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Creep crack growth rates have been measured in the nickel-base alloy Mimonic
80A at 600°C and 650°C and in a LCr-1/2Mo steel at 450°C, 535°C and 600 'C in
air and in Ar/3%H,. In Nimonic 80A, the crack growth rates correlate with the
stress intensity factor Kp, while in the steel, the line integral € has been
found to be the correlating load parameter. Both observations are in accord
with continuum-mechanical theories of creep crack growth. The micromechanism
of crack extension in Nimonic 80A could not be clarified conclusively.
Corrosive effects certainly play a role as demonstrated by the sensitivity to
the atmosphere. Crack growth in the steel is quantitatively described by a
model based on creep-constrained cavitation of grain boundaries ahead of the
crack tip. Several other possibilities can be ruled out.
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INTRODUCTION

Ccrack growth under elevated temperature creep conditions has two important
aspects. The first aspect concerns the macroscopic deformation behavior of the
cracked specimen. A continuum-mechanical analysis of the deformation fields
answers the question which load parameter (KI,J, ¢* etc.) characterizes the
crack-tip fields. Such an analysis has been done by Riedel and Rice (1980),
ohji et al (1980a) and Riedel (1981la). The micromechanisms of crack extension
(grain-boundary cavitation, corrosion) represent the second aspect of creep
crack growth. Both of these aspects will be addressed below by comparing
theoretical predictions with data obtained for two commercial alloys.

EXPERIMENTAL

The vy’ - hardened nickel base alloy NIMONIC 80A was received as a forged bar
which was given the standard two-step heat treatment. The alloying elements
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were 19%Cr, 2.2%Ti, 1.3%Al, 0.28%Fe, 0.18%Si, 0.13%ZMn and 0.07%C. The creep
rate in uniaxial tension can be fitted with Norton’s creep law

R (1)

giving A = 3.3~10_44 MPa~"/s and n=13 at 650°C. The 1Cr-1/2Mo steel (13CrMo44
in German notation) was tested as new material cut from a thick-walled pipe
having a fine, bainitic microstructure. However, the majority of the tests was
done on the same steel that had been in service for 103,000 h at 530°C under a
stress of nominally 52 MPa. During that time, the carbides have coarsened and
the uniaxial creep resistance has dropped accordingly. The parameters of
Norton’s creep law are A = 5.6+107 MPa~"/s and n = 8.6 for the old material
at 535°C.

Compact specimens were machined from these materials in the sizes CT1/2, CT1
and CT2. The specimens were pre-cracked by fatigue loading at room temperature
and most of them had side grooves of the type suggested by the three-dimens—
ional finite element calculations of deLorenzi and Shih (1983). Their depth is
25% of the half specimen thickness, the included notch angle is 45° and the
notch root radius is 0.1 mm. These side—grooves should make the crack-tip
field similar to the plane-strain field along the whole crack front.
Accordingly, the crack front remained straight in side-grooved specimens
except for a slight acceleration near the side grooves. To avoid this
disturbance it is recommended to make the notch root a little less sharp.

The creep crack growth tests were done using servo-mechanical testing
machines. A microprocessor controls the value of the force according to a
desired program (e.g. constant Ky or C’). Most of the tests reported here were
done under constant load since Kj or ¢® vary slowly enough so that there is no
difference in crack growth rate compared to tests with constant Ky or C .

The crack length is measured using the electric potential drop technique and
the elastic compliance. The potential drop technique, if compensated for
temperature fluctuations, works well in the case of the steel but gives no
reproducible signal for Nimonic 80A. As the reason for this we identified
metallic bridges between the crack faces far behind the crack front. In
Nimonic 80A at 650°C the crack advances with little ductility so that the
separation of the crack faces is less than the roughness of the fracture
surface. The compliance method allowed no precise crack length measurement
either. One of the problems was the mechanical instability of the testing
machine which experienced uncontrollable small torsions when the direction of
the strain rate was reversed. Therefore, the crack length in Nimonic R0A was
measured by markings on the fracture surface set by changes of the load or of
the atmosphere. The potential drop technique and the compliance method were
used to interpolate between the markings.

pifferent gases could be brought to the crack-tip region through a thin tube
wound around the CT-specimens, following the machined notch and the side
grooves. The tube contains fine holes towards the CT-specimen. This simple
set-up suffices to set markings on the fracture surface and to test qualit-
atively whether creep crack growth is sensitive to the atmosphere. A strong
corrosive effect has been reported to exist in many alloys (Speidel, 1981) .
The C*—integral was determined from load, P, load-line displacement rate, A,
and crack length, a, according to the formulas given for J in the Fracture
Handbook of Kumar et al (1981). (Recall that C is the viscous analogue of J
if strain and displacement are replaced by their time rates). The following
formulas were employed:

