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1. AIM

The sassessment of crack growth In components at high temperatures usually is
based on the consideration of pure creep crack growth (CCG) and/or pure fatigue
crack growth (FCG). The problem of describing pure CCG and pure FCG and the
transferability to components can be solved under certain presuppositions. However
the real conditions for a component in operation are much more complicated. Gne
of the reasoms for this is the superposition of creep crack growth and fatigue
crack growth, Therefore it is necessary to evaluate the mechanisms of interaction
between these two phenomena [1].

The interaction of CCG and FCG becomes obvious by the influence of one of

the following varameters on the crack growth rate;
- freguency,
- loading- and unloading time,
- hold time in FCG-tests or cyclic unloadings in CCG-tests,
- ratio of maximum and minimum load during a lgad cycle.

The aim of the present work was to find a mathematical description for the
interaction of CCG and FCG based on a damage accumulation rule. As a presup-
position for the description of the interaction phenomena, equations for the
description of pure CCG and pure FCG are mandatory. It must be possible to
describe the damage accumulation by means of these rather simple leading cases.

2. TESTING TECHNIQUES

The standard type of testing specimen for the experiments was the 1"CT-specimen
according to ASTM-E389 [2]. For CCG-tests and the interaction tests the speci-
mens were provided wich 20% side groves. All experiments have been performed
at 700°C. The R-value {minimum load/ maximum load) was 0.05.

3. REFERENCE TESTS {(PURE CCG AND FCG)

A large collection of results of pure CCG- and FCG-tests is given in [3] and [4]
respectively. As a reference for the interaction experiments only the data for the
same production lot were considered.

In the Paris regime of the da/dN vs. AKj-curve pure FCG experiments at 700°C
can be described by the equation:
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da/éN = 2.3-10°8 mm/cycle Ary3-3 (mMpa m1/2) {1
Pure CCG experiments can be described either by the energy rate integral CTF or
by the linesrelastic siress intensity factor Kj. The eria which of both parame-
ters should be used, is given by Riedel's characteristic time ¢; [5]:

]

.
1 = ~ (2
{n+1} ©% B
{v: Poisson's ratio, n: cresn sxponent, E: Young's modulus).
For pure CCG tests the experimentsl time ¢ is always large compared to
and hence C#*-controlled crack growth must be assumed. The following law was
derived at 700°C:

da/dt = 1.5:1078 mfe ©*9.8 [w/m2) ()

{a: crack length, t: time). In this paper, for most experiments the CCG phases
are larger than ty, but in some of the experiments the hold times are compara-
tively shori. For these cases a description by means of Kj was of relevance:

dafdt = 7.7-10716 m/s %27 (Mpa wl/2) (4)

-~

4, INTERACTION OF CCG AND FCG
4,1 FCG with hold cimes

FCG tests with hold times are relatively simple experiments to study the influ-
ence of the interaction of CCG and PCG., Here only one parameter has to be
changed; and with increasing hold time the influence of CCG becormes more and
more obvious.

Experiments with hold times between 30 seconds and 4 hours have dbeen carried
out. The times for the leading ramps and the unleading ramps respectively were
sec.

The tests can be considered as FCG experimenis with constant load periods at
[gad maeaximum or as CCG experiments with pericdic unloadings (cp. Fig. 1).
According to the point of view two methoeds of evaluation are possible:

(i}  Ewvaluation as a CCG-tesi:
- da/dt Is calculated as the total crack increment in a load cycle divided
by the hold time at maximum load,
- Ipading and unloading phases give no centribution to the CCG, they are
short (>0.5 Hz) compared to the hold time, so pure FCG is assumed
during lnading and unloading.

{ii) Evaluation as a FCG-test:
- dafdM is the total crack incremesni per load cycle.

4.1.1 Evaluation as a CCG-test

In fig. Z the hold time experiments are compared to pure CCG experiments. The
crack propagation rate da/di is plotted versus the energy raie integral C¥, The
experiments with short hold times show a larger amount of crack growth per sec-
ond. This is due toc a higher number of cycles per time interval. On the other
hand, the large number of cycles causes a great amount of slastic crack opening.
This leads to high values of C* combined with high crack growth rates.



With increasing hold time, the portion of CCG increases. For hold times of 32
minutes and maore; the cyclic portion is negligible and the situation is similar to
pure CCG (cp. fig. 2}. This behaviour becomes more chvious, if the crack propa-
gation rate iz plotied, versus the hold time st a fized siress intensity factor of
Kimax = 25 MPz m"¢ (cp. fig. 3). At short times the cyclic portion dominates,
with increasing held tme the cyclic influence diminishes, and for ¢, @ o the
creep crack growth rate of pure CCG experimentis is reached.

