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xperimental study of the fracture kinetics of a tubular 16MnNiMo5 steel
pecimen under biaxial loading at 900 and 1000 ◦C. Application to the
upture of a vessel bottom head during a core meltdown accident in a
ressurized water reactor

. Tardif a,b, M. Coret b, A. Combescure b
 ISRN, BP17 92262 Fontenay-aux-Roses Cedex, France
 Université de Lyon, CNRS, INSA-Lyon, LaMCoS, UMR5259, 20 avenue Albert Einstein, F69621 Villeurbanne Cedex, France

his study proposes an experimental analysis of the creep, crack initiation and crack propagation phases 
n a 16MnNiMo5 steel subjected to thermomechanical loading representing a core meltdown accident 
n a pressurized water reactor involving the transfer of a molten corium bath to the bottom head. The 
xperimental setup enabled a biaxial mechanical loading (internal pressure + tension) to be applied to a 
ubular specimen at 900 and 1000 ◦C. In addition to the usual temperature, load, displacement and pres-
ure measurements, the specimen was observed by two high-speed numerical cameras and an infrared 
amera. The crack’s initiation and propagation conditions and the depressurization law were inferred 
rom these measurements. At such temperatures, creep induces very large strains prior to the occurrence 

f the cracks which, in the worst-case scenario, can propagate at velocities as high as several meters per 
econd. The design of the experiment enabled us to study the influence of the temperature (magnitude 
nd hoop distribution), of the toughness of the steel (two grades were studied) and of the volume of 
ressurized gas. The results show that creep and crack propagation are highly dependent on tempera-
ure, and also that crack initiation and propagation are highly dependent on the degree of heterogeneity 
hich is responsible for the localized initiation of the crack.
. Introduction

This study was undertaken in the context of problems raised
y severe accidents in French pressurized water reactors. A severe
ccident is defined as one during which the fuel is significantly
egraded due to the more or less complete meltdown of the core
f the reactor. This is generally caused by insufficient cooling of the
ore, whose residual power generated by the radioactivity of the
ssion products accumulated in the fuel can no longer be evacu-
ted. After one or several hours, following multiple human errors
nd/or material failures, the fuel elements begin to deteriorate.
hen, a succession of numerous and complex phenomena takes
lace according to various scenarios which depend on the initial

onditions and on the actions of the operators; these scenarios
ay eventually lead to the loss of integrity of the confinement and
risk of significant release of radioactive products outside of the

onfinement building.

1

More specifically, we are considering the case in which the
degradation of the core leads to the transfer of a molten corium
bath, which is a highly caloric mixture of an oxidized phase U-Zr-0
(the product of the melting of the Zircaloy of the cladding and the
dissolution of the fuel) and a metallic phase derived from the struc-
tural materials of the core (steel, Inconel, etc.), toward the bottom
head. At this point, the integrity of the vessel can be jeopardized
due to various mechanisms. For example, during the flowing of
the corium to the bottom head, the vessel can become eroded by
direct contact with the molten corium flow or damaged by a pos-
sible steam explosion when the corium interacts with the residual
liquid water in the bottom head. Besides, even if the vessel suc-
cessfully survives that transient flow phase, it can subsequently
experience creep rupture when the corium bath settles to the bot-
tom head.

Even though such a scenario is highly improbable, the cor-

responding risks call for an improved prediction of each critical
phase of the accident being considered in order to develop effective
management strategies. In our research, the key point was the pre-
diction of the initiation and propagation of the crack due to creep.
Indeed, the time of occurrence, the position and the final size of the
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reach are determining factors of the external consequences of the
ccident.

The physical variables which influence the time of rupture of the
essel are mainly the primary pressure and the temperature distri-
ution in the vessel. Generally, the primary pressure in the vessel

s uniform (minimum 0.9 MPa if the safety valves are activated),
ith peaks in the case of water injection. The temperature of the

ottom head is highly dependent on the thermal flow dispersed
hrough its thickness. Thus, proper modeling of the composition
f the corium is necessary in order to determine the temperature
oundary conditions for the bottom head wall. This modeling still
ontains numerous uncertainties because it depends on the sce-
ario being considered (Seiler et al., 2007; Bechta et al., 2008).

In our research, the range of temperatures being studied was
hosen as a function of the data collected in the analysis of the
MI-2 accident which took place at the Three Mile Island power
lant (OECD, 1993).The superficial temperature of the wall reached
100 ◦C during 30 min with a gradient through the thickness of
–4 ◦C mm−1 over an elliptical hot spot of 1 m × 0.8 m.

