data analysis focuses mostly on
thecw state which is the reference TM state for claddirges today.



The large majority of bi-axial creep and creep-mpttests were performed between 600
and 750 °C. Some creep-rupture tests were perfoahéigher temperature up to 1050 °C
[49].

The data presented in this paper contain resulissté performed on several cladding tube
dimensions given in Table 2. It is assumed thatdiight geometrical variations between
some of the tests are not impairing the comparigotests results since the ratio between
outer diameter and inner diameter was nearly idahtor all tube dimensions [50]. The total
number of tubes tested for each dimensions andnictibn of the final TM state is detailed in
Table 2.

Outer diameter x wall . O”‘ef
. diameter/inner cw cw+aged
thickness (mm) di .
iameter ratio
6.0 x0.38 1.6 81 631
6.55 x 0.45 1.5 19 -
5.75x0.35 1.6 32 10
5.84 x 0.38 1.5 12 -
7.6 x0.5 1.5 112 53
Total 256 694

Table 2 — Number of creep tests conducted for iiffedimensions and thermo-mechanical states

2.3 Creep test method

Creep tests of pressurized tubes were performddteymine creep straining in function of
time and/or to determine the time to rupture. Tulvese installed in the cold furnace, then
heated to the desired temperature over the cofiedgoat 1 day. Then, tubes were pressurized
by connecting to an Ar tank. Pressure and temperatare held constant and were monitored
throughout the experiment. The tube diameter expansas measured with quartz probes
placed on both sides of the tube at regular tintervals (no continuous measuring was
performed). Rupture was detected by a sudden drppessure.

Creep rate was reported as the average creep etgamined at 0.2% deformation using
the relations = 0.2%/t, .0, Whereé is the average creep rate agd,, is the time needed to
reach 0.2% deformation. Elastic deformation frora thitial pressurization was subtracted
from the total strain. Such definition of creeperajives a slightly higher value than the
steady-state creep rate because it includes primm@gp. Stress was reported as the Von

Mises equivalent stress at mid-wall givendgy = \/Z—Eah wheregy, is the hoop stress at mid-

wall. Changes of the stress state during the differcreep phases were assumed to be
negligible.

Five temperatures were thoroughly investigatedcfeep rate and rupture life: 600, 650,
675, 700 and 750 °C with the largest number of expnts performed at 700 °C. Rupture
life was determined for a feaw + agedtubes at 800, 850 and 950 °C, as well as for acfew
tubes at 950, 1000 and 1050 °C [51].

2.4 Data fitting

Normally, literature analyses and correlates otdady state creep rate data. Unfortunately,
original creep curves have been lost; ofjy,, is still available. Still, different correlations
from the literature such as a sinh law were fithe available data using the scipy optimize
package [52], delivered with the Python 3.5 Ana@odidtribution. The library performs least
squares optimization using the Levenberg-Marquadrithm. Other libraries in this
distribution, such as pandas and matplotlib [53,54¢re used for data processing and
plotting.



3 Results

3.1 Creep rate

Figure 1 shows the complete dataset of creep matesction of equivalent stress obtained
from biaxial creep experiments on DIN 1.4970 prassd tubes ircw andcw + agedstate.
For each temperature a separate plot is providedlbplots share the same X and Y scales.
Data obtained orcw + agedand cw tubes are represented by open and filled markers,
respectively.

Both cw + agedandcw tubes show a large spread in creep rate, espeaiali90°C. This
may simply reflect the large number of tests comellicand the large number of heats
represented at this temperature. The spread onwihe agedtubes appears slightly larger
than on thew tubes. This may simply be the result of the ladgaset of the former but may
also reflect variability in which the ageing wasread out: heating rate, temperature control,
timing and cooling rate. Different heats with slighdifferent chemical compositions may
undergo significantly different microstructural éwiion under ageing, which may affect the
creep rate. Lastly, aged heats were also produadirethan cw heats, so there may have
been less control over the production process.

