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Abstract - Assuming the hypothetical scenario of a severe accident with subsequent
core meltdown and formation of a melt pool in the reactor pressure vessel (RPV)
lower plenum of a Light Water Reactor (LWR) leads to the question about the behav-
ior of the RPV. One accident management strategy could be to stabilize the in-vessel
debris configuration in the RPV as one major barrier against uncontrolled release of
heat and radio nuclides.

To get an improved understanding and knowledge of the melt pool convection and
the vessel creep and possible failure processes and modes occurring during the late
phase of a core melt down accident the FOREVER-experiments (Failure Of REactor
VEssel Retention) have been performed at the Division of Nuclear Power Safety of
the Royal Institute of Technology Stockholm. These experiments are simulating the
behavior of the lower head of the RPV under the thermal loads of a convecting melt
pool with decay heating, and under the pressure loads that the vessel experiences in
a depressurization scenario. The geometrical scale of the experiments is 1:10 com-
pared to a common LWR.

Accompanying the experiments metallographical and numerical work is performed at
the Forschungszentrurn Rossendorf. An axisymmetric Finite Element model is devel-
oped based on the multi-purpose code ANSYSO. To describe the viscoplastic defor-
mation a numerical creep data base (CDB) is developed where the creep strain rate
is evaluated in dependence on the current total strain, temperature and equivalent
stress. In this way the use of a single creep law, which employs constants derived
from the data for a limited stress and temperature range, is avoided. For an evalua-
tion of the failure times a damage model according to an approach of Lemaitre is ap-
plied. The microstructural investigations give insight to the material state of the vessel
wall at different positions. This can be compared with the numerical damage value
calculated in the Finite Element Model.

This paper deals with the experimental, numerical, and metallographical results of the
creep failure experiment EC-FOREVER-4, where the American pressure vessel steel
SA533B was applied for the lower head. For comparison the results of the experi-
ment EC-FOREVER-313, build of the French 16MND5 steel, are discussed, too. Em-
phasis is put on the differences in the viscoplastic behaviour of different heats of the
RPV steel. For this purpose, the creep tests in the frame of the LHF/OLHF experi-
ments are reviewed, too. As a hypothesis it is stated that the sulphur content could
be responsible for differences in the creep behaviour.
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Introduction

Considering the hypothetical core melt down scenario for a light water reactor the
failure mode of the reactor pressure vessel (RPV) has to be investigated to deter-
mine the loadings on the containment. Experimental and numerical work is performed
worldwide to get insights Pressure Valve Power Supply Melt injection Orifice
about possible conse-
quences. To validate the de- Pressure Vessel Lid
veloped computational tools
numerical simulations of
Lower Head Failure experk
ments like OLHF or FOR-
EVER are conducted.

Internal FunnelFor the EC-FOREVER-4-test
the hemispherical bottom
head was made of the Amerk
can steel A 533 B. For all Cylinder
other EC-FOREVER-tests it ,-"'lSMo3
was made of the French RPV-
steel 16MND5. But the ge-

s=15mrn
ometry was the same for all
tests: the vessels had an in- Insulation
ternal radius of 188 mm and a
wall thickness of 15 mm. The
oxidic melt employed as the Welding
melt simulant was a CaO- Heater Rods
B203 mixture 30-70 weight Bottom Head
%), which has a solidus tem- ----- 16MNDS
perature Tc,= 1 250 K. To
model the internal decay heat Displacement
generation a special-design Transducers
heater fixed to an internal in- IMF D.=406mm Thermocouples
sulation-reflector-I id is im- I-
mersed into the melt from the Figure 1: Principal experimental set-up (not to scale)
top (Fig. 1). The latest heater
design can provide a heat generation of more than 45 kW. The lid is fixed to the up-
per part of the vessel. After melt pouring the melt injection orifice in the vessel lid is
closed and the vessel is pressurized by Argon. (For a detailed description of the ex-
periment see Sehgal et al., 1999).