C* = a A 02}-% 81 = 89 Oeff iR = 83 &l+1/n(aA)_l/n, (2)
where the g’s are functions of the ratio a/W (W = specimen width) and of the
creep stress exponent n. Their relation to the functions hy, hy, h3 tabulated
by Kumar et al (1981) is obvious and has been explicitly given by Riedel
(1983a). For specimens without side grooves, Ogff is the net sectio? stress,
Opet? (load/area of ligament) . Side grooves are taken into account in the
usual approximate manner by using the plane-strain values for g;, 82> 83 and
writing

vogs = P/L(W-a)Bgggl  with  Begp = B - (B-Bpoy)?/B- (3)

Here, B is the total specimen thickness and B, .t is the thigkness between the
roots of the side grooves. The forms of eq. (2) containing A can only be
applied if the displacement rate, A, arises mainly from creep deformation of
the specimen rather than from the increasing elastic compliance by crack .
growth. This requirement is fulfilled for the steel but not for Nimonic 80A in
our experiments.

THE APPROPRIATE LOAD PARAMETER

1f the deformation behavior of the material (with the possible exception of a
small zone near the crack tip) can be described as elastic-nonlinear viscous,
cracked specimens exhibit a transient deformation behavior from predominantly
elastic to extensive creep. The characteristic time for this transition has
been calculated by Riedel and Rice (1980) and by Ohji et al (1980a) as

£, = K2(1-v3)/[(m+1)E c*1 D)
(v is Poisson’s ratio). As an example, consider two CTl-specimens with a/W =
0.5 without side grooves, one made of Nimonic 80A and the other made of the
0ld material of the CrMo steel. The first one is subjected to a load 30 kN at
650°C and the second one tQ 22 kN at 535°C. With the creep data given in the
section on Experimental, C* can be calculated from the first form of eq. (2)s
while Kp is determined in the usual way. Taking E = 170 GPa for th§ nickel
alloy and E = 150 GPa for the steel gives t; = 600 years for the nickel alloy
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Fig. 1. Correlation of crack growth rate with Kp and C  for new material
of 1Cr-1/2Mo steel at 535°C. Arrows denote data near beginning of tests.
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and t; = 26 minutes for the steel specimen. Since under the conditions

assumed, the lifetime of the two specimens is found experimentally to be a few

weeks, it is clear that the Nimonic specimen fails within the elastically
dominated short-time limit, where Ky is the right load parameter, while the
steel specimen fails within the C —controlled long-time limit.

Figure 1 demonstrates that in fact the crack growth ratesg measured in steel
specimens of different sizes are uniquely described by C°, whereas Ky gives no
reasonable correlation. The correlation of the crack growth rate, a, with K
for Nimonic 80A is shown in Fig. 3. 0f course, K; can only correlate the data
points measured at the same temperature in the same environment. The
correlation is not overwhelming, maybe due to the experimental difficulties
described above, but it were much worse if ¢ had been used.

MICROMECHANISMS AND CRACK GROWTH RATES

In Nimonic 80A, cracks grow intergranularly. Parts of the fracture surface
show the dimpled structure which is typical for grain-boundary cavitation. On
etched and polished sections of the crack-tip region, cavities could only
rarely be identified, and it is not obvious by which micromechanism a sharp
crack like that shown in Fig.2 manages to separate the grains, preferably
along the carbide/matrix interface. In the optical microscope, the grain-
boundary carbides near the crack tip look as though they were affected by
corrosion. At any rate, corrosive effects play an important role in Nimonic
80A. This is demonstrated in Fig. 3, which shows that crack growth rates in
argon + 3% hydrogen are about ten tines greater than in air. The data points
for 650°C in air suggest a bilinear dependence of a on Ky (in a log-log plot).
At high values of Ky, the slope is between 4 and 5 while at low stresses the
data are compatible with a slope of 13. A slope equal to the creep stress ex—
ponent, n=13, is expected if crack growth ensues subject to a critical strain
criterion (Nix et al, 1977, Hui and Riedel, 1981). If the crack growth rate,
4, is assumed to depend on temperature in the usual exponential fashion, the
data in Fig. 3 give an activation energy of 240 to 300 kJ/mole. Finally, the
crack growth rate exhibits a transient behavior: shortly after the beginning
of a test, the growth rates are higher than later on (for the same value of
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Fig. 2. The sharp tip of an inter- Fig. 3. Crack growth rate
granular crack in Nimonic 80A. vs. Ky in Nimonic 80A.
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y‘). For clarity’s sake, these data points were omitted from'fziie3. A
consistent explanation for all these observations is not avail B