Creep rates foagedandcw tubes follow the same trend, except at 760vhere theaged
tubes show a higher creep rate. At these temperta complicated mix of co-dependent
microstructural changes is occurring in the makehising the test, including precipitation of
TiC nanoprecipitates and dynamic recovery. It isgqide that in theaged material, the
nanoprecipitates are larger and less numerousthuae nucleated during the test in tve
material. This could help explain an improved crespstance of thew material, though this
can't be verified since no microstructural inforroaton the test samples is available.
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Figure 1 — Equivalent stress versus creep ratéfateht temperatures faged(open markersandcw
(filled markers) DIN 1.4970 cladding tubes. Diffateolors are used for different temperatures aigi$
consistent throughout this text. Plot also arentioelified Norton law (solid line) and the hyperbddioe
correlation (dashed line).

3.2 Data fitting

Creep data in the stress temperature regime whef@ndation rate is controlled by
dislocation climb is typically considered withinetlso-called power-law regime. The creep
rate data in this database spans the homologoysetature range of 0.5 — 0.6 and shear
modulus normalized stress range &k 10~* - 3 x 1073. Comparing this range to the
deformation map for 50 um grain size 316 steel doum [55], the data presented lies
predominantly in the power-law regime.

Power law creep is often described by the semi-eogbiNorton-law [56], given by
Equation 1.

épo (0, T) = C oy e E/RT [1]
where
£po = equivalent (Von Mises) hoop creep raté][h
ogq = equivalent hoop stress [MPa]
E = activation energy [J/mol]
R = gas constant = 8.314 [J/(mol.K)]
T = temperature [K]

n = stress exponent [/]
C= constant [fMPa"|

In Inégy —Inogg — 1/T space this equation yields a plane with constaattigh
derivatives given by Equations 2 and 3.

=n
dInogg
dlnég, —E [3]
a(1/T) R

However, the data presented in Figure 1 can’t bdethed by a plane: there appears to be a
kink dividing the data in two different regimes witwo different stress exponents. The
literature on thermal creep proposes many explamatior a changing stress exponent [56].
There is general agreement that most pure metdlslioys have dislocation climb controlled
regime with a stress exponent of n=5. At low stredleys can show a viscous glide regime
with a stress exponent of around n=3. At very latyhss, the data no longer fits Norton’s law
and the stress exponent continues to increase stiéiss; this is the PLB or power law
breakdown regime. Whether all alloys show a tramsitrom 3 to 5 to PLB is still debated.

Since there is a large spread on the data, it igbious whether transitions happen
gradually or abruptly, and whether the data shbelgbartitioned. The approach adopted here
is to fit a continuous function modified from lisgure with as good as possible fit, then
analyse the result with reference to Norton’s |@me approach to deal with PLB is using a
sinh function [56]. It was observed that the catieh from the literature yielded inadequate
fitting especially at higher temperatures, therefearious polynomials df ando were tried
in place of 3 andE. It was found that a good fit could be achievedrépresentingd as a
constant and’ as a quadratic function @f adding extra terms did not appear to significantl
improve the fit. The sinh function with variableti@ation energy that was chosen to be fit to
the data is shown in Equation 4.



50 = [sinh(Bago)]"e 7 4]
E = El + EzT + E3T2

where
£po = equivalent (Von Mises) hoop creep raté][h
ogq = equivalent hoop stress [MPa]
E = activation energy [J/mol]
R = gas constant = 8.314 [J/(mol.K)]
T = temperature [K]
n= stress exponent [/]
6= constant [MP3]

The 5 optimizable parameters @en andE;.3. Note thate “is equivalent to a constant
scaling factor in the equation. Numerical leastasgs optimization was performed only
for the cw creep rate dataset, since it is the referenceriaiatthe cw + ageddata points
are represented in the figures for comparison. dptanization problem is then expressed
as finding the minimum of sum of the squared realglas stated in the following objective
function:

[5]

m
error = Z(ln & —Inégy (o, Tl-))2 ~ ma,*
i=1
where

£po = equivalent (Von Mises) hoop creep raté][hs calculated by equation [4]
;= equivalent (Von Mises) hoop creep raté][measured in datapoint
o; = equivalent hoop stress [MPa] for datapoint
T, = temperature [K] for datapoint
m = the total number afw data points
g, = standard deviation of the residuals assumingrtéan of the residuals will be 0