Reviewing the experimental observations it was found that the creep and crack be-
haviour can significantly differ even under comparable loading conditions and for the
same type of material: In some experiments like LHF-7 and EC-FOREVER-38 a
rough crack surface was found at the failure site whereas in others like OLHF-1 and
EC-FOREVER-4 a rather ductile behavior was observed resulting in nearly blade-like
edges on both sides of the vessel opening.
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Overview on the RPV steels

The vessel steel applied in all tests was a manganese-molybdenum-nickel alloy. For
all LHF/OLHF-tests and the EC-FOREVER-4 test the American RPV-steel A 533
Type Class was applied (cf. Mongabure, 2000 and Chu et al., 1999), where the
OLHF and the EC-4 plates were from the same heat (Dillinger 1-10tte, Germany),
while the LHF plates were from another heat (Lukens Steel, USA). Table shows the
chemical composition of the steels. First the minimum and maximum values
according to the ASTM-standard for A 533 Type are given. EC-313 shows values,
which are in accordance with the French Standard for 16MND5, but also with the
American A 533 Type except the slight Chromium content. Comparing the
Phosphorus, Sulphur and Chromium content of EC-4 and OLHF it is for sure that
they are from the same heat.

Table 1: Chemical composition according to the ASTM regulation for A 533 Type 
and of the different vessels

Weight C Si Mn P S Cr Ni MO Cu
SA 533 min 0.000 0.130 1.070 0.000 0.000 ... 0.370 0.410 ...

SA 533 max 0.250 0.450 1.620 0.035 0.035 ... 0.730 0.640 ...

EC-313 (16MND5) 0.138 0.230 1.190 0.009 0.004 0.251 0.523 0.466 0.091

EC-4 (SA 533 B) 0.155 0.252 1.120 0.012 0.001 0.046 0.417 0.424 0.028

LH F (SA 533 B) 0.170 0.200 1.220 0.006 0.010 0.100 0.670 0.550 0.009

OLHF (SA 533 B) -0.172 0.286 1.290 0.013 0.001 0.046 0.520 0.490 0.021

The thermal treatment was done according to the appropriate regulations. Neverthe-
less it is assumed that the thermal treatment after forming the vessel takes a minor
role, since the temperatures at the failure site were clearly above the austenitisation
temperature in the tests and in the case of the FOREVER-experiments for a long
time before failure.

Calculation and validation of the temperature field

The creep behaviour sensitively depends on temperature profile in the vessel wall
[Willschuetz et al 2003]. Therefore the validation of the temperature field used in the
mechanical calculations is very important. For the evaluation of the temperature field
within the vessel wall the CFD-module FLOTRANO of the FE-code ANSYSO is em-
ployed. The CFD-model comprises the melt as well as the vessel wall. Melt crust
formation is considered by setting the fluid velocity to zero and switching the material
properties of the according elements. A homogenous melt pool is assumed inside the
vessel with the surface level set 20 mm below the welding joint between hemisphere
and cylinder, which compensates for the melt drop due to the thermal expansion of
the vessel. A homogenous volumetric heat source is assumed which is applied to the
volume where the heater elements are to be found. Especially at the very bottom the
distance between the heater and the vessel wall has a significant influence on the
crust formation [Willschuetz et al. 2001].

Figure 2 shows a comparison of the measured and calculated temperatures. The cal-
culated temperatures assume a steady state regime with a constant power input of
38 kW. The experimental temperatures are measured each 100 in polar direction
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the measured temperatures Figure 2: Comparison of the calculated and

on the inside wall were up to measured temperatures of EC-313 and EC-4 after
more than hundred degrees 12,600 and 16,200 experimental time, respectively
higher than calculated. This
may be due to the thin boundary layer of the melt at the wall, which had a great influ-
ence since to protect against the aggressive melt the thermocouples were placed in
stainless steel tubes fixed to the wall. It was decided not to use these measurements
for comparison.

Numerical simulations show that the discrepancy is strongly dependent on the indi-
vidual fixation of each thermocouple, on the temperature level, and on the local heat
flux. The temperature difference between the thermocouple tip and the real vessel
surrounding surface was calculated to be in the range of 20 to 100 K for the outside
case. As Figure 2 shows, the agreement between experiment and calculation is
rather good under these circumstances.

The quasi steady state pre-test calculations and the transient post-test calculations
have been increased or decreased in the mechanical model by 10 and 20 K to get
upper and lower bounds for the failure time.

