
Propagation of short fatigue cracks from notches in a Ni base
superalloy: experiments and modelling

F. S A N S O Z 1 B. B R E T H E S 2 a n d A . P I N E AU 1

1Centre des Materiaux, UMR 7633 CNRS, Ecole des Mines de Paris, Evry cedex, France, 2SNECMA, service YKOM, Etablissement de Villaroche,
Moissy Cramayel, France

Received in final form 11 June 2001

A B S T R A C T A notched specimen containing a semicircular slot (0.1 mm deep) was designed to
simulate the growth of three-dimensional short cracks under a stress concentration.
Fatigue tests were performed on N18 superalloy at 650 °C with trapezoidal loading
cycles. A high-resolution optical measurement technique proved to be capable of
detecting half-surface crack increments as small as 10 mm, and the potential drop
method was found to be inappropriate for very small crack lengths. The stress
intensity factor, DK, was calculated using a weight functions method. Non-uniform
stress fields were determined by FEM modelling using elasto-viscoplastic constitutive
equations. The plasticity-induced crack closure effect was calculated within the
specimen using viscoplastic FEM modelling. The prediction of crack aspect ratio
was used to investigate differences of closure along the crack front. The role of
notch plasticity on these differences is discussed. Using these calculations, it is
shown that the apparent differences between the growth behaviour of short and long
cracks can be largely accounted for.

Keywords crack closure; finite element calculations; short fatigue cracks; three-
dimensional effects.

N O M E N C L A T U R E a=semi-elliptical crack depth
a0= initial crack depth

c=half surface crack length
a/c=crack aspect ratio

Ci, Di=coefficients in the kinematic hardening law (i=1, 2)
E=Young’s modulus
F=LEFM geometry shape factor
K=stress intensity factor

Kop=stress intensity factor when the crack is fully opened
p=cumulated plastic strain

Q, b=coefficients in the isotropic hardening law
R= load ratio (=Smin/Smax)

Req=equivalent semicircular crack radius in PD technique
S=applied load divided by the reduced section of specimen

Smax=maximum applied load divided by the reduced section of specimen
Smin=minimum applied load divided by the reduced section of specimen
Sop=crack opening applied load divided by the reduced section of specimen

t=specimen thickness
U=crack closure coefficient (=DKeff/DK)
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UA=crack closure coefficient calculated within the specimen
UC=crack closure coefficient calculated at the free surface of the specimen
Vf=volume fraction

a, K, n=coefficients in the Norton creep law
da=crack depth increment
dc=half surface crack length increment
Dep=plastic strain range
DK=stress intensity range (=Kmax−Kmin)
DK*=corrected stress intensity range
DKA=stress intensity range given within the specimen
DKC=stress intensity range given at the free surface of the specimen
DKeff=effective stress intensity factor range (=Kmax−Kop)
DKeff,A=effective stress intensity range given within the specimen
DKeff,C=effective stress intensity range given at the free surface of the specimen
Ds= local stress range (=smax−smin) in the vicinity of the notch root
n=Poisson’s ratio
s=local stress in the vicinity of the notch root

case, strongly dependent of the crack length. Smith
I N T R O D U C T I O N

and Miller7 investigated the behaviour of physically
small cracks emanating from notches. Due to theN18 alloy is a Ni base superalloy used to build

advanced turbine discs for aircraft engines. This alloy notch plasticity effect, the load applied far from the
notch can not be directly used and a local approachis obtained by powder metallurgy (PM) and can

accidentally contain an extremely small amount of must be considered to determine the stresses. This
approach was used successfully in several studies8–11 ininclusions due to the fabrication process. The typical

size of the biggest microstructural defects is no more which crack closure effects were shown to significantly
reduce the crack growth rates differences observedthan 100 mm but, under the stress concentration

located at turbine blades fixtures, small elliptical between short and long cracks. More recently
Pommier et al.12,13 have tested N18 alloy at 650 °C.fatigue cracks (�0.1 mm) could eventually be initiated.

Moreover, due to high applied loads and elevated These authors concluded that the stress relaxation
effects occurring at elevated temperature at the notchtemperatures, non-uniform stress fields are developed

in the vicinity of notches. It is therefore very important root can largely modify the effective stress intensity
factor DKeff when the crack is small in lengthto investigate the growth behaviour of these short

fatigue cracks considering notch plasticity effects. (<0.5 mm). On Rene 95 alloy, Van Stone et al.14

suggested a methodology involving both the notchThe behaviour of physically small cracks (<0.5 mm)
as defined by Suresh and Ritchie,1 has been mainly plasticity and typical three-dimensional (3D) effects on

fatigue crack growth rates observed for the in-depthstudied on unnotched specimens. Pearson2 and
Lankford3 carried out the first experiments showing and the surface growth of penny-shaped cracks.