It was chosen to represent the residuals as tferatiice between the natural logarithm of the
creep rate and the logarithm of the fitting funatibecause the spread in the data increases
exponentially with the creep rate. The standardadiew o,, of the residuals, was taken as a
measure of spread on the data. A 95% confideneevaitis calculated from the spread in the
data and the uncertainty of the fitting as expressed in Equation 6 [57]. Near the daéa, t
spread of the data dominates the uncertainty, duftiom the data the uncertainty on the
fitting dominates. These confidence intervals aspldyed as colored bands in Figure 1.
95% conf ~ *20, [6]

op = /afz + ayz

k=
4 palneEQ d1négg

0,
da; 0da, "

—.
I

j=1k=1

where
g, = uncertainty (standard deviation) on a prediction
gy = uncertainty (standard deviation) on the fittingdtion
p = total number of fitting parameters
a;= ith fitting parameter
o= elemengk in the covariance matrix



An estimate of the uncertainty on each fitting pagger was obtained from the diagonal
elementsdj, j = k) of the covariance matrix [57]. Extra significatigits are reported
between brackets so that readers can reprodugeatied correlation. Equation [4] with
optimized parameters is plotted in Figure 1.

S [MPa] [1.4(994) + 0.4]x 102
n [/] 2.3(319) £ 0.5

E; [J mol] [-6.(591) + 3]x 10°

E, [J mol* K [1.8(211) + 0.6]x 103
Es [J mol*K? -1.0(513) + 0.3

o, =0.79

Table 3 — Fitting parameters for equation [1] teatébe creep rate

3.3 Time-to-rupture

Equivalent stress o, (MPa)

Lol °C 1(m\c

101 10° 10! 102 10° 10* 10°
Time to rupture (h)

Figure 2 — Rupture life afw (filled symbols) anatw + aged(hollow symbols) in function of equivalent
mid-wall stress at different temperatures [58].

Some creep tests on pressurized tubes were codtumié rupture occurred to record
time-to-rupture. Although the bulk of available aladpans the 600-750 °C range, a few
dedicated tests were performed at higher tempera8@®0 °C, 850 °C and 950 °C fow +
agedspecimens and 950 °C, 1000 °C and 1050 °@otubes [49]. From here on out, data
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above 750 °C will be referred to as high tempeeatiata; the rest is low temperature data.
Results are compiled in Figure 2. Time to ruptweplotted against von Mises equivalent
stress at mid-wall on a log-log graph. Data obthim® cw + agedand cw tubes are
represented by hollow and filled symbols, respetyiv Time to rupture decreases as
temperature and stress are increased. Similarbrdep rate, there is a large spread on the
data. The spread on the datadar + agedmaterial is again larger than the spread on data fo
cw material. At higher temperatures, time to ruptappears much lower for thev + aged
material than would be expected for ttve material, though data is limited. The curvature of
the data at low temperature and high stress isagdicative of PLB.

Assuming that the material has some constant &iftirain and creep strain is mostly
linear in time, the inverse of time to rupture shklofollow a similar evolution as the creep
rate. However, a similar fitting procedure, usingjrgh function with modified parameters was
not successful on this dataset. The main causeisltister of data points demonstrating large
scatter at 700 °C; if the fitting function passédotigh the middle of this data cluster, the
function no longer fit the data at 750 °C and vwersa. Secondly, the data at high
temperature and low stress could not be fit with lbw temperature data using a simple
function. Since dynamic recrystallization is mogtely an additional active restoring
mechanism at these high temperatures [59] and $iveze is no overlap between the data in
terms of stress or time to rupture, the high temfpee data was fit separately from the rest of
the data.

To facilitate fitting, the number of dimensions weluced from 3 to 2 through the
Larson-Miller parameter as given by Equation 7 [60]

P =T(C +logyt,)1073 [7]
where
P = Larson-miller parameter
T= Temperature [K]

t,.= Time to rupture [hours]
C= Larson-Miller constant

Thelogy, oz — P plot and correlations are shown in Figure 3. Tatadvas split in a high
temperature regime and a low temperature regimefiarsgparately. The low temperature
data appears linear at modest stresses (100 MRd&ebames increasingly non-linear with
increasing stress. To model this behavior, a fonctis seen in Equation 8 was chosen.

A
b= (A_1 (log10 g — A2) + 1) (1+ 43 — efsllognoomo-12)) el
3

At low stress, this equation is almost linear, ighhstress the exponential factor dominates.
High temperature data looks perfectly linear, tfe@eean equation as seen in Equation 9 was
chosen to model the data.

P = Bl 10g10 GEQ + Bz [9]

As before for creep rate, only data fram tubes was used for the fitting. Theconstant was
optimized by running the low temperature optimiaatabout 10 times at differet on an
ever decreasing interval and so zooming in onCthvehere the fitting error was minimized.
This was done until the optimélwas determined accurate to one digit after thetidc The
optimal € was found to be optimal was 17.6; the sainwas used for both regimes. The
optimized parameters for the low and high tempeeatorrelations are given in Table 4 and
Table 5 respectively. From these correlations, ¢heves in Figure 2 were calculated.
Uncertainty intervals, calculated analogously tau&itppn 6, are shown in Figure 3. They are
not drawn in Figure 2 to keep the figure readable.

10



The low temperature correlation underestimatesupture time at 750 °C as can be seen in
Figure 2. This is because the cluster of data @t°@weighs heavily in the optimization, and

this pulls down the slope of the linear part of tugve in Figure 3. This makes for a very

conservative correlation, and is recommended foperatures between 750 and 950 °C until
more data becomes available.

2.5 e 600 °C,cw ||
® o 650 OC, Ccw
< e 700 °C, cw
° 750 °C, cw
< e 950 °C, cw
'.. e 1000 °C, cw
c(LU 2.0 4 1050 °C, cw ||
=
=
e
&
=
5
=2
1.5 1 +
1.0 T T T T
16 18 20 22 24 26

Larson-Miller parameter P="T,(17.6 +log,(tg))10 *
Figure 3 - Larson-Miller parameter correlated vétjuivalent stress

Ay -0.(780) + 2
A 2.3(054) £ 0.2
Ag 19.(512) + 1
Aq 5.(196) + 3

g, = 0.20

Table 4 — Fitting parameters for low temperature (450 °C) Larson-Miller correlation (Equation 8). l\éafor
0gq expressed in MPa aritl= 17.6.

B, -6.1(175) + 0.3
B, 31.7(882) + 0.4
g, = 0.04

Table 5 — Fitting parameters for high temperattire (750 °C) Larson-Miller correlation (Equation 8)alid for
0gq expressed in MPa aritl= 17.6.
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3.4 Monkman-Grant relationship

1044

103 |

1021

600°C

Time to rupture (h)

10° 4

102
.1 750°C
10 T T T
107 10°® 107 10 1073
Creep rate (h 1)

Figure 4 — Time to rupture versus creep ratefotubes (closed markers) andedtubes (open markers).
Dataset foicw tubes was fitted according to the Monkman-Gralattienship (full line) and the corresponding
95% confidence intervals have been determined (edlband).
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Plotting the time to rupture versus the creep yakls the plot in Figure 4. Data for both
creep rate and time to rupture on the same spesimas available only at 600, 650, 700 and
750 °C. In the plots at all temperatures, the relatignsboks quite linear. At 600C, the
creep rate focw + agedmaterial seems slightly lower for the same timeupture ofcw
material, while the opposite is true at 78R This seems to imply that the failure strain for
the cw + aged material is lower than thew material at low temperature, and higher at
elevated temperatures.

To model the linear relationship, it was decidedfitothe data according to the
Monkman-Grant relationship [61]:

(e'EQ)A - tg = constant o In(tg) = —Ax ln(s’EQ) +B [10]

A and B are temperature dependent constants teteentined. Again, fitting was performed
only on data forcw material. The results are given in Table 6 andtg@ibin Figure 4. No
simple relationship was found between the constarasd B and the temperature, therefore
this relationship is difficult to extend to otheniperatures.