If the crack propagation rate da/dt is plotted versus Kj, the influence of hold
times becomes sirenger as in the C*-plot {cp. fig. 4). Large hold times give a
larger portion of CCG.

4.1.2 Evaluation as a FCG-test

It the crack propagation rate da/dN is plotted ws. the cyclic swress intensity
factor AKy, the tendency is reverse to the one in the da/de vs., ¥y plot (cp. Fig.
B}, With increasing hold time the crack propagation rate is increassed. This is due
tg the fact, that more iime is available for the creep induced crack growth
during a load cycle, compared to a shorc hold time.

For those issts with the shoriest hold times (¢ = 30 sec) the portien of
fatigue dominztes, as only little time is available for creep induced crack growth.
Thiz s expressad by the fact, that the Parle-line of these tests is verv near (o
the Paris-line of pure FCG experiments, But even for the very short hold tirnas
they do not coincide totally.

4.1.3. Metallograpnical description

g, 6 compares the fracture surfaces of pure CCG-and FCG-sxperiments with
those of hold tlme tests. As for the performed experiments the sxperimental time
was limited by the crack cpening displacement, the itotal amount of crack growth
decreases with hold time. The micrographs of Tig. 7 show the propagation of
cracks for experiments with differcnt hold times. For pure FCG transcrystslline
crack propagation is found, for pure CCG  intercrystalline craclk propagation
dominates, With the increase of hold time, a tendency {or the formation of micro
cracks and for intercrystalline fracture is found. Furthermore for long hold times
2 more severe damage of structure occurs near the initial crack front (co. fig. @
and 7). This is more obvious {or longer hold times and for pure CCG.

4.2 Variation of the loading rate

With increasing loading and unloading time during 2 FCG experiment, the portion
of CCG during these phases should becomes more relevant. To study the influsnce
of the loading vate, experiments with load ramps of 4 minutes and 8 minutes
have been carried out. After the maximum load was reached, the Ioad was
reduced to zero immediately {cp. fig. 8}

An evaluation of the experiments was performed on the base of the cyal
stress intensity factor AKy In fig. 9 the results are compared to those of pu
FOG experiments. The crack growth rate in the tests with 2 loading rate of 4
minutes is approximately [ive times as high as in the pure FCC iests. This i
caused by the creep induced crack growth during the loading phase. On the other
hand, only little increase of the crack growth rate is found betwsen loading rates
of 4 and 2 minutes.
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By comparing the results of chapier 4.1 and chapter 4.2, it is found that the
crack increment per cycle is much more increased by a hold time than by the
length of the load ramp. This is dus to the length of loading at high stress levels
which favour the CCG. In the ramp tests, the high stress levels do not last the
whole period as in the hold time experiments,

5. LINEAR DAMAGE ACCUMULATION

The calculation of crack growth under stress, can be performed on the base of
Ky, C* (CCG) and AKj.
The stress intensity factor is calculated {rom the well-known equation

Ky = 04n a ¥ {5)

{g: stress, a: crack length, Y: function of geometry), Hence only the load and the
original crack length must be known for the calculation of crack propagation by
means of egu. {1} and {4) respectively.

The crack growih as a function of C¥ can be calculated from eguation (31, In
principle C* can be taken from one of the two following equations:

C* = B a Onet™! gy (a/W, n) (6}
o* = 2 KCI @‘netnﬁ*‘ﬂ (7))
{B: constant of Norton's creep law, 0p.¢: net section stress, g; {a/W, n); function

given in the EPRI handbook [6], ¥: crack opening displacement rate). However it
is very complicated to calculate the crack opening displacement rate, and there-
fore only equation (6) can be used for the C* calculation.

5.1 Hold time experiments

It was tried to describe the crack growth in the hold time experimenis on the
base of a linear damage accumulaticn rule. The model assumes, that the crack
increment fa per loading cycle consists of an amount of CCG and an amount of
FCG. The CCG-portion Aag g is preduced during the constant lozd szt lcad maxi-
mum, and the FCG-portion %8fcg during the loading and unloading phase.

ba = Baggy + Bageg (8}
Then the total amount of crack growth during the test is:

N

Bpot = &l Aaccg * ‘&afcg) (9)
i
{N: total numnber of cycles during the test), where
&accg— = ‘(da/dt) 5 M th; i:‘accg‘ = (da/dN.) E N ° L‘SN (LB)
ay a; + Aagey

{aj: crack iength during the iy, cycle, iy load time)
With equ. {1}, {3) and {4} a general expression for the crack increment in the

ith cycle can be given:

3

ator = A Kplaii™? ty + B 8Kplag+ Bageg)™ AN {11)

NN

=D C%(a;)9 &ty + B AK;

—

2+ ﬁxaccg}m AN {12}
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(A, B, D, n, m, g are constants).