However limitations were found both to obtaininganomalous short crack growth rates below the conven-
tional crack growth threshold obtained on long cracks accurate measurements of very small surface crack

growth rates from notches at high temperatures and(>0.5 mm). Then a number of authors, in particular
Minakawa et al.4 and Journet et al.,5 developed the to calculation of the effective stress intensity factor for

semi-elliptical cracks under inelastic stress gradients.concept of intrinsic threshold to correlate the differ-
ences observed between short and long cracks. In this The aims of the present study were therefore: (1) to

propose an approach to extend the previous studies ofapproach, it is considered that the range of applied
load is smaller than the stress intensity range, DK= the behaviour of semi-elliptical short cracks emanating

from notches at high temperature, considering recentKmax−Kmin, and is equal to DKeff=Kmax−Kop, where
Kop is the stress intensity factor calculated when the approaches to DK calculations;15,16 and (2) to show that

the linear elastic fracture mechanics can be validatedcrack is fully opened. Therefore, an explanation of the
typical short crack behaviour was directly related to under creep–fatigue loading to correlate crack growth

rates using an appropriate calculation of DKeff as athe calculations of the effective stress intensity range
DKeff linked to crack closure effects6 which are, in this function of the length and the shape of the crack.
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sion (#0.2 mm). Preliminary tests with a square-shaped
M A T E R I A L A N D E X P E R I M E N T A L P R O C E D U R E

slot showed that stepwise cracks were initiated. This explains
why a sharp notch was adopted for these specimens. InAll tests were carried out on a ‘bulk’ microstructure of

N18 alloy.17 The chemical composition of this material DEN specimens, the thickness of the slot was kept as small
as possible (50 mm) to develop a planar crack from thewas: 11.5% Cr-15.7% Co-6.5% Mo-4.35% Al-4.35%

Ti-0.5% Hf, balance Ni (weight %). After annealing notch. No precracking was made on the DEN specimens
and the crack length on the free surface of the specimentreatment at 1165 °C for 4 h, N18 alloy was found to

contain a population of coarse c∞ precipitates (#5 mm) was measured up to 1 mm from the initial semicircular
defect (0.1 mm). Tests were performed only at 650 °C withwith a volume fraction (Vf ) of 15%, which was sufficient

to control the grain size (10–20 mm). After air cooling, trapezoidal cycles 10 s–300 s–10 s. These specimens were
tested with a constant nominal maximum stress Smax varyinga second population of smaller c∞ precipitates (#0.3 mm)

was formed in the grains (Vf#45%). The size, shape from 600 to 900 MPa, which represent, respectively, 0.5
and 0.8 times the monotonic yield strength, and load ratiosand distribution of these precipitates depend on cooling

rates. Two ageing treatments at 700 and 800 °C were equal to 0, −0.5 or −1. Great attention was paid to
avoiding any buckling or bending moment when the speci-then applied for 24 and 4 h, respectively. Given this

treatment, the N18 alloy displayed not only a high men was loaded in compression.
Two techniques were developed to measure the growthmechanical strength but also excellent fatigue and creep

resistance up to 650 °C. The monotonic and cyclic yield of a semi-elliptical crack in these notched specimens.
First, data were obtained from a direct current potentialstresses at 650 °C were equal to 1050 and 1150 MPa,

respectively. For a more comprehensive overview on this drop (PD) system in which a 6 A pulsed current was
applied. In order to make the PD method sensitivealloy, see Refs [17,18].

The growth rates of long cracks were obtained on enough, 0.1 mm diameter probe wires were spot welded
across the EDM notch. Due to the small size of theconventional unnotched specimens with a thickness of

2.5 mm (KB2.5) containing a semicircular electro-dis- EDM defects, the probe wires were kept sufficiently
away from the machined defect to prevent cracks fromcharged machined (EDM) defect of 0.3 mm in depth.

This geometry is represented in Fig. 1(a). Precracking being initiated from the welding points. This location is
represented in Fig. 1(b). An equivalent crack length iswas carried out at room temperature with a loading

frequency of 10 Hz to obtain a semicircular crack with obtained from a calibration method, in which a semi-
elliptical crack is approximated as a semicircular cracka depth of 0.5 mm. Fatigue crack growth tests were

performed on this geometry at the temperature of use (see insert of Fig. 3) with a radius Req, which is calculated
as (Req)2=aΩc, where a and c are crack depth and halfin turbine discs (650 °C) and at a lower temperature

(450 °C) using a radiation furnace. Two thermocouples surface crack length, respectively.
Moreover a far-field optical microscope was used towelded on the back face of the specimen were used to

monitor the temperature, which was controlled to measure crack lengths at the free surface of the specimen
in the notch bottom. The specimen was observed±2 °C. The load ratio R=Smin/Smax was kept equal to

0.1 or 0.3. Typical trapezoