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ABSTRACT

To verify fracture mechanics based methods for the assessment of components, in the NESC II project two
cladded cylinders were tested under thermal shock loading conditions. One cylinder had a fully circumferential crack
under the cladding, in the other cylinder two circumferential semi-elliptical cracks were introduced on the inner
surface at locations 0° and 180°, respectively. During the test crack initiation and arrest were detected for the cylinder
with the complete circumferential flaw, whereas no crack initiation occurred for the semi-elliptical surface cracks.
This paper deals with finite element analyses of those experiments and their evaluation on the basis of available
experimental data on fracture toughness for the material of the cylinders.

The material fracture toughness was characterized using the master curve approach, and the related reference
temperature, T0, was determined on Charpy sized SE(B) specimens having crack depths of a/W=0.5 and 0.1. The
bending tests result in different reference temperatures for specimens with deep and shallow cracks which is in
agreement with constraint considerations at the crack tip. After the tests the fracture surfaces were investigated to
determine fracture origins and mechanisms. In addition, finite element simulation of the bending tests was performed
and the material relevant fracture parameters were evaluated.

The experimental data and the master curve concept are used further for the assessment of the component
tests. Considering the constraint situation ahead of the crack tip as well as the different crack lengths in the tested
cylinders, the analyses show a possibility for crack initiation in the cylinder with the complete circumferential crack,
while no initiation is predicted for the surface cracked cylinder.

INTRODUCTION

In the European NESC II project (Network for Evaluation of Structural Components, Phase II), two cylinders
with artificial cracks were investigated in order to verify fracture mechanics based concepts for the assessment of
components. One cylinder contained a fully circumferential crack under the cladding (test NP2), the other one had
two shallow circumferential surface cracks through the cladding (NP1). Both cylinders, tested at MPA-Stuttgart, were
subjected to complex loading resulting from thermal shock applied at the inner surface, internal pressure and an
additional axial load. The cylinders had an inner radius of 203 mm and a wall thickness of 189 mm including an 8 mm
thick austenitic cladding. The complete circumferential under-clad crack had a depth varying from 6 mm to 10.5 mm,
the surface cracks had a nearly semi-elliptical shape with a depth of 20 mm and 24 mm, and a length of 59 mm and 63
mm, respectively.

During the test, crack initiation was observed in the cylinder NP2 with crack jumps varying between 4 mm
and 18 mm along the circumference; no initiation was noticed for either surface crack in the NP1 cylinder.

The cylinder material was a 17 MoV 8 4 mod steel specially degraded by heat treatment to obtain high
reference temperatures and thus to attain brittle fracture in tests. The yield stress of the base material ranges from 680
MPa at room temperature to 595 MPa at 300°C, the yield stress of the cladding at 20°C and 250°C is 342 MPa and
247 MPa. Multi-linear, temperature dependent true stress versus true strain curves and other relevant material data
were used according to measurements performed at MPA-Stuttgart.

To determine the fracture properties of the degraded base material, SE(B) specimens of size 10x10x54 mm3

with deep and shallow cracks were investigated and the reference temperature according to the master curve approach
was determined. The aim of the investigations was to explain the different experimental results and to verify the
concepts used for the assessment of power plant components.
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FRACTURE MECHANICS TESTS

According to the multi-temperature testing and evaluation procedure [1], the fracture toughness of the base
material was determined by testing Charpy sized small bending specimens with the cross-section 10x10 mm2. The
influence of various constraint condition on the fracture toughness was investigated by testing specimens with
different ratios of crack length to thickness, a/W.
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Fig. 1 Fracture toughness of the degraded material 17 MoV 8 4 mod using the master curve concept:
(a) specimens with deep cracks, a/W=0.5; (b) specimens with shallow cracks, a/W=0.1
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Figure 1 shows the master curves determined by testing specimens with deep cracks at temperatures 25°C
and 70°C (a) and the results for the shallow cracked specimens at 25°C (b). The reference temperature, T0, is found to
be 76°C and 25°C for the specimens with deep and shallow cracks, respectively. This difference in T0 can be
attributed to different degrees of stress triaxiality at the crack tip, as discussed below. In both cases a size correction
was applied to obtain the K25mm-values for the standard thickness of B0 = 25 mm from the SE(B)-specimens with
thickness B = 10 mm according to [2]