Evaluation and validation of the viscoplastic deformation of the

vessel wall

The original material data were generated in the frame of the French RUP-
THER/REVISA projects [Sainte Catherine 1998] and analysed by VTT, Finland [k-
onen 1999]. Because of the large spatial and transient temperature and stress
changes within the vessel wall of a 3D-experiment like FOREVER, an advanced ap-

proach for the numerical creep modelling has been developed. Usually creep is de-

scribed by analytical formulas (creep laws) with a number of free coefficients. The
coefficients are used to adapt the creep laws to creep test results performed at con-
stant load and temperature. However, it is difficult to achieve a satisfying adjustment
for a wide range of temperatures and stresses with only one set of coefficients.
Therefore a supplementary tool for the ANSYSO code has been developed, which al-
lows to describe the creep behaviour of a material for different stress and tempera-
ture levels independently by means of a creep data base (CDB) using a non-linear
scheme to interpolate between discrete strain - strain rate series [Altstadt and
Moessner 2000, Willschuetz et al 2003].
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The material damage due to significant creep and plastic strains is modeled by a
damage measure D that is incrementally accumulated at the end of a time step or
substep. D=O means "no damage", which is the initial value for all elements. The
damage includes the creep strain component and the prompt plastic deformation of
the structure. Both strain components are calculated separately according to the ex-
perimentally found material behavior.

The damage increment is calculated for each element by averaging its nodal equiva-
lent strains. If the element damage reaches the value of D=1, the element is killed by
setting its death flag to 1, i.e., this element no longer contributes to the wall strength.
The implementation of this model is described in [Altstadt and Moessner 2000, Will-
schuetz. et al 20031.

Describing the viscoplastic behaviour, the most difficult part is the tertiary creep
stage. The creep laws, or alternatively the creep data base (CDB), in FE algorithms
must be based on true stress and true strain. However, usual creep tests are load
controlled (i.e., the force applied to the tension bar is constant). Consequently, the
true stress is not constant during the test because of the uniform reduction of the
cross section in the early test stage and because of the necking later on. The
increasing creep strain rate observed in the late test phase is a consequence of two
effects:

1. geometrical creep acceleration due to reduction of cross section and necking

2. decreasing material creep resistance due to micro structural changes (e.g. mi-
cro cracks, creep cavities)

In FE-models, the geometrical creep acceleration is automatically considered if the
large strain option is activated. To describe the material tertiary creep there are two
basic options: i) to use a creep law or a creep data base with > ii) to use a creep
strain rate that is coupled to the material damage [Lemaitre 1996]. In the second can
be described as follows:

f(D; ;aj) f(F";oj)
I - D

In this case the creep data base itself does not consider ZrACE7__1
tertiary creep; the material creep acceleration is realized
by the damage coupling, i.e. by the factor (1 -D)-1.

Sometimes the creep acceleration is considered as a
consequence of the geometrical effect only [Chu et al
1999; Obst et al 1988]; i.e. if the effective true stress and
the temperature are constant, the creep strain rate would
be constant, too. In other words, there would be no terti-
ary creep from the material point of view, but only from
geometrical point of view. This approach seems to be
too simple. At least, it can not be generalized for all ma-
terials. This is demonstrated by the following example.
Figure 3 shows the model of the tensile bar with circular
cross section. To initiate the necking process observed t L_X
in creep tests a small region with a slightly reduced di- I
ameter is introduced (reduction by 1 % at y = 0). Figure 3 FE-Model for

creep test simulations
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Figure 4 shows several post- I
test calculations of a REVISA 0.9

creep test (nominal strain ver- -
sus time). The CDB-PS curve 0.8 �REVISA4MPa

�ANS CDB-PS 4 Wa
shows the calculation with 0.7 - ANS CDB-PST 4 Wa

0.6 -ANSCDB-PS�DMG4MPaconstant strain rate at con-
stant true stress for the whole 0.5

range a, i.e. the CIDB 0.4

considers only primary and
secondary creep. Though the

0.2pure geometrical effect leads
to some acceleration, this ef- 0.1
fect alone is much too small in 0 . . . . . .
comparison with the experi- 0 20 40 60 80 100 120