for the chromium-molybdenum steel, the situation is much more févorable. _
Micrographs show grain boundary cavitation ahead of the crack tli asfgeiznon
strated by Fig. 4. The atmosphere (air or Ar/H,) has no measurable i he o
the crack growth rates. Correspondingly, the observed cra?k growth 1e avnce
can be explained successfully by a model for crack extension ?y coa isce .
with cavities (Riedel, 1981b, 1983a). 1f local failure by cavity coa escenc
(s controlled by the attainment of a critical strain, €., over.a micr?— .
structural length, X, the main crack starts growing after an incubation

1
ey = (1/ap) (1+1/n) € (xc/c")“/(““1)/A1/(n+ ). (5)

a; = : ile
pirecly after initiation, the crack grows at a rate a; = xc(1+1/n)/t1 wh
for larger amounts of growth, Aa >> XKoo the growth rate becomes

a = o Al/(n+l) C*n/(n’*‘l) [Aal/(n"’l) - By xcl/(rﬂ—l)]/ec_ (6)

/ =
The numerical constants have typica% values of o, = 0.01;61,E on —_0;00;2; Bn
0.96 for n = 8.6, and a, = 0.043, ap = 0.0060, B, = 0.94 for mn = /.
vreep—constrained cavity growth, €. is of the order

€. = 0.3(0g/op) xc/d = 0.08 x./d, 7

where d is grain size (Dysonm, 1976, Rice, 1981, Riedel, 1983b). Here, t:etween
numerical factors are valid for n = 8.6. In the second form, the ratio 22 we
equivalent tensile stress and maximum principal stress was.chosendaf ?;20
appropriate for the HRR-field of a plane—strain crack. Taking xc/ =

gives a critical strain of 0.4%«
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Fig. 4. Cavitation ahead of main ] )
crack in 1Cr-1/2Mo steel (old Fig. 5. Crack growth rate %nl)
material) tested at 535°C. 1Cr—-1/2Mo steel (old materia
Tensile direction is vertical. in air and in Ar/HZ.
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The measured crack growth rates shown in Figs. 1 ang 5 agree very well with
the rates predicted by eq. (6): The dependence on C has the expected power-—
law form with the exponent n/(n+l). The temperature dependence is found to be
moderate. This agrees with eq. (6), where the temperature enters through the
creep coefficient, A, raised to the small power 1/(n+1). If e, is taken as a
fittable parameter to fit eq. (6) to the data in Fig. 5, it results that

€. = 0.7% which is exactly the order of magnitude expected for creep-con-
strained cavitation. For this fit, A2 ='3 mm and x, = 2 um were chosen. The
value obtained for e, is insensitive to the choice of these quantities. Fig. 1
also shows a few data points that were measured near the start of creep crack
extension. They lie consistently below the scatterband of the other data. This
also agrees with the theory, which predicts ‘that the initial growth rate is by
a factor 5 to 10 smaller than the rate after a few millimeters of crack
extension, for the same value of C . Thus the transient behavior of & in the
steel is just opposite to that in Nimonic 80A. The incubation time for crack
growth initiation follows _from eq. (5) to be t; = 20 minutes taking e. = 0.7%,
Xeo = 2 ym, and C° = 1 W/m?. Such a short time plays no role compared with the
lifetime of the cracked specimen. No attempt was made to measure tj.

DISCUSSION

Creep crack growth in the chromium-molybdenum steel has been described
consistently by a model based on creep—constrained cavity growth ahead of the
main crack. On the other hand, Riedel (1981b) has shown that cavity growth by
grain boundary diffusion combined with eagy cavity nucleation leads to a
completely different dependence of idon C and temperature, which cannot be
reconciled with the observed behavior. However, Hui and Banthia (1983) and the
present authors observed independently that the experimental data can also be
explained (except for a quantitative point as we shall see) if cavity
nucleation is taken into account in conjunction with diffusional cavity
growth. To explore this point we assume that the macroscopic stress field of
the crack is the well-known HRR-field. Further, let cavities nucleate at
discrete nucleation sites once the tensile stress exceeds the nucleation
stress, oy (Raj, 1978), which will be treated as a fittable parameter. The law
for diffusional cavity growth is taken, for example, from Needleman and Rice
(1980). The main crack grows by coalescence with the cavities. This implies
that the crack must grow at such a rate that the cavities directly ahead of
its tip had enough time to grow to & size equal to their spacing in the
HRR-field of the approaching main crack. For simplicity, the sintering stress
in the cavity growth law is neglected, the function h(y) 1is given the value
0.61, and the cavity size at nucleation is neglected against the cavity
spacing. Then an analysis parallelling that by Riedel (1981b) gives the crack
growth rate. In the steady state, especially, the growth rate is