Very detailed experimental models reproducing the thermome-
hanical loading on reduced-scale bottom heads (LHF: Chu et al.,
998; Bucalossi, 2001a,b; OLHF: Bentz et al., 2000a,b Humphries
t al., 2002; and FOREVER: Sehgal et al., 2003, 2005) pointed out
failure mode of the vessel by initiation of a localized crack and a
reat disparity in the sizes of this crack, even in the case of similar
oading cases. An assumption concerning the influence of the vari-
bility of the fracture behavior of American pressure vessel steel at
he temperatures being studied was formulated in order to explain
hese discrepancies (OLIS, 2002). Initially, however, this variability
as not taken into account in the design of experiment of these
rograms.

French pressure vessel steel, which is close to American steel,
lso presents highly variable fracture behavior. Chemical and met-
llurgical experiments suggest that elements present as traces are
esponsible for that weakening, which is related to the combined
ffect of aluminum nitride AlN and manganese sulfide MnS pre-
ipitates. The former act by blocking the grain joints because they
nhibit intergranular slippage and joint migration, and the latter
onstitute cavity germination and growth sites. This weakening
epends primarily on the sulfur concentration of the steel grade,
ut also on the thermal history (initial grain size produced by
ossible thermal treatments (Sestier, 1998), testing temperature)
nd, sometimes, on the loading rate or on the stress applied for
he creep tests. In the context of the thermal treatments applied
uring the manufacturing of the vessels, in-depth characteriza-
ion of the behavior of two such steel grades was carried out
oth in healthy conditions (Vereecke, 2004; Gentzbittel et al.,
007; Gentzbittel and Calapez, 2008; Tardif, 2009) and at rupture
Nicolas et al., 2001; Koundy et al., 2008a,b; Tardif et al., 2010).
he Rupther grade is ductile at high temperature for all test tem-
eratures and rates of solicitation. Its damage mechanism is of
he transgranular ductile type. Over a range of temperatures going
rom 900 to 1100 ◦C, the Krakatoa grade presents a ductility trough
hich is more or less pronounced depending of the solicitation

ate (Fig. 3). Its damage mechanism is of the intergranular creep
ype.

The main objective of this paper is to present, for the steel grades
entioned previously, the results of simple, well-instrumented

ests which, under the thermomechanical conditions of a severe
ccident, enable the characterization of not only the creep phases,
ut also the crack initiation and crack propagation phases. Indeed,

hese tests give an order of magnitude of the crack propagation
elocity. Besides, the design of the experiment enables one to dis-
riminate among the factors which have a first-order influence on
he crack’s propagation and tends to relativize the influence of the

aterial’s grade in the case of these structural tests.

2

Fig. 1. The test bench.

The first part presents the test setup and the modeling choices
which were made. The purpose of the second part is to study the
details of an example of results in order to pinpoint the different
phenomena observed experimentally. In the third part, the tests are
discussed more globally, leading to the establishment of a hierarchy
among the factors which influence the crack’s propagation.

2. Choice of a model and description of the test setup

A description of the test setup is given in Fig. 1.

2.1. The test specimens

The geometry of the test specimen was axisymmetrical (Fig. 2).
Such a shape enables one to adjust k (Eq. (1)), the biaxiality ratio of
the stresses which occur in the gage length. (In the vessel case, this
ratio varies between 1 in the bottom head and 2 in the cylindrical
part.)

k = �I

�II
with |�III | � |�I |, |�II |, (1)
where �i denotes the principal stresses.
The ratio of the radius to the thickness is close to the case of

1350 MW reactors, but the dimensions were drastically reduced for
economic reasons. The thickness t in the gage length was 0.8 mm
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Fig. 2. A specimen.

grain size about 0.02 mm), the outer radius Rou was 12 mm and the
eight h was 10 mm.

The specimens were manufactured by turning and grinding-
apping from rough piping material set aside during the production
f the vessels. Thus, the thermal treatments (which influence
he fracture behavior of the steel grades) were respected. Two
6MnNiMo5 steel grades were studied: the Krakatoa grade, which
resents a ductility trough between 900 and 1100 ◦C associ-
ted with a damage mechanism of the intergranular creep type,
nd the Rupther grade, which has a much less pronounced
uctility trough associated with a transgranular ductile damage
ype (Fig. 3). The composition of these two grades is given in
able 1.