A B ay
600 °C 1.4(504) £ 0.2 -6.(292) £ 2 0.55
650 °C 1.4(501) £ 0.3 -6.(5111) £ 2 0.37
700 °C 0.61(24) £ 0.05 0.3(021) £ 0.6 0.42
750 °C 1.1(218) £ 0.2 -5.(089) £ 2 0.34

Table 6 — Linear fitting parameters for the Monkr@rant relationship fitting

The constant A is significantly lower at 700 °C quared to the other temperatures. However,
only at this temperature were rupture times mealstwe very low creep rates (less than
10~>/h). Data at higher creep rates seems to shovglatlglisteeper slope. Still, least squares
fitting of the data at 700C where creep rate- 1075 h* yields 4 = 0.9 which is still
significantly smaller than the slope at other terapges. This could potentially be attributed
to the high scatter.

4 Discussion

4.1 Creep rate and time to rupture 750 °C)

T _1 inn L — _1
As stated above, im égy — Inogg /T orinin . Inogg /T space, a tangent plane

to the correlations in one point can be thought®fa local fitting of Norton’s law. The
evolution of then andE parameters in Norton’s equation (Equation 1) do¢ @s contour
plots in Figure 5 a) and b) for the creep rate elation (Equation 4) as well as the low
temperature time to rupture correlation (Equatipnn8Figure 6. All thecw data points are
projected onto theg, — T plane to illustrate in which regime the points mp@mately fall.
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Caution should be exercised when interpreting them#our plots as they are prone to
artefacts from the fitting. Firstly, due to the en@inty in the fitting parameters, there is an
uncertainty to the predicted gradient as well. Tihfiences the actual values mfandE, as
well as how widely spaced the contour lines areo8ely, the choice of fitting function has a
large impact on the shape of the contour lines.example, in the Larson miller correlation it
is mathematically impossible f& to vary with temperature, but it can vary sigrafitly with
stress. The contour plots Bfare also expected to be much more unreliable tihase ofn.
Whereas the evolution af with stress is very obvious frofaigure 1 and Figure 2 the
evolution of E can not so easily be deduced. Despite the congmeselation for time to
rupture, the calculateld appears to vary only slightly over the domainjéating the contour
lines could easily look completely different if affdrent fitting function were used. In
addition, the fact that only 4 or 5 temperaturesengampled means that the data can be easily
overfit in this variable. This is apparent figure 5b), where the selection of a quadratic
polynomial in the exponential factor results irather drastically varying.

Despite the draw-backs of these plots, a few olaserns can be made. From the creep rate
correlation, it is evident that the stress expongrdround 3 at low stresses, indicative of a
viscous glide regime. In the time to rupture catieh this is not the case, but this is most
likely due to the cluster of data at 700 °C thaigpdown the stress exponent. Therefore, in

this correlation, the expected linear part in th?l- — In oy, plot is not correctly modelled.

Also in the PLB regimen accelerates when moving towards higher stresdaishvis due to
the selection of an exponential in the Larson-Mifiot as opposed to a sinh. Despite the very
different evolution of the stress exponent, thepbmgree that the of the data at 200 MPa is
around 7. From literature, this is also generafigrs as the upper limit of the power-law
regime. Indeed ifFigure 1it appears the slope in the data changes mosticddfs around
200 MPa.

As was mentioned, the apparent activation enérgg the creep rate correlation increases
guadratically with temperature. While for this daa the quality of fit is excellent, caution
must be exercised when extrapolating to higher &atpres, because an ever increasing
apparent activation energy may cause the creep tmtbe underestimated at higher
temperature. The literature does not provide amj@ate explanation for what could cause a
change in activation energy. There are reports thashould be lower at very low
temperatures, but at least in pure metals it iseetqnl to remain the same above 0.6
homologous temperatufg6]. Possibly an evolution in apparent activation ggpesould be
explained by the precipitation behavior of this eni@. At the temperatures at which these
creep tests were conducted, TiC nanoprecipitatekeate on the dislocations [33], and their
nucleation and growth kinetics are highly dependemttemperature. Nanoprecipitates are
obstacles to the movement of dislocations so tleydchave a complicated influence on the
creep behavior at different temperatures.

For the time to rupture correlation, the apparetivation energy is of the same order as 300
kJ/mol, the activation energy for self-diffusion austenite [62], which is the expected
activation energy for creep processes around htolagous temperatufé6] .