To validate the quality of crack length calculztion, the relative error is used. It
is expressed by the difference of calculated and experimental final crack lengths
divided by the crack propagation during the test. The final crack length was cal-
culated on the base of mean values of the pure CCG- and pure FCG-experiments.
The material laws for the calculation of crack propagation are equ. I and 3 (4K,
Ky} or equ. 1 and 4 (8Kj, C*) respectively.

If the crack growth is calculated only on the base of the stress intensity factor
(Kp 8Kp), the crack growth is strongly underestimated (up to 60%). The calculation
on the base of C* and 4Ky gives positive and negative deviations. For short hoid
times the negative deviations become larger, but for hold times z 4 minutes the
deviations are -38% and +2Z7%. From the fact, that by the calculation on the base
of C* and 8Ky the experimental results sometimes are overestimated and some-
times are underestimated, it can be assumed that this is a2 valid calculation
method.

For the statistical confirmation of this assumption however, & great number of
experiments must be performed. But more information on the validity can be
gained, if the crack propagation is not calculated from the mesn curves of pure
CCG and pure FCG, but from their upper and lower border., These curves are
given bys:

upper borders:

da/dt
da/dmN

I

It
e =2

.6 = 1078 m/ge ox0.8 (w/m2)
0 -+ 1078 mm/cycle: AK;3-0 (MPa mﬂ/2)

lower borders:

da/dt = 8.0 - 102 m/s- C*0.8 (w/m?)
da/dn 1.2 - 10-8 mm/oycle- AKI3°0 {MPa mT/2)

The calculations on the base of the lower borders systematically underestimate
the crack propagation, as the calculations on the base of the upper borders
systematically overestimates the crack propagation [1]. Therefore the calculation
of crack propagation on the base of the lower borders of pure CCG- and FCG-
curves leads to a2 conservative result.

5.2 Variation of loading rate

Some experiments were carried out with saw tooth shaped loading cycles. The
loading time was 4 and 8 minutes, The CCG during the loading was considered in
2 similar way as in the hold time experiments, but now 2 number of Inad levels
were assumed during the increase of load. Therefore the crack growth in each
load cycle caused by CCG is given by (cp. fig. 8)

T B,

1AaCCGi (15)

acee =
bR

Where Baccgi is the crack increment during the ith step of calculation.

Opposite to the hold time experiments, the calculation an upper limits {equ. 15
is not conservative, Thercfore the assumed concept is not suitable for the
description of slow loading experiments,



The reason for the failure is assumed to be in the validity of the C*% laws. The
latter were derived for counstani loads under the assumption of power law creep,
as in gur case the load steadily increases during each load cycle. Therefore the
presuppositions of the C% integral are violated. But a calculation by means of the
lineerelastic Ky Is not conservative either. On the other hand, a calculation under
the assumption of only the maximum load during the whole cycle is extremely
conservative, But this seems to be the only way out at the moment.,

8. CONCLUSIONS

- FCG tests have been carried cut with hold times between 30 seconds and 4
hours. Experiments with hold times of more than 32 minutes lead to resulis
similar of pure CCG-tests.

-  PCG-tests with hold times at lnad maximum show larger crack propagation
rates as pure FCG- and pure CCG-tests. The increase of the crack propa-
gation rate with hold times is an expression of the CCG on the FCG.

~  The crack growth rate per cycle is increased if the duration for the load-
ing ramp is increased from 4 to 3 minutes.

- A linear damage accumulation rule was used to give a mathematical
description for the interaction of CCG and FCG.

- A linear damage accumulation rule can be used to describe the crack prop-
agation in FCG-experimenis with hold times. The calculation is based on
the laws for pure FCG (da/dN vs, 4K7) and pure CCGC {da/dt vs. C*). If the
lower borders of pure CCG- and FCG-experiments ars uwsed, the results ars
conservative.

-  Some experiments with saw tooth shaped loading cycles and different load
step rates were performed. The attempt to apply the linear damage accu-
mulation rule to these experimenis by considering the CCG during the load
increase was negative.
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