The thickness of the specimens in the gage length was controlled
y scanning using a three-dimensional measuring machine with at

east 3 latitudes and 4 points per measured latitude. The maximum
hickness variation over a specimen’s wall measured over the entire
opulation was 0.037 mm.
The specimen were mounted in the machine, using a custom
uild clamping mechanism, including an enclosure in order to pre-
ent possible projections of material during cracking.

able 1
hemical analysis of the two 16MND5 pressure vessel steel grades, in thousandths of % m

C Si Mn P S Ni Cr Mo

Krakatoa
140 160 1.310 10 7 790 190 490
Rupther
170 250 1.440 4 2 750 200 510

Fig. 4. Indu

3

Fig. 3. Krakatoa and Rupther grades of 16MND5 steel, emphasizing the ductility
trough (Gentzbittel et al., 2007).

2.2. The loading

2.2.1. Thermal loading
The heat flow produced by the molten corium bath was sim-

ulated by induction heating of the gage length of the specimen.
Two inductor geometries were used (Fig. 4). Inductor 2 provided a
uniform temperature in the gage length of the specimen, whereas
Inductor 1 produced a non-uniform distribution with a hot spot
near the junction of the air gap of the coil (Fig. 5). Heat was applied
using a 6 kW power generator with a water-cooled power source.

The temperature distribution in the gage length was measured
by three spot-welded type-K thermocouples, one of which was
used for feedback-control. Six other thermocouples were welded
over half the height of the specimen. The measurement uncer-
tainty was 1.4% of the measured value. Besides, the temperature
distribution was measured using an infrared camera. Two sapphire
windows were added to the enclosure in order to enable this mea-
surement. A graphite paint was used for the 900 ◦C tests in order to
not be used for the 1000 ◦C tests, resulting in a less reliable mea-
surement. The atmosphere of the enclosure was swept with argon
prior to the test in order to avoid any oxidation development over

ass (the balance being iron).

V Cu Al Co Nb B H (ppm)

7 50 10

4 10 16 4 1 0.1 0.9

ctor.
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Fig. 5. Temperature distrib

he surface of the specimen, which could have impaired the optical
onitoring of the crack’s propagation.

.2.2. Mechanical loading
The stress state of the vessel is biaxial. The initial biaxiality ratio

aries between 1 and 2 depending on the latitude being observed.
his loading was reproduced by subjecting the specimen to ten-
ion and internal pressure. The tests were carried out at a pressure
equal to 2.4 MPa (moderate pressure in the vessel) and a biaxial-

ty ratio k equal to 1.65. The axial stress �zz was greater than the
oop stress ��� in order to enforce a crack propagation in a plane
rthogonal to the axis of the specimen.

The specimen was pressurized with argon. The gas source
as a 50 L bottle loaded at 20 MPa. This bottle was connected to

n electrically activated proportional regulator. The pressure was
ervo-controlled over a 0–4 MPa range. The pressure information
as acquired as close as possible to the gage length of the specimen
sing 2 pressure sensors located on the upper (psup) and lower (pinf)
lamping mechanisms of the tensile machine.

The tensile load was the sum of two contributions:

A load applied by a 10 kN hydraulic tensile machine with
servo-control based on the load. The custom build clamp-
ing mechanisms were water-cooled. The force F was acquired
through a 10 kN range load cell, and the displacement vll of the
hydraulic actuator was acquired through the machine’s LVDT
sensor. (No local measurement of the strains in the gage length
was implemented, but the stiffness of the water-cooled clamp-
ing mechanism and the machine was very high compared to that
of the specimen at 900–1000 ◦C.) The measured load F includes
a component due to friction of a joint positioned between the
enclosure, mounted on the upper clamping mechanism con-
nected to the load cell and the lower clamping mechanism
connected to the hydraulic actuator of the machine. This com-
ponent was not constant because the joint, being positioned in
a groove, first rolled without friction, then was subjected to fric-
tion once it was blocked by the groove’s side. This resulted in an
uncertainty about the magnitude of the load F.
A tension due to the end loading induced by the pressure. This
tension was not measured by the load cell.