This dataset is not suitable for deriving accuratiies of fundamental parameters however.
Firstly, there is a severe clustering of pointgetain conditions and almost no data at other
conditions. For an accurate determination of thestua Miller parameter for example, data is

necessary where the stress is kept constant agdhlmtemperature is varied. The non-ideal
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distribution of data also makes accurate fittingchmbarder. Less accurate fitting means a less
accurate estimate &andn.

Secondly, a theoretical treaty of creep is onlydvedr the secondary steady-state deformation
regime. Creep rate was reportecgs, = 0.2%/t.0; to29 iNCludes the primary non-linear
deformation regime. For designers, this may bers@ewative way to define creep rai§) 5o,

will always overestimate the steady state creepaatcan be seen in Figure 7. However, this
way of defining creep rate will make fitted matésiaonstants less representative, because the
size of the primary creep regime also depends ensttess. This will maké, ,,, deviate
more fromé at higher stresses. Again, this can be desiratredésigning for accidental
scenarios, as the creep rate estimate becomessaferat higher stress.

There are other advantages to usipgy,. Firstly, it simplifies a measurement, as only the
time at 0.2% deformation, known to lie well withihe steady-state regime, needed to be
recorded; no data treatment to determine the oobketecondary creep was necessary.
Secondly, it allowed for a high throughput and ¢stesnt data treatment.

E A 02>01

Figure 7 — Clarifying diagram to explain the infhee of primary and tertiary creep on the measured
results. The drawing is exaggerated to illustrhgdiscussion.

4.2 Time to rupture (T > 750 °C) and dynamic recrystation

The high temperature data looked completely sepdram the rest of the data and this is
most likely due to dynamic recrystallization whidlecomes active as a new restoring
mechanism at these elevated temperatures. Figsiew@s the contour plots of the apparent
andE for the correlation that was fit to this set ofala
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The same reservations about the interpretatiohesfet contour plots apply. Due to the choice
of fitting through the Larson Miller parameter, aries slightly with temperature and E varies
slightly with stress. Because the variation of bpdinameters over the domain is so slight this
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can be attributed entirely to being an artifactrirthe choice of fitting the data through the
Larson Miller parameter. In fact, simply fitting Mon’s law to the data yields = 4.7 + 0.2
andE = 4.3 + 0.3 x 10> J/mol, about the average of what is found in thetaur plots of
Figure 8.

To confirm that the active restoring mechanism agjhhtemperature is dynamic
recrystallization, the data was compared to th&arkar et al. [59]. These authors performed
tensile tests on D9 material, a very similar mateio DIN 1.4970, at temperatures between
900 — 1200 °C, and report the steady state stosdifferent applied deformation rates. In
theory, the time to rupture should be related &gtness and temperature in a similar way the
inverse of the steady state deformation rate atedIto steady state stress and temperature.
Figure 9 shows the steady state stress plottedivéng creep rate on a log-log plot. Norton’s
law (Equation 1) was fit to this data, and isotharsections are plotted as lines to compare
the fit to the data. The fit is not perfect but #hected scatter in this dataset is unknown as
there is only one point per condition. This fittigggldsn = 5.1 + 0.4 andE = 3.2 + 0.3 X

10° J/mol. The fact that the value faris so close to the value found for time to rupisran
indication that dynamic recrystallization is indddd main restoration mechanism in the high
temperature time to rupture tests.

900°C

Steady state stress o, (MPa)

1073 1072 1071 10°
Strain rate s—!

Figure 9 Steady state stress versus deformatienurader dynamic recrystallization. Data extractennf
Figure 3 in [59]

4.3 Heat-to-heat variations

The dataset is characterized by the large numbdérreafs tested. A heat is defined as a
batch of tubes made from the same melt, accordinthé same fabrication process and
submitted to the same final thermo-mechanical tmeats. One of the reasons a high number
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of heats was tested was to identify the scattertdueeat to heat variations. In particular the
following material and processing parameters mdferdbetween individual heats and will
thus contribute to the scatter observed in thepctest results:

» Different temperatures/times for the solution ahipe3]

» Different heating and cooling rates between heatinents [64]

* Variations in the amount of residual cold work [,

* Minor variations in chemical composition [38,67]

» Differences in grains size and texturing [65,68]

» Difference in precipitates and non-metallic inctuss content§l7,36-44]