K25mm = Kmin + (KJC – Kmin) (B/B0)0.25  (1)

with Kmin = 20 MPa√m.
Fracture surfaces of the test specimens were investigated to determine the location of fracture origins and to

explore the failure mechanisms. A typical pattern of a fracture surface is given in Fig. 2 for the case of the specimen
with a deep crack tested at 70°C. The fracture origin is clearly visible in the middle of Fig. 2a and it is located about
100 µm ahead of the fatigue crack front (the latter can be recognized in the lower right corner marked by the frame).
The failure mechanism is pure cleavage and spreads in radial direction, one crack front extends in crack direction the
other one backwards to the fatigue crack. The remaining ligament between the cleavage origin and the initial fatigue
crack front is then separated by ductile shear. This conclusion follows from Fig. 2b, which is a detailed view of the
lower right corner in Fig. 2a. The width of the shear band is about 30 µm.

   (a) (b)

Fig. 2 Fracture surface for the specimen with a deep crack tested at 70°°°°C: fracture origin (a) and
detailed view showing shear band between fatigue crack front and the cleavage origin (b)

NUMERICAL ANALYSIS OF FRACTURE TESTS

Fracture tests on SE(B) specimens were simulated using 3D finite element models considering the real
curved crack front. Two specimens with deep cracks at temperatures of 25°C and 70°C and one specimen with a
shallow crack at 25°C were analyzed. Both the global specimen behavior (force versus load line displacement) and
local stress state at the crack front (stress distribution and constraint) were evaluated. All analyses were performed
with the finite element program ABAQUS [3] considering elastic-plastic material behavior and geometric non-
linearity.

As a measure of the crack tip constraint, the triaxiality factor is used

h = σh / σe (2)

where σh is the hydrostatic stress and σe is the von Mises equivalent stress. The results of the constraint evaluation for
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all three specimens are presented in Figs 3 and 4 at loading corresponding to fracture onset. Depending on the crack
geometry and test temperature, the constraint factor reaches its maximum value a distance of 60 µm to 100 µm ahead
of the crack tip. This also corresponds with the location of the maximum principal stress, so that one can expect a high
probability of crack initiation in this region (see, e.g., [4]). These numerical results support the experimental
observations of fracture surfaces (Fig. 2).
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Fig. 3 Stress triaxiality ahead of the crack tip at 25°C and 70°C, a/W = 0.5
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Fig. 4 Stress triaxiality ahead of the crack tip at 25°C, a/W = 0.1

Compared with the shallow cracked specimen (Fig. 4), both specimens with deep cracks (Fig. 3) reveal
considerably higher constraint levels. This suggests an explanation for the difference in the reference temperature
determined on specimens with different crack depths (Fig. 1). In attempt to quantify the effect of the crack tip
constraint on T0, Wallin [5] derived an empirical relationship between the reference temperature, T0, and the T-stress
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of a specimen with a shallow crack
T0 = T0deep + Tstress / (10 MPa/°C), Tstress < 0  (3)

Here T0deep denotes the reference temperature defined on standard specimens with deep cracks.
A finite element analysis of the shallow cracked specimen resulted in a T-stress value of some -400 MPa or,

according to Eq. (3), in a shift of 40°C in the reference temperature which agrees well with the T0 values measured in
the fracture toughness tests (Fig. 1).

ANALYSIS OF COMPONENT TESTS

The cylinder with the fully circumferential sub-clad crack was analyzed with a 2D axial-symmetric model
assuming a constant crack depth with the maximum value of 10.5 mm. The cylinder with two surface cracks was
simulated using a 3D model of the larger crack under consideration of symmetry conditions. Figures 5 and 6 show the
finite element models of both cylinders with mesh details around the cracks.

Fig. 5 Finite element model of the cylinder with axial-symmetric sub-clad crack (Test NP2)

Fig. 6 Finite element model of the cylinder with surface crack (Test NP1)
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Both models were loaded by internal pressure, axial load and thermal shock at the inner surface according to
the test conditions. For the cylinder NP2 the internal pressure was 58 bar, the axial load 43 MN and the temperature
changed from 235°C to 15°C. In the NP1 cylinder test the internal pressure was 78 bar, the axial force 20 MN and the
temperature changed from 155°C to 23°C. For both test conditions the calculated temperature profiles through the
cylinder wall are in good agreement with measurements provided. Following temperature analyses, the stress
calculations were performed and the J-integral was estimated based on the virtual crack extension method. The stress
intensity factor, KI, was then determined from the J-Integral values.