Thus, the nominal stresses can be written as:
�� = pinf
Rin

t
, (2)

zz = �pinf R2
in

+ F

�(R2
ou − R2

in
)
, (3)

4

obtained with Inductor 1.

where pinf denotes the pressure measured at the lower clamping
mechanism, F the load measured by the load cell of the tensile
machine, Rin the inner radius, and Rou the outer radius. One should
note that for a given pressure the geometry of the specimen leads
to a stress state higher than that of the vessel. Thus, the initial state
of the tests corresponds to a state in which the vessel would have
already begun to creep.

In order to relate the volume of gas available for the loading
to reality, we compared the ratio of the energy contained in the
volume of pressurized gas to the fracture energy necessary for the
complete hoop failure of the structure, leading to Eq. (4):

psVs

Gctsas
= pvVv

Gctvav
, (4)

where p denotes the pressure, V the volume, Gc the energy release
rate, t the thickness, and a the crack’s length corresponding to the
complete hoop failure of the structure. Indices s and v correspond
to the specimen and the vessel, respectively.

For a similar pressure, neglecting the temperature gradient
through the thickness of the vessel’s wall and setting a latitude
corresponding to a 1-m radius, one gets a representative volume
Vr

s approximately equal to 24 dm3. Two extreme cases were stud-
ied in order to quantify the influence of that volume: a very small
volume (0.4 dm3) and a quasi-infinite volume.

The loading schedule is described in Fig. 6. First, a sweeping
phase of the protective enclosure’s atmosphere was carried out.
Then, the temperature setting was applied at a rate of 150 ◦C min−1

under zero load. The specimen was subjected to mechanical
loading only after the temperature plateau was reached. The
load and pressure were kept constant until the rupture of the
specimen.

2.3. Monitoring of the crack’s propagation

Monitoring of the crack’s propagation was achieved thanks
to an infrared camera (acquisition frequency 177f s−1, resolution
320 px × 256 px) and two high-speed numerical cameras (acquisi-
tion frequency 1000f s−1, resolution 400 px × 400px). The cameras
were arranged so that the whole circumference of the specimen
could be seen. Visualization was made possible by adding windows

to the enclosure.

The image acquisition process was synchronized with all the
other measurements through a trigger. Then it was possible to
obtain the crack’s velocity and the cracked area simply by using
image processing.



Fig. 6. The test schedule.

Table 2
Design of the experiment.

Temperature (◦C) 900 900 1000
Volume (dm3) 0.4 ∞ 0.4
Inductor 1 2 2
Grade Krakatoa
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Fig. 7. Positioning scheme for the test.

Fig. 8. Temperature profile at the beginning of the mechanical loading.
Specimen’s ID F, H Y E, I
Grade Rupther
Specimen’s ID B, D X K, M

.4. Design of the experiment

The design of the experiment, given in Table 2, was devised so
hat the influence of the steel grade, of the temperature and of the
oading volume could be studied.

. Description of the phenomena involved – example of
esults

The test described in this section, performed at 1000 ◦C on the
upther grade using Inductor 2, corresponds to Specimen M. The
ositioning of the cameras and thermocouples is shown in the top
iew of the specimen and induction coil of Fig. 7. Regarding angu-
ar positioning, the thermocouples were set along 3 generatrices
� = {0, 120, 240}).

The temperature profile along the half-height of the specimen
t the beginning of the mechanical loading is shown in Fig. 8.
n the gage length (z = ±5 mm), the temperature was homoge-
eous and the maximum difference measured until the initiation
f the crack over the entire set of tests carried out with that
nductor was 40 ◦C. The temperature varied linearly with the
istance from the induction coil’s air gap. The slope of that
traight line decreased with time because of thermal conduc-
ion.

A similar temperature profile was observed for Inductor 1, with
he hoop variation in the gage length shown in Fig. 5.
The mechanical loading applied to the specimen in terms of
ominal stresses (Eqs. (2) and (3)) is shown in Fig. 9. The displace-
ent vll of the hydraulic actuator is shown on the same graph. A

oom of the mechanical loading at the moment of the crack’s prop-
gation is shown in Fig. 10. Plots of the deformed shapes and of the Fig. 9. The mechanical loading.

5
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tion was stopped. Then, a new localization took place in a different
Fig. 10. The mechanical loading – zoom on the crack.

rack’s propagation are shown in Fig. 11. The arrangement of these
raphs corresponds to the time stamp associated with each picture

f Fig. 11.

The biaxial creep loading induced a longitudinal strain and a
arreling in the gage length. These strains followed the three char-
cteristic stages of creep. During the test being considered, the

Fig. 11. The crack’s propa

6

loading lasted about 50 s prior to the complete rupture of the spec-
imen.