% . usp 95__”%34_1 ( e LD o) [(rpbxg)™ (m+1) o/ (ntD) (8)
kTx n InA
c

with 2 = atomic volume, 8Dy = grain boundary diffusion coefficient, k =

Boltzmann’s constant, x. = cavity spacing. The constants I, and GEZ(O)
characterize the HRR-field and have the values I, = 4.63 and 332(0) = 2.44 for
n = 8.6. Further, r  is the distance ahead of the crack over which the HRR-

field exceeds the cavity nucleation stress. It is related to the nucleation
stress by r = (C*/InA) (8%2(0)/cn)“+1. Substituting this into eq. (8) and

neglecting x . against r, gives the crack growth rate
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3

3 ~ *
& = [250(1+1/m)8541/1,] @ 6Dy, C/(KT xg

Ao, (9
where the factor in square brackets is 3'105 for n = 8.6.

The linear dependence of a on C* predicted by eq. (9) above is.compatible with
the experimental data. Further, the temperature dependence of a is primarily
determined by the ratio GDb/A. Since the creep coefficient A generally has a
greater activation energy than GDb, eq. (9) predicts a crack growth rate which
decreases for increasing temperature. The experiments in Fig. 5 indicate the
opposite trend, although both, the observed and predicted temperature
dependences are weak. Thus the result appears to be roughly compatible with
experiments at first sight. However, r, can be considered as a fittable
parameter in eq. (8), while 2 and C° are taken from Fig. 5, and @ and.GDb are
taken from the tabulations of Frost and Ashby (1977). For T = 808 K, a = 107
m/s, C' = 0.5 W/m? and x_. = 3 um, the result is r, = 14 m. (The corresponding
nucleation stress, which is of no interest in the following, is then o = 150
Mpa). The large value of r, implies that in our tests cavity nucleation would
have occurred immediately in the whole specimen. Hence we must return to the
theory with easy nucleation. In conclusion, diffusional cavity growth in
conjunction with cavity nucleation cannot explain our experimental data.

The present experimental results broadly agree with the observations*of other
workers. Ohji et al (1980b) demonstrate the applicability of K; or C,
respectively, for a variety of steels. Taira et al (]1979) find the same
qualitative dependence of the crack growth rate on C , on temperature and on
the crack growth increment for several ferritic and austenitic steels as we do
for the CrMo steel. Of course, the limitations to the approach which works so
well in many instances must be explored if it is to be applied safely to
practical problems. Saxena et al (1984), for example, observe poor correlation
of crack growth rates in a stainless steel with C , and good correlation with
the J-integral. Their tests, however , have been done at rather high load
levels and correspondingly short life times so that indeed instantaneous
plasticity, and therefore J, should determine the macroscopic response of the
specimen as pointed out by Riedel (1983a).

CONCLUSIONS

(1) Creep crack growth in Nimonic 80A at 600°C and 650°C can be described
macroscopically by the stress intensity factor over a wide range of stresses.
(2) If the growth rate is written as 4« K?, the exponent m is found to range
from around 13 to 4 at 650°C in air.

(3) The temperature dependence of 4 in Nimonic B0A for constant Ky is
described by an activation energy between 240 and 300 kJ/mole.

(4) Creep crack growth in Nimonic 80A is sensitive to the atmosphere. Cracks
grow ten times faster in Ar/H2 than in air.

(5) In a 1Cr-1/2Mo steel, C was found to be the appropriate load parameter in
accord with theoretical predictions. *

(6) The growth £37? g?yends weakly on temperature (for constant C') and

varies as a « ¢ " .

(7) These dependencies can consistently be explained by a micromechanistic
model based on creep—constrained cavitation of grain boundaries ahead of the
crack tip. Even the absolute values of a are predicted correctly to within a
factor of 2.

(8) A competing model based on diffusional cavity growth and stress-controlled
cavity nucleation fails to predict the observed behavior consistently.

(9) The material that had been in service for 103,000 h shows no faster crack
growth than the new material, although the uniaxial data differ significantly.
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