The calculated load paths for both test cylinders are shown in Fig. 7 together with the material fracture
toughness curves. The stress intensity factors reach maximum values 115 MPa√m in the test NP2 and 73 MPa√m in
the test NP1 at temperatures of 129°C and 105°C, respectively. Comparison of the load paths with the material
fracture toughness curve derived for specimens with deep cracks suggests no crack initiation for either of the two test
cylinders.
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Fig. 7 Load paths KI versus T for the component tests NP1 (surface crack) and NP2 (fully
circumferential sub-clad crack) in comparison with material fracture toughness
determined on SE(B) specimens with deep cracks

DISCUSSION

Essential factors determining the possibility of crack initiation (failure mechanism and failure probability) are
the degree of constraint ahead of the crack front which is mainly influenced by the crack depth and shape, and the
crack length which affects the failure probability.

The constraint levels in the cylinders NP1 and NP2 are comparable. From the finite element calculations
triaxiality factor, h, is found to be between 2.0 and 2.1 (Fig. 8) which is very close to the fracture toughness test
results for the shallow cracked specimens. These specimens led to a shift of the reference temperature of about 50ºC
to lower temperatures which would make a crack initiation much more unlikely. On the other hand, the depth of the
initial fatigue crack in the NP2 cylinder varied from 6 mm to 10.5 mm along the circumference. This would result in
different KI and constraint values with the tendency of higher K-factors and higher constraint values for local areas
with lower crack depths. This fact could be one explanation for the crack initiation and its inhomogeneous extension
along the circumference observed in the test NP2.

Another point of concern is an effective length of the crack front where high level of loading combined with
high constraint can cause crack initiation. Formally applying the size correction, Eq. (1), to the NP1 test with the
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length of the crack front of about 80 mm leads to a shift in the reference temperature of about 15ºC, which has no
essential influence on the assessment results. In contrast, the length of the circumferential crack in the NP2 cylinder is
nearly 1400 mm thus yielding the temperature shift of 70ºC. In reality, a combination of higher constraint due to the
waved crack front and the consideration of an effective crack length, assumed to be of the order of a quarter of the
circumference, could give rise to a reference temperature of about 120ºC, thus one could expect the crack initiation.
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Fig. 8 Triaxiality factor at the crack front in tests NP1 and NP2

Finally, an additional difficulty for the component assessment is the difference in the fracture mechanism of
the fracture tests of the SE(B) specimens and the NP2 test. Whereas the SE(B) specimens showed brittle transgranular
fracture, the failure mechanism in the NP2 test was rather intergranular. This difference can partly be attributed to a
relatively high temperature at crack initiation in the component test and, what is more probable, to an influence of the
manufacturing process (cladding introduced over already existing fatigue crack) on the properties of the base material
in the region of the crack front.

SUMMARY

In the framework of NESC II project two tests on cylindrical components with artificial cracks under thermal
shock loading conditions were evaluated using fracture mechanics methods.

To characterize the material properties, the master curve concept is employed. The reference temperature, T0,
for the test material was determined on Charpy sized SE(B) specimens with both deep and shallow fatigue cracks. The
reference temperature from the shallow cracked specimen tests is found to be some 50°C lower than that for the
specimens with deep cracks. This difference can be explained by comparing the stress triaxiality for the respective
crack lengths. So the performed finite element calculations show a lower constraint for the shallow cracked specimen
and suggest a shift in T0 of about 40°C.

Examinations of  specimen fracture surfaces reveal cleavage failure origins located some 100 µm ahead of
the fatigue crack front in agreement with calculated locations of maximum stress and constraint.

Using the master curve concept the component tests are assessed. No crack initiation can be predicted for
both cracked cylinders comparing the load paths with the material fracture toughness data obtained on small sized
specimens. However, taking account of the local constraint level at the crack tip as well as the difference in the crack
length for cylinders and fracture specimens, one can explain the observed crack initiation for the cylinder with the
complete circumferential crack and exclude crack initiation in the other test cylinder containing surface cracks.
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