In the tertiary creep stage, one could observe a localization of the
strains and damage leading to a local initiation of a crack. This local-
ization took place in a zone where the ultimate stress was reached.
It could be the result of several types of heterogeneities: a hot spot
tending to lower the ultimate stress of the material and promote
creep; a higher stress induced by a slight bending of the specimen
due to its mounting or by a variation in the thickness of the wall
which became overstressed due to the pressure; or a metallurgical
defect, etc.

The initiation of the crack led to the release of the pressurized
gas contained in the specimen. This release caused local cooling of
the lips of the crack (see the local change of color near the lips of the
crack in Fig. 11). The size of the cooled zone and the temperature
drop are functions of the fracture kinetics. These data are quanti-
fied in Fig. 12 for the tests at 900 ◦C (slow fracture kinetics) and in
Fig. 13 for the tests at 1000 ◦C (fast fracture kinetics). Besides, the
depressurization led to a decrease in the hoop stress ��� and in the
part of the axial stress �zz due to the pressure end loading (Fig. 10).

This cooling tended to reinforce the properties of the material
locally by increasing the ultimate stress. Thus, the crack’s propaga-
zone (e.g. times 3 and 4 in Fig. 11). Consequently, the increase in the
cracked area was induced by multiple initiations of cracks in com-
bination with one another rather that by the propagation of a crack

gation in pictures.



Fig. 12. Cooling of the crack’s lips during the 900 ◦C tests.
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Fig. 13. Cooling of the crac

ssued from a single initiation. While each initiation took place in
plane normal to the axis of the pipe, all of them did not neces-

arily occur at the same latitude. Thus, the crack’s path was not
lways coplanar, which could have had an influence on the crack’s
ropagation velocity.
The crack’s propagation (Fig. 14) followed two phases. Initially,
he propagation was stable because the work of the external forces
as converted into viscoplastic strain energy and surface energy

tored at the crack’s lips. Thus, in the case of test M, the propagation

Fig. 14. Hoop propagation of the crack.

7

s during the 1000 ◦C tests.

occurred at about 30 mm s−1, then it accelerated to end up in an
unstable phase. In that second phase, an important part of the work
of the external forces was converted to acceleration and the crack’s
propagation velocity reached 2 m s−1. The transition between the
two phases is made visible in Fig. 10 by the decrease in the load
carrying capacity of the specimen.

Finally, image processing made the area of the cracked surface
accessible at each instant. Then the experimental depressurization
pexp could be represented correctly by a simple adiabatic depres-
surization law taking into account the head loss in the pneumatic
circuit (Fig. 15):

ṗcalc = pcalc
2�

1 − �

QS

1 + QSt
, (5)

with

Q = � − 1
2

�

ˇ
, (6)

� =
(

2
� + 1

)(�+1)/(2(�−1))
, (7)

and

ˇ = V

�
√

��T
, (8)
where pcalc refers to the pressure, t to time, S to the cracked area,
V to the volume of pressurized gas and T to the temperature of the
gas. The constants � , � and � represent respectively the exponent
of the ideal gas law (1.66), the head loss coefficient of the circuit
and the ratio of the constant 8314 to the atomic mass of argon (40).
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As expected, we could observe no influence of the steel grade on
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Fig. 15. The depressurization law.

. Interpretation of the results in relation to the design of
he experiment

.1. Creep

Fig. 16 represents the axial displacement response of the whole
et of tests which were carried out. One can easily distinguish three
roups, which correspond to the three sets of parameters relative
o the temperature of the design of experiment: {1000 ◦C, Inductor
}, {900 ◦C, Inductor 1}, and {900 ◦C, Inductor 2}. The grey curves
orrespond to the Krakatoa grade and the black curves correspond
o the Rupther grade.

The three groups of curves indicate a significant influence
f the temperature. Indeed, the temperature measured by the
hree thermocouples in the gage length is represented by the
istogram of Fig. 17. The three levels of the histogram corre-
pond to the minimum temperature, the maximum temperature

nd the average temperature over all the acquired points. These
hree values were obtained for the points situated between
he beginning of the mechanical loading and the initiation of
he crack. The hollow histograms correspond to the Rupther

ig. 17. Temperature measured by the thermocouples in the useful zone: maximum valu
he initiation of the crack for each test.

8

Fig. 16. Load line displacement versus time for each test.

grade and the solid histograms correspond to the Krakatoa
grade.

The strain rate for the same mechanical loading was much
higher for the K, M, E and I tests (Inductor 2: 1000 ◦C) than for the
X and Y tests (Inductor 2: 900 ◦C).

The B, D, F and H tests were carried out for a set point of 900 ◦C
with Inductor 1. The measurements show the hot spot at the 0
angular position. Thus, these tests were performed at an average
temperature over the circumference (Tmean) which is greater than
the set temperature (Tset) (Fig. 5), which explains that the strain rate
in these tests was greater than in the tests at 900 ◦C with Inductor
2.

Each group of curves presents a disparity in the results con-
cerning creep, which can also be related to the temperature. For
example, test E departs from tests K, M and I because of a greater
average temperature. Let us recall that the uncertainty of the ther-
mocouples was 1.4% of the measured value.
creep. Indeed, the chemical elements present as traces (aluminum
nitride AlN and manganese sulfide MnS precipitates) whose pro-
portion defines the grades, are preferential sites for the damage
initiation (void nucleation). However, they have little influence on

e, mean value and minimum value calculated from the beginning of the loading to
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ig. 18. Correlation between vll at initiation and the mean propagation velocity of
he crack.

he viscoplastic behavior as they do not disturb the diffusive phe-
omena and the dislocation mechanisms, at least during the first
tage of creep. The volume of pressurized gas has also no influence
n creep because the volume variation caused by the viscoplastic
eformations of the specimen was negligible compared to the ini-
ial volume (even in the case of a 0.4 dm3 volume). Thus, there was
o coupling between creep and the prescribed pressure (Fig. 9).

.2. Initiation of the crack

The initiation of the crack, measured visually, was correlated at
he beginning of the depressurization. The initiation is represented
y a point on the curves of Fig. 16. The magnitude of the axial dis-
lacement of the hydraulic actuator at initiation is shown in the full
istograms of Fig. 18.

No influence of the temperature or of the steel grade is notice-
ble from the point of view of the results in terms of displacements
t the initiation of the crack. The initiation is localized and is the
esult of a heterogeneity (hot spot, slight bending of the specimen
ue to the mounting, thickness, metallurgical defect, etc.) Indeed,
ne can observe that the displacement at initiation was, on the aver-
ge, less for the tests carried out with Inductor 1, which generates
hot spot, than for the tests carried out with Inductor 2.

.3. Propagation of the crack

The mean propagation velocity of the crack, shown in Fig. 18 by
he patterned histograms, represents the ratio of the initial circum-
erence of the specimen to the total cracking time.

.3.1. Influence of the temperature
Histogram 18 shows a dependency on the testing temperature.

he mean crack propagation velocity was higher in the case of the
ests at 1000 ◦C than in the case of the tests at 900 ◦C, even when the
ests were carried out with the same inductor (which, therefore,
ad the same degree of thermal heterogeneity). If one considers
ore specifically the crack propagation velocities during the sta-

le and unstable phases, one can observe that the influence of the
emperature was high in the stable phase. During that phase, the

oop crack propagation velocities ranged from 0.1 to 50 mm s−1 at
00 ◦C, while they ranged from 10 to 500 mm s−1 at 1000. During
he unstable phase, no trend can be seen, with crack propagation
elocities ranging between 1 and 10 m s−1.

9

4.3.2. Influence of the steel grade
As in the case of the displacement at initiation, the steel grade

had no significant influence on the results in terms of crack prop-
agation velocity. Nevertheless, differences concerning damage can
be observed by scanning electron microscopy at the level of the
rupture pattern and of the internal surface in the gage length.

Fig. 19 shows the surface state of the internal wall of the gage
length. Microcracks can be observed very clearly at 900 ◦C for the
Krakatoa grade. Some initial microcracking is noticeable at 1000 ◦C
for the same grade. The internal wall of the Rupther grade is much
smoother at both temperatures. Fig. 20 shows rupture surfaces
involving two localized mechanisms: a high strain and the pres-
ence of void cavities. At the same temperature, the Krakatoa grade
presents a larger number of void cavities and less localized neck-
ing than the Rupther grade, which agrees with the observations of
Gentzbittel et al. (2007) and confirms the relative brittleness of the
Krakatoa grade compared to the Rupther grade, but these phenom-
ena seem to influence the crack’s propagation in the context of our
tests only to the second order.

