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1. Introduction

This paper introduce theoretical creep crack growth
prediction model“® and provides experimental
validation of the approach for simulating creep crack
growth using finite element analysis method, recently
proposed by the authors®. The FE creep damage model
is based on the creep ductility exhaustion concept, and
incremental damage is defined by the ratio of
incremental creep strain and multi-axial creep ductility.
A simple linear damage summation rule is applied.
When accumulated damage becomes unity, element
stresses are reduced to almost zero to simulate
progressive crack growth.

For validation, simulated results are compared with
experimental data for a compact tension specimen of
modified 9Cr-1Mo at 600°C under various loading
levels. The simulated results agree well with
experimental C*-da/dt data. The test data are also
compared with theoretical CCG prediction model.

2. Steady state creep crack growth models

A model has been proposed @ to predict the steady
state creep crack growth rate from uniaxial data. The
model is generally referred to as the NSW model after
its authors (Nikbin, Smith, Webster). The NSW model
has been later developed and extended. In this section,
the original and modified NSW model are summarized
and compared with experimental data.

2.1 NSW model

In the NSW model, the creep process zone is defined
as a region ahead of the crack tip where creep strains are
developing. Failure is considered to occur by a creep
ductility exhaustion approach, is attained at a
characteristic distance, r., ahead of crack tip. Hence,
creep damage is defined in terms of creep strain
accumulation. The steady state creep crack growth rate

prediction from this model is given by
n
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Where A and n are obtained from minimum creep

*

data, “f is multiaxial creep ductility, using an

appropriate model, such as Cocks and Ashby model®.

In is function of n in HRR field. The model is relatively
insensitive to re.

2.2 Modified NSW model

The modified NSW model® considers the
dependence of creep strain on both the crack tip angle,
@, and the creep stress exponent, n, in addition to the
stress state. The steady state creep crack growth rate
prediction from this model is given by
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Crack growth is predicted using the maximum value
of the angular function, £les , Where € is a non-
dimensional function of € and n. Values for € and 'n
are tabulated in Ref. (6). More detailed information on
CCG models can be found in Ref. (3).

Fig. 1 shows comparison of theoretical prediction
models with test data. It shows that the plane strain
prediction and plane stress prediction bound the test
data. Modified NSW model gives more accurate
prediction than NSW model.

3. Simulation method and damage model

The method to simulate creep fracture, proposed in
this paper, requires accurate description of creep
constitutive model for FE damage analysis, representing
entire creep curves. In this work, Eq. (3), consisting of
three terms (similar to the Graham-Walles creep law'”),
is used to describe entire creep curves.

b= Ao e + Ao ™ g2 + A30'n38213 3)

where stress in MPa, time in hour and creep strain
rate is in 1/h. The damage model proposed in this paper
is based on the ductility exhaustion concept.

Incremental damage, A® | due to deformation can be
expressed as follow:

Ag,

Aw=—
5 (4)
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Fig. 1 Comparison of test data with theoretical CCG
prediction models.
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Fig. 2 Comparison of test data with FE CCG
prediction results.

where ° is the multiaxial creep fracture strain which
depends on multiaxial stress condition. When the
accumulated damage calculated from Eq. (4) becomes
unity, local failure is considered to occur and
progressive cracking is simulated.

To incorporate dependence on triaxiality (= °m/%e),
the Multiaxial Ductility Factor (MDF) of Rice and
Tracey model® is modified and adopted:

MDF = £f— aexp(—1.5a—mJ+ﬁ’ (6)
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where °m is mean normal stress, “€ is equivalent
stress, and are material constants, respectively.
More detailed information on determination of MDF
(material constant « and ) can be found in Ref. (4, 9-
10).

When the accumulated damage at a FE gauss point
becomes unity, load-carrying capacity should be
reduced to zero. Although there can be several ways to
simulate loss of carrying capacity, it is simulated simply
by reducing the elastic modulus to almost zero in the
proposed method. The above failure simulation
technique is implemented in the ABAQUS™Y using the
user-defined subroutine USDFLD. More detailed

information on creep failure simulation method can be
found in Ref. (4).

Fig. 2 shows comparison of FE results with test data.
It includes the regression fit to test data, given by

3—? =0.0189(C™)%"7 @

with da/dt in mm/h and C* in N/mm- h. FE analysis
predicts da/dt slightly higher than experimental
regression fit, but the predicted results are in the test
data band.
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