Each of the material parameters may be influengef@trication routes/processes used by
a manufacturer, the quality of the starting matetiee level of detail and allowed ranges for
material specifications. Different creep testingvides at different institutes have been
employed to obtain the dataset. Although the procednd set-up was identical in principle,
the use of different apparatuses added to the wibescatter [69]. A ‘heat scatter effect’
analysis was attempted by plotting creep data iteshtoy their heat as shown in Figure 10 —
a) for creep rate data at 700 °C. Each heat icateld by a unique marker. Though some
heats appear to cluster together, others show dixuage large scatter. Creep rate and time to
rupture data at other temperatures show similardgescatter within a single heat can be
larger than scatter between several heats. Therm dhe present database too many missing
control parameters to draw conclusions of the b#att.

Other process parameters for which sufficient imfation was recorded, are: solution
annealing temperature, cold work level and melt bemFigure 10 b), c) and d) show the
creep rate data at 700C now separated according to these parameters. falsohese
parameters, there is no obvious trend in the data.
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4.4 Comparison with non-stabilized 316 cladding tube

Figure 11 shows a comparison of the DIN 1.4970 déth published creep-rupture data

obtained on AISI 316 cw stainless steel pressurigitiding (manufactured for the

experimental fast breeder reactor Joyo [70]). Ratd00, 650, 700 and 750 °C are compared.
Hollow symbols correspond to the data obtained ¢8I 816 cw whereas filled symbols
correspond to the DIN 1.497€w data. Different temperatures are represented fthereint
sub-plots. The correlation witts uncertainty band is also plotted. Equation 8 wss ft to

the 316 cw data as done before on the DIN 1.49%4) dad plotted as dashed lines. The same
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procedure was followed: the optimal Larson Millenstant in this case was= 11.5. The
fitting parameters are given in

A 0.(047) £ 11
Ao 1.(544) £ 6
Az 15.(019) £ 9
Ay 1.(603) + 6
g, =0.26

Table 7. The uncertainty on the fitting parameterisuge because the spread on the data can
be even bigger than in the 1.4970 case, and tBeless data. Visually, the transition from
power law to PLB is completely masked by the namséhe data. It does not even look like
there is a linear part to the data at all.

A 0.(047)x 11
Ay 1.(544) £ 6
As 15.(019) + 9
Ay 1.(603) £ 6
g, =0.26
Table 7 - Fitting parameters for time to rupturedos Miller correlation = 11.5) for AlSI 316 cw data
from [70].

The improved creep rupture life of DIN 1.49¢® cladding tubes is obvious compared to
their AISI 316cw counterparts; AISI 316w data lie mostly below the uncertainty interval.
To get a sense of the difference in rupture tife ratio of time to rupture of DIN 1.4970 and
316 based on the correlations derived earlier viatsep in Figure 12 between 100 and 250
MPa for different temperatures. In this range, timeupture of DIN 1.4970 can be expected
to be between one to two order of magnitudes béteen the time to rupture of 316. Only
between these boundaries does the comparison agtieate; the fact that the trend seems to
reverse at low stress is an artifact due to thgela&tustering of data at 700 °C, which causes
the slope of the DIN 1.4970 curve to be exaggerasedas discussed earlier. The 316 time to
rupture correlation crosses the correlation foretitm rupture of DIN 1.4970 at low stresses,
making it appear as if 316 achieves a better reptinne; this is clearly not reflected in the
data. At high stresses, the large scatter in 34t dnakes an accurate extrapolation
impossible. Because the predicted slope in the afa®46 steel differs from the slope of DIN
1.4970 data, the curves could again intersectjrigad erroneous predictions. The decreasing
difference of time to rupture with temperatures slowt appear to be an artifact, as is
evidenced by the 1.4970 and 316 data clouds apprgpas temperature increases. This may
indicate that the TiC nanoprecipitates are nualgaéind growing during the creep test, and
play a significant beneficial role in improving epe properties at lower temperatures. At
higher temperatures, dislocations become increlsmgbile diminishing the effect of the
nanoprecipitates as dislocation barriers.
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Figure 11 - Comparison of creep rupture of DIN Z@@w cladding tube from the present dataset dfille
symbols) and AISI 316 cw cladding tubes (open syis)bosed in Joyo [68]. Solid lines and colored =and
represent the Larson-Miller correlation fit to th& DIN 1.4970
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Figure 12 - Ratio of the correlated time to ruptfoe DIN 1.4970 and 316 data plotted over a ranfje o
stresses for different temperatures.

