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2.19 COMPUTATIONAL SIMULATION FOR CREEP FRACTURE PROPERTIES
TAKING MICROSCOPIC MECHANISM INTO ACCOUNT

Masaaki Tabuchi*
National Institute for Materials Science, Sengen, Tsukuba, 305-0047, Japan

Abstract
Relationship between creep crack growth rate and microscopic fracture mechanism i.e.,
wedge-type intergranular, transgranular and cavity-type intergranular crack growth,
has been investigated. The growth rate of wedge-type and transgranular creep crack
could be characterized by creep ductility. Creep damages formed ahead of the
cavity-type crack tip accelerated the crack growth rate. Based on the experimental
results, FEM code that simulates creep crack growth has been developed by taking the
fracture mechanism into account. The effect of creep ductility and void formation
ahead of the crack tip on creep crack growth behavior could be simulated.

Keywords: Creep crack growth, Alloy 800H, 316 stainless steel, Creep fracture
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1. Introduction
Understanding of creep crack growth behavior is important for the reliability

evaluation of high temperature structural components. Creep crack growth properties
are affected by microscopic fracture mechanism dependent on temperature and loading
condition. For the long-term services, creep crack growth by grain boundary cavitation
[1] is often observed. The creep life and ductility of irradiated damaged material for
nuclear reactor also decreases because it is fractured in wedge-type or void-type
intergranular fracture mode 2]. Type IV creep crack in heat affected zone of welded
components grows accompanied by void formation ahead of the crack tip 3]. It would
be necessary to evaluate the creep crack growth properties, taking microscopic features
such as damage formation into account, for the accurate life prediction.

In the present work, creep crack growth tests were conducted using CT
specimen of Alloy 800H and 316 stainless steel at various temperature and loading
conditions. Creep crack growth behavior was characterized in terms of microscopic
creep fracture mechanism. Based on the experimental results, the FEM analysis code,
which simulates creep crack growth has been developed. In order to simulate
formation and growth of voids by the vacancy diffusion, the vacancy concentration
was calculated by solving diffusive equation under multi-axial stress condition. Creep
crack growth properties of damaged materials were calculated by combining the
critical strain criteria and vacancy concentration criteria. The calculated creep fracture
properties were compared to experimental ones.

2. Experimental
Materials tested are Alloy 800H and 316 stainless steel plates. Creep crack

growth tests were conducted using CT specimen of 50.8mm in width and 12.7mm in

*Corresponding author. Tel: 81-(0)298-59-2201 Fax: 81-(0)298-59-2201

E-mail address: tabuchi. masaaki�nims. go. jp (M. Tabuchi).

- 36 -



JAERI-Conf 2003-001

thickness. Fatigue pre-crack of 2.5mm was introduced at room temperature. After
fatigue pre-cracking, side-grooves of 20% of thickness were machined.

The creep crack growth tests were conducted at temperature range from
873K to 1073K. Creep crack length was measured using D.C. electrical potential
technique. Load line displacement was measured.

3. Results and discussions

3.1 Creep Fracture Mechanisms
Figure I shows microscopic features of creep cracks observed in CT

specimens of Alloy 800H. Three types of creep crack growth, wedge-type
intergranular, cavity-type intergranular and transgranular crack growth were observed
depending on testing temperature and loading conditions. For higher stresses at lower
temperatures, intergranular fracture due to the wedge-type cracking (W-type) was
observed, because the finey' precipitates hardened the metal matrix. For lower stresses
at higher temperatures, intergranular fracture due to the formation of cavities on grain
boundaries (C-type) was observed. Large creep damaged zone ahead of the crack tip
was observed for C-type crack growth. Transgranular fracture (T-type) was observed
between the temperature and loading conditions of W-type and C-type.
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Fig.1 Microscopic features of creep cracks observed in CT specimens
of Alloy 800H.

3.2 Characterization of Creep Crack Growth Rate in Terms of Fracture Mode
Creep crack growth rate was evaluated by C* parameter calculated as follows

[4];

C* n P6
n+1 BN(W - a) n

where, W is the specimen width, a is the crack length, P is the load, BN is the net
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thickness, is the load line displacement rate, n is the creep exponent in Norton's rule
and and 8 are the function of a and W. Materials constants of Norton's rule for Alloy
800H obtained from creep tests of smooth bar specimens are shown in Table .

Table I Materials constants of Norton's rule for Alloy 800H.

Temperature A (MPa-nh-') n
873K 1.67xlO---' 11.3
923K 1.82xl 0-31 12.9
973K 1.80x 10-39 16.5
1073K 4.94x 028 13.5

The relationship between creep crack growth rate, daldt, and C* parameter
for Alloy 800H is shown in Fig.2. The daldt vs. C* relations depend on the
microscopic creep crack growth mechanism. The creep crack growth rate for W-type
and C-type fracture mode was higher than that for T-type fracture mode. The creep
crack growth rate for C-type mode exists between the upper bound for W-type and the
lower bound for T-type mode.
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Fig.2 Relationship between creep crack growth rate, daldt, vs. C* parameter.

Creep ductility was dependent on creep fracture mechanism, and that was
lower for W-type, higher for T-type, and medium for C-type fracture mode. It is
considered that difference of creep ductility among fracture modes is one of the
reasons why daldt depends on creep fracture mode. Fig.3 shows the relationship
between creep crack growth rate at C*=1 W/m 2h vs. reduction of area for smooth bar
creep specimens of Alloy 800H and 316 stainless steel. These relations were
dependent on creep fracture mechanisms. For W-type and T-type fracture mode, the
daldt was inversely proportional to creep ductility as shown with the solid curve in
Fig.3. Creep crack growth rate for W-type and T-type mode could be written as
follows [5];
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da 6.26xlO-' C*092

dt E (2)f

where, q is the creep ductility.
For C-type fracture mode, however, daldt was faster than that predicted from

Eq.2. The daldt was accelerated as the testing temperature and time was increased for
C-type fracture mode 6]. When creep voids are not formed ahead of the crack tip such
as W-type and T-type fracture mode, the creep crack growth rate could be
characterized by the creep ductility. When many voids and micro cracks are formed
ahead of the crack tip, daldt was accelerated than that predicted from creep ductility.
In order to predict the creep crack growth rate under C-type fracture mode, it is
necessary to consider not only creep ductility but also the effect of creep damages
ahead of the crack tip. Vacancy diffusion and void formation accelerated under
multi-axial stress condition at higher temperature should be taken into account.
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Fig.3 Relationship between daldt at C*=1 U/m 2h vs. creep ductility.

3.3 Computational Simulation for Creep Crack Growth

On the basis of these experimental results, we have conducted computational

simulation for creep crack growth taking the fracture mechanism into account. The

two-dimensional FEM analytical model of CT specimen is shown in Fig 4 For W-type

and T-type fracture mode, the daldt was inversely proportional to creep ductility;

therefore the crack growth could be characterized by critical strain criteria. The

creep strain distribution was calculated by FEM using Norton's creep constitutive

equation shown in Table 1. When the equivalent creep strain ahead of the crack tip

reached to the critical value, which is the creep ductility of round bar specimen, the

coordinate of the crack tip node was moved according to the method proposed by Hsu

et al. 7 The C* line integral for the path shown in Fig.4 was calculated for every

time step.
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Fig.4 Analytical model for creep crack growth.

Comparison of computational and experimental relations of creep crack
growth rate vs. C* is shown in Fig.5. The symbols indicate experimental daldt vs.
experimental C* calculated by Eq.1, and the line shows the computational daldt vs.
calculated C* integral. In this case of T-type and W-type fracture mode, the crack
growth rate could be predicted from Norton's creep rule and creep fracture strain. If we
use half value of fracture strain for fracture criteria, the twice value of daldt was
obtained as shown with dashed line in Fig.5. These computational results coincide
with the experimental ones that daldt is inversely proportional to creep ductility.
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Fig.5 Comparison of experimental and computational relation
between daldt vs. C* parameter.

Three-dimensional effect on creep crack growth properties is also important
[1]. We have reported that creep crack growth rate increased as the specimen thickness
increased because of the mechanical constraint effect [8]. Three-dimensional FE model
and equivalent creep strain contour is shown in Fig.6. The creep crack growth of this
model was calculated according to the method mentioned above. Fig.7 shows the
computed crack growth curve. Three-dimensional effect that creep crack propagates
faster in the center of specimen thickness than at the specimen surface can be
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simulated. The calculated C* value was larger in the center of thickness than in surface.
For this computation, the same critical strain value was assumed for every crack path
in the direction of specimen thickness. Further investigation would be necessary,
because the critical strain for crack growth decreases under multi-axial stress condition
such as in the center of thick specimen [5,8].

Fig.6 Equivalent creep strain contour of CT specimen.
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Fig.7 Three-dimensional calculation for creep crack growth.

3.4 Computational Simulation Taking Vacancy Diffusion into Account.

For C-type fracture mode, daldt was faster than T-type due to the formation

of voids ahead of the crack tip. In order to evaluate the effect of void formation for

C-type mode, it would be necessary to analyze the crack growth taking vacancy

diffusion into account under multi-axial stress condition. Vacancy diffusion, void

initiation and crack propagation would be accelerated under multi-axial condition.

Creep voids were observed in the center of CT specimen thickness, because the

multi-axial effect is larger than in free surface. The vacancy diffusion equation under

stress gradient is given as follows 9];

dC VC+ C W (3)dt D V RT

V Grp AV (4)
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where, C is the vacancy concentration, D is the diffusion coefficient, R is the gas
constant, T is the absolute temperature, crp is the hydrostatic stress and AV is the
volume changes by vacancy diffusion. In order to simulate vacancy diffusion and
concentration, Eq.5 in which weight function a, and a2 are added is adopted I I I

dc V2C+a2 D VCVV
,t aD RT (5)

The vacancy concentration around the crack tip is calculated by FEM
according to Eq.5. The changes of vacancy concentration during creep ahead of the
crack tip calculated by using a2lal=300, AV=2.0e-6(M3 /mol) and D=1.5xlO-',
1.5xI 0-IO(M2/S) are shown in Fig.8. The vacancy concentration increases higher in the
center of specimen than in surface. This result is consistent with the experimental
results that creep voids were observed in the center of CT specimen thickness.

In the present simulation, if the vacancy concentration reaches to the critical
value, that means the void initiation, the stiffness matrix [K] around the crack tip is
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Fig.8 Changes of vacancy concentration ahead of the crack tip during creep.
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Fig.9. Example for simulation of creep crack growth
taking the diffusion into account.
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decreased as the vacancy concentration increased. The creep crack growth is simulated
by combining the critical strain criteria and vacancy diffusion criteria. Fig.9 shows an
example calculated by assuming that the critical vacancy concentration ClCo is 17.
The qualitative results that crack initiation time and crack growth rate were accelerated
were obtained while taking the void formation ahead of the crack tip into account. The
quantitative evaluation for the effect of vacancy diffusion on crack initiation and
growth under multi-axial condition should be the future work.

4. Conclusions
The relationship between creep fracture mechanism and creep crack growth

behavior has been investigated on Alloy 800H and 316 stainless steel. Based on the
experimental results, computational simulations for creep crack growth have been
conducted. The results are summarized as follows;
(1) Three types of creep crack growth mechanisms, i.e., wedge-type intergranular,
transgranular and cavity-type intergranular, were observed for Alloy 800H and 36
stainless steel depending on testing conditions.
(2) Creep crack growth rate was dependent on microscopic creep fracture mechanism.
The growth rate of wedge-type and transgranular creep crack could be characterized by
creep ductility. The creep damages formed ahead of the cavity-type creep crack were
considered to accelerate the crack growth rate.
(3) The 3-D FEM code, which simulates creep crack growth, has been developed. The
effect of creep ductility on daldt vs. C* relations could be simulated.
(4) The vacancy concentration was calculated by solving diffusive equation under
multi-axial stress condition. The effect of void formation ahead of the crack tip on
creep crack growth behavior could be evaluated.
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