Therefore, an alternative explanation must be sought for the
dispersion of the crack’s propagation observed in our tests as well
as in other test programs concerned with the same issue (Bentz
et al., 2000a,b; Humphries et al., 2002; Sehgal et al., 2003, 2005).

4.3.3. Influence of the heterogeneity responsible for the
localization

By comparing the crack propagation velocities to the displace-
ment at the beginning of the crack using Histogram 18 for each set
of parameters of the design of the experiment, one can observe that
the earlier the initiation from the point of view of the displacement
at initiation, the lower the crack propagation velocity. Thus, the
larger the mean thinning of the wall of the gage length at initiation,
the faster the crack’s propagation. Besides, on average, the crack’s
propagation velocity for the tests carried out at 900 ◦C was less with
Inductor 1 (hot spot) than with Inductor 2. This enabled the results
in terms of the crack’s propagation velocity to be correlated with
the amount of heterogeneity responsible for its initiation.

Assuming a perfectly homogeneous material, perfect geometry
and perfectly axisymmetrical loading, the plastic instability would
occur homogeneously at the points of the gage length where the
equivalent stress or the diffuse damage is maximum. All the points
would crack simultaneously. Thus, the crack propagation velocity
would be infinite.

In reality, there is a loss of axisymmetry due to some heterogene-
ity. During the creep phase, the specimen undergoes deformation
and damage more or less uniformly depending on the level of
heterogeneity, resulting in both localized plastic instability and
localized damage then, subsequently, localized initiation of a crack.

Turner and Kolednik characterized a crack’s propagation within
an inelastic material by its energy dissipation rate R (Turner and
Kolednik, 1994; Stampfl and Kolednik, 2000), which is an exten-
sion of the definition of toughness proposed by Griffith (1920).
The apparent toughness R represents the dissipated energy which
is necessary for the extension of a cracked surface dA (Eq. (9),
Fig. 21). It can be viewed as the sum of two contributions: a vol-
ume dissipated energy dUun (consisting of viscoplastic dissipation
and dissipation by diffuse damage) and a surface dissipated energy
which is responsible for the creation of the lips of crack � 0 (high
strain and localized damage occuring in the fracture process zone):

R = d(U − Ue) = dUun + �0, (9)
where U corresponds to the internal energy and Ue to the elastic
energy.

Let us now consider the two cases of an early initiation and a
late initiation (Fig. 21). The average deformation and the average



Fig. 19. Comparison of the superficial damage states of the internal wall of the gage length – images obtained by SEM.

Fig. 20. Comparison of the rupture surfaces obtained by SEM.
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Fig. 22. Specimen D: the depressurization correlated with the cracked area.
Fig. 21. The assumption on the influence of the initial defect.

iffuse damage of the uncracked wall of the gage length are less
n the case of high heterogeneity (early initiation) than in that of
ow heterogeneity (late initiation). Thus, assuming that the surface
nergy release rate � 0 is the same in both cases (an assumption
hich must be put into perspective considering the dependence of
0 on the propagation velocity), the volume energy which must

e dissipated inelastically to extend the crack dUun/dA is much
igher in the case of an earlier localization. Therefore, the crack’s
ropagation is slower.

Furthermore, in our case, the depressurization induced by crack-
ng affects the mechanical loading and causes local cooling of the
rack’s lips. These two phenomena tend to amplify the effect of
eterogeneities.

.3.4. Influence of the volume of pressurized gas
The volume of pressurized gas influences depressurization. In

he case of the vessel, the internal pressure was the only contribu-
ion to the mechanical loading. In our tests, the depressurization
esulted in a decrease in the hoop stress ��� down to zero and
decrease in the axial stress �zz down to the value due to the

orce prescribed by the tensile machine. Thus, in order to conclude
egarding the influence of the volume of pressurized gas, one must
ompare the depressurization kinetics to the fracture kinetics. For
he tests carried out with a 0.4 dm3 volume at 1000 ◦C, the frac-
ure kinetics was high compared to the depressurization kinetics;
herefore, the volume of gas was of little influence. Conversely, at
00 ◦C, the fracture kinetics was slow and the structure became
ompletely depressurized before the complete separation of the
tructure. The consequence was a decrease in the axial velocity
f the hydraulic actuator of the tensile machine (Fig. 16) which
ust be correlated with the decrease in the mechanical load-