4.5 Time to rupture design curves

The regression for the low temperature time tourgtata derived from the correlation of the
Larson Miller parameter (Figure 2 and Figure 3peesively) can be visualized in the form of
design curves. Figure 13 shows a logarithmic carnpéat of the time to rupture plotted on the
stress-temperature plane. The solid lines repreentcorrelation; the blue dashed lines
represent the lower bound of tfs, confidence interval as calculated analogously to
Equation 6. This contour plot shows in a very visnay how time to rupture is related to
temperature and stress, and what the uncertainty jpgojection of the available data is also
plotted onto the stress temperature plane to shberevthe correlation is supported by data
and where it isn't.

The low temperature time to rupture correlatiosasservative when extrapolating to higher
temperatures/lower stresses. The correlation appesaan asymptotic line in theg oz, — P
plot, but the slope of this line is pushed dowrthwy large data cluster at 700 °C, and doesn’t
follow the apparent slope of the data at 750 °Cis Theans the time to rupture will be
underestimated at low stress and high temperature.
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Figure 13 — Contour plot of time to rupture (houes predicted by the Larson Miller
correlation on the equivalent stress — temperapla@e. Solid lines represent the fitted
function, dashed lines represent t@e,- boundary.

5 Conclusions

A large amount of data was accumulated on thermedpc properties of the Ti stabilized
austenitic steel, DIN 1.4970 considered as caneliditdding for the SNR300 reactor. Over
the course of the R&D program more than 70 differeaats of cladding tubes were
manufactured and were systematically tested fogpcies part of the material qualification.
Creep tests were also performed as monitor expatifoe in-pile irradiation experiments. In
order to be able to perform more than a thousaeelpcand creep-rupture tests, large facilities
using series of ovens running in parallel at sdvestitutions were employed. The result is a
database unique by the number of samples and tesdéxl. The confidence interval of the
design correlations accounts for scatter introdulcgddifferent manufacturers, production
processes and testing facilities.

From the analysis of the database the followinglmaooncluded:

- Ti-stabilized stainless steel DIN 1.4970 steel shavbetter creep resistance compared
to other austenitic steels such as Type 316. Tlis be explained by TiC
nanoprecipitates nucleating during the creep teghich inhibits dislocation
movement. The efficacy of the nanoprecipitates appt decrease with temperature.

- No consistent difference was observed between tdstse cw and cw+aged state
regarding creep resistance. There were no dedi@tpdriments on a single heat
covering the same stress-temperature range tofidoauch effects.

- Creep rate and time-to-rupture data independeiglggd comparable apparent stress
exponents and activation energies that matchedithptie three power law of viscous
glide creep at low stresses and the self-diffugiotivation energy respectively. For
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time to rupture the stress exponent was lower Isecdlne data cluster at 700 °C
pushed down the slope of the correlation.

There is a change in creep mechanism from powertda®LB occurring at stresses
around200 MPa This is consistent in both the creep rate an@-ioarupture datasets.
The threshold is clearly identified on the datagef00 °C for which a large range of
stresses was investigated.

High temperature time to rupture data is rathersstent with steady state dynamic
recrystallization kinetics.

Creep rate and creep-rupture tests from this dateses not optimized to study the
influence of specific parameters on creep due t® high number of varying
parameters and possibly non-systematic testing itonsl. However, from an
engineering point of view, they represent a rolwuey to derive confidence intervals
of great value to design. This paper has attempbegrovide these confidence
intervals.
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Creep rate and time to rupture of over 1000 tests on different heats are presented
Creep rate has been fit with a modified sinh correlation

Time to rupture was fit with the Larson-Miller parameter separately for a low and high
temperature regime

Time to rupture and creep rate were correlated with the Monkmann-Grant relation
Low temperature time to rupture data is compared to data from 316L steel, high
temperature data to dynamic recrystallization data from D9 alloy