Time [h]

ment. Moreover, metal-
lographic post-test investiga- Figure 4 REVISA creep test at 1100 C with a
tions at the FOREVER vessel nominal stress of 4 MPa; engineering strain versus
wall show clearly the exis- time; experiment and ANSYS simulation with
tence of creep cavities Will- different creep algorithms
schuetz et al 2003], which
highly suggests an influence onto the material behaviour. The CDB-PST curve shows
the simulation with consideration of tertiary creep in the CDB. The CDB-PS-DMG
curve shows the ANSYS simulation with a CDB that only considers primary and sec-
ondary creep, i.e. the same as for the CDB-PS-curve. The material creep accelera-
tion in this case is achieved by the damage coupling of the creep strain rate accord-
ing to Eq. 1. These curves
agree well with the test. So it ANSYS 61

TEMPERATURES 0
can be concluded that mate- TMIN=732.371 .113879

TMAX=1394 127759
rial creep acceleration has to 732 371 F-1 .341638

be considered in the FEM 805.918 L�_j 455517
87SA65 EJ '569397

simulation either by a CDB 953.012 ED '683276
1027 F-1 '797155

that accounts for tertiary 1100 ' 11035
E-1 1174 1.025creep (positive strain expo- F-1 1247

nent) or by coupling the creep El 1321

strain rate to the damage. mm 1394

In the frame of the FOR-
EVER-tests pre-test calcula-
tions have been performed.
These calculations were
based on previous work Will-
schuetz et al 2001 and 2003] A
and assumed the material
behavior of the 16MND5-steel
for both tests: EC-4 and EC-
3B. The FE-model for the

simulation of the FOREVER- Figure 5: Calculations for the FOREVER-EC4 test;
tests has elements across left side: mechanical model with the applied
the wall in the high empera- temperature load [K]; right side: material damage at
ture region of the vessel. A rupture time
sufficient number of elements
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across the wall thickness is necessary to account for the changing material properties
and the body load due to the temperature field derived from the CFD analysis. To
save computational time, regions of lower temperatures were meshed with 4 element
layers across the wall thickness. Figure shows a calculation for the FOREVER-EC4
test.

Figure 6 shows the comparison with the experiment in case of EC-4 by plotting the
total displacement of the bottom head center over time.

It was planned to
40achieve a steady pressure p -- --- - -- --- -- -- -- -- -- - - -- -

heat Qstate temperature
35- RO dL EC-4 Us O' ------

field caused by a e, ANSYS-pretestTmax=1372K
--m-ANSYS-posttestTmax--1394K

c o n s t a n t p o w e r in .. .. .. ... .. ..... . ............... ... ........ ..... .. .. ... . . ............ ............ .. ........... ....... .............. ..... . .. ....... ..... ..... ..........
put of 38 kW and
aft er that apply a 25 .... ...... .. .. .. ...............

pressure of 25 bar. :3

B u t p ro b a b ly t h e re I ... ................ ....... .... .. ......... ...... ... ............ ......... ................ ... . .......... .............. ... ..
a-

was some short
Ec u r r e n t b e t w e e n 15 . ... . ........... ............. ................. ... ........ ..... .. .................... .. ........ ........................ ... ................... ................... .

the heater and the E Startofiore-test

E�artwfp�stust rt �nvessel at the be- CL

ginning and there- 6
fore it was tried to
detach both by 0
keeping the power 7200 10800 Time t [s] 14400 18WO 21600

as high as possible Figure 6: Displacement of bottom head centre, comparison of
and by introducing experiment EC-4 and calculation
some pressure
fluctuations. In fact,
this was the only way to "rescue" the test, because other possibilities - like entering
the containment and working manually at heater or vessel - are rather dangerous
and once the melt is solidified it is not possible to remelt it in the vessel by the heater
itself. This strategy was successful and after 4 hours 14,440 s) the full scheduled
power was reached (cf. Figure 6 Since the pretest calculation was based on the
scheduled boundary conditions a direct comparison is not possible, but it is assumed
that the conditions agree fairly, if the starting point of the pretest run is moved to the
begin of the full power regime in the test.

However, despite the fact that the most conservative pretest run of all performed runs
is shown, it predicts the failure time approximately 20 minutes too late. Therefore
posttest runs were performed, considering the transient test conditions prior to the full
power regime by reading the temperature body load for the mechanical model from
the temperature field of a transient CFD-calculation. Additionally the whole spatial
and temporal temperature field has been increased by 10 K and 20 K since the fail-
ure time of the calculation was still not conservative compared to the test. There are
2 possible reasons for this non-conservativity of the temperature field: the isolation
on top of the melt was better than modeled or there is a "numerical heat sink" in the
CFD-code, which has been discussed with the code developers, but not solved defi-
nitely. Figure 6 shows a run with a maximum vessel temperature of 1394 K
(+20 K-run). This run shows a quite good agreement to the test.
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Structural and metallographic investigations

In the following a comparison is made between the tests EC-313 and EC-4. As men-
tioned before the planned boundary conditions for both tests were the same: geome-
try, melt level below the welding line, pressure, and heat generation. The main differ-
ence was the applied steel: French 16MND5 for EC-313 and American A533131 for
EC-4.

During the realization of the two tests some differences occurred concerning the
pressure and the power, but in general it can be stated that the main figures were the
same especially during the last hour before vessel failure. The course of both tests
and their results are described in detail in [Giri et al 2002] and [Sehgal et al 2002],
respectively.

Figure 7 Photography of the microstructure of
EC-313 at crack, etched samples. Full residual wall
thickness is shown. Left side is inner wall, right
side is outer wall

After failure the FOREVER vessels were cut and
sections of the lower head ranging from the bot Om
center into the cylindrical part of the vessel includ-
ing a part of the crack and the welding line were

fSsent to the FZR. After an appropriate preparation in
the workshop and the metallographic laboratory of
the Division of Material and Component Safety de-
tailed metallographic investigations were per-

formed. Figure 8: Microstructure of EC-

Already at the test site at the KTH in Stockholm it 4 at crack, etched samples; Left
was found that the shape of the opening of the EC- side: inner wall
4-test was remarkably different from the other
FOREVER tests with failure. In EC-313 a rough crack surface was found at the failure
site while in EC-4 a rather ductile behavior was observed resulting in nearly blade-
like edges on both sides of the vessel opening. Figures 7 an from the metal-
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lographic investigation show this different shape as a crack cross section side view
(notice the different magnification). For these photographs the original sections from
the vessel were cut to small cubes and the appropriate side was polished and
etched.

It was part of the investigations to characterize the significant changes of the micro-
structure of the vessel wall material, which appears due to the high temperatures dur-
ing the test. These changes contain information on the thermo-mechanical loading
and the failure mechanism. As mentioned before, the vessel bottoms of the FOR-
EVER experiments EC-313 and EC-4 are of different material. The hemispherical bot-
tom of EC-313 was produced from a rolling plate of the French 16 MND steel.

The initial microstructure of the EC-313-vessel consists of fine bainite. This is no more
existing after the experiment in all examined high angular positions of the hemi-
spherical bottom. Instead, a microstructure consisting of coarse bainite, coarse po-
lygonal or banded ferrite occurs and covers almost the whole cross section. The
crack, which leads to the failure of the vessel, was observed in the hemispherical part
approximately 8.5 cm below the weld. It begins at the outside of the vessel wall and
runs relatively perpendicular through the wall to the inside. On the crack position the
wall thickness decreases from 15 mm to 8.5 mm and the crack surface is rough. The
formation of the crack results from the creep damage caused by the highest tempera-
ture of the experiment in this region. The appearance of creep pores depends on the
temperature and loading. Most of them are in the vicinity of the crack (cf. Fig. 7.
Their shape is partly already crack-like what proves, that the tertiary creep range is
reached.

For the American A 533 steel of the EC-4-vessel the initial microstructure consists of
bainite, too. Due to the temperature history during the experiment the microstructure
changed mostly into coarse bainite and, depending on the temperature distribution in
the vessel wall, different parts are of coarse polygonal or banded ferrite. The crack
was observed in the hemispherical part approximately 7 cm below the weld. Figure 
shows the upper and the lower end of the opening sides. At the crack position the
wall thickness decreases from 15 mm pre-test thickness to approximately 02 mm
and the crack surface is smooth. Near the crack there are only a few pores. The fail-
ure occurred in the region of high temperatures and high deformation.