ng.
Thus, in order to quantify the influence of the volume of pres-

urized gas on the crack’s propagation, one can compare the case
f test D, performed at a low volume, with that of test Y, performed
t a volume considered to be infinite. Figs. 22 and 23 show the
epressurization observed in both tests. This depressurization is
ompared to that calculated for the volume V = 0.4 dm3 and the
epresentative volume Vr

s = 24 dm3.
In the case of test D, the depressurization led to a decrease in

he creep rate (Fig. 16), which, after depressurization, was caused
olely by the axial force applied by the tensile machine. Thus, this

odification of the mechanical loading resulted in a slowing down

f the stable propagation of the crack. In reality, cracking would
ave completely stopped.

Specimen Y was subjected to a depressurization which was
uch more representative of reality. There was no decrease in

11
Fig. 23. Specimen Y: the depressurization correlated with the cracked area.

creep rate. The crack progressed continuously until the unstable
phase of the propagation.

Nevertheless, it remains difficult to quantify the influence of the
volume of pressurized gas because while the two tests (Inductor 1
for Specimen D and Inductor 2 for Specimen Y) did not have the
same heterogeneity ratio, after Specimen D had been completely
depressurized there was no more local cooling of the crack’s lips
which tended to slow down its propagation.

5. Conclusion

A simplified experimental model was implemented in order to
study the creep, crack initiation and crack propagation phases in the
bottom head of a 1350 MW pressurized water reactor subjected to
thermomechanical loading representing a core meltdown accident
involving the transfer of a highly calorific corium bath to the bottom
head.

The simplified model relies on the following aspects:

• Equivalence of the material’s behavior.

Two 16MnNiMo5 steel grades were tested: the Rupther grade
(ductile at high temperature) and the Krakatoa grade (more brittle
at high temperature).
• Equivalence of the dominant geometric parameter.

In the tubular specimen, the ratio of the radius to the thickness
was similar to that of the hemispherical bottom head.
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Equivalence of the stress state.

The specimen was subjected to a biaxial loading whose biaxiality
atio corresponded to rupture at a latitude near the cylindrical part
f the vessel. The equivalent stress corresponded to a state in which
he bottom head starts to creep as the result of a moderate 2.4 MPa
nternal pressure.

Application of a thermal loading with a magnitude similar to that
of the TMI-2 case.

The design of experiment made it possible to study the influ-
nce of temperature (distribution and magnitude), the influence
f the 16MnNiMo5 steel grade and the influence of the volume of
ressurized gas on the creep, crack initiation and crack propagation
hases.

The results indicated the following trends:

Creep: High influence of the temperature. The displacement
velocities of the hydraulic actuator due to creep were approxi-
mately 12 times higher at 1000 ◦C than at 900 ◦C (with the same
inductor).
Initiation of the crack: Only the temperature distribution influ-
ences the displacement at the initiation of the crack. By extension,
the initiation is due to a heterogeneity regarding the loading
(either mechanical or thermal), a structural heterogeneity (thick-
ness, etc.) or a metallurgical heterogeneity. The greater this
heterogeneity, the more it tends to promote early initiation from
the point of view of the average equivalent deformation of the
structure.
Propagation of the crack: Two phases can be distinguished: a stable
phase and an unstable phase with much higher crack propagation
velocities. The stable phase alone seems to be affected by the
parameters of the design of experiment. The dominant param-
eter is the degree of heterogeneity which causes the initiation.
The greater the heterogeneity, the slower the propagation. The
second parameter is the test temperature. The higher the temper-
ature, the faster the propagation in the stable phase. The volume
of gas has an influence only if the depressurization kinetics is
dominant versus the fracture kinetics (the high-heterogeneity
case).

The design of the experiment showed no influence whatsoever
f the 16MnNiMo5 steel grade on the results in terms of creep, crack
nitiation or crack propagation, even though, from a local point of
iew (observation of the fracture pattern), the relative brittleness
f the Krakatoa grade compared to the Rupther grade was con-
rmed. Indeed, the influence of the grade is negligible compared to
he influence of the strain and damage state of the structure when
he crack-inducing instability occurs. That would not have been

he case for tests on a pre-cracked structure, in which the damage
esponsible for the crack’s propagation is localized at the crack’s
ip (the case of tests on CT specimens, which pointed out a great
nfluence of the steel grade on the surface energy release rate � 0;
ardif et al., 2010).
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