This different damage behavior was already observed not only between the French
16MND5 and the American A 533 131 steel but also between two different charges of
A 533 131 in the LHF and OLHF experiments, respectively (Mongabure, 2000). While
the LHF steel shows a rough crack with little necking, the OLHF specimens failure is
of the type of EC-4. The creep tests at CEA SACLAY on A 533 B1 steel of LHF and
OLHF confirm these results for high temperatures (cf. Mongabure, 2000 and Figures
10 and 11). Since the chemical composition and the thermal treatment of these two A
533 131 heats were according to the ASTM-standard the following explanation was
suggested in (Mongabure, 2000): "Sulphur included in Manganese steel composition
could make them fragile. This means that it is not possible to extend mechanical
properties obtained from some RPV main vessel steel samples to all RPV main
vessels." This means that small changes in the sulphur content could change the
deformation and crack behavior significantly and for the simulation of a certain vessel
its exact chemical composition must be known. For best estimate FE-calculations
with a low conservativity it is not sufficient to know that the considered vessel was
made of a steel according to the regulations of a certain standard since the
tolerances for the chemical composition are too large.
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Figure 9: Fractured uniaxial creep Figure 10: Fractured uniaxial creep
specimen of LHF-material. 2 tests specimen of OLHF-material 2 tests
performed at different nominal stress by performed at different nominal stress
CEA (Mongabure, 2000) at 720 C by CEA (Mongabure, 2000) at 700 C
(specimens 1 and 2 from top) and 990 C (specimens I and 2 from top) and
(specimens 3 and 4 from top) 990 C (specimens 3 and 4 from top)

According to Table the sulphur content of the EC-3B and EC-4 vessel is already at
a very low value compared to the ASTM-standard limits and at a rather low value
compared to the LHF-tests. Therefore we decided to investigate the sulphur content
in more detail.

Figures 1 1 and 12 show the Baumann-replica of the vessel wall cross-section of the
bottom head of EC-4 and EC-3B, respectively. The Baumann-replica reveals the dis-

Vessel Wall inside Vessel Wall inside

Figure 1: Baumann-replica of EC3b Figure 12: Baumann-replica of EC4
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tribution of sulphur segregations within the considered steel specimen. The
Baumann-replica is made as follows: photo paper (bromine silver paper) is imbued
with 5%-sulphuric acid, then the steel surface is imprinted for some minutes onto the
paper and finally the paper is normally fixed and soaked. After this procedure the sul-
phur segregations appear brown. The comparison of both replica shows, that the bot-
tom steel of EC-313, made of the French 16MNID5 RPV-steel, contains some sulphur
segregations. In the bottom steel of EC-4, made from the American A533B RPV-
steel, sulphur segregations are hardly to be found. This is in accordance with the
chemical composition given in Table 1. And considering the question of the influence
of small sulphur contents to the steel behavior the found results are in agreement
with the statement of Mongabure [Mongabure 20001.

Conclusions

It was shown that the numerical models developed to simulate the temperature field
and the mechanical behavior of the FOREVER-tests are in general suitable to repro-
duce the experimental results. But concerning the conservativity of the vessel failure
time it was found that the transferability of the material data base is rather limited.
Even within the same nominal steel the application of a single material data base
may not be suitable, if small changes of certain chemical components have a signifi-
cant influence to the material behavior. It should be mentioned, that it is difficult to
separate the significant temperature effect from possible chemical influences in these
investigations. But nevertheless, as the calculations indicate, the temperature effect
should mainly influence the failure time, not the failure or crack shape.

Including the latest results from the FOREVER-tests EC-313 and EC-4 and their
chemical analysis it can be seen that the sulphur content is low in all specimens, and
therefore it seems not for sure that the slight amount of the sulphur content is the
only reason for the different crack or failure shape, but in accordance with prior work
by Mongabure 2000) we also think that the sulphur content influences the failure
shape reasonably even at a very low level. This should be a topic for further
investigation, since the shape of the failure at the vessel influences the melt or
steam/water ejection from the RPV to the drywell significantly.

Nomenclature

D damage
P pressure [Pa]; [bar]
Q total heat generation [W]; [VA]
s wall thickness [ml
t time [s]; [min]; [h]
T temperature [C]; [K]
U displacement[m]
& strain -
CT stress [Pa]
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Abbreviations

CDB Creep data base
CFD Computational Fluid Dynamics
FE Finite Element
FOREVER Failure Of REactor VEssel Retention
LHF Lower Head Failure
LWR Light Water Reactor
OLHF OECD LHF-program
RPV Reactor Pressure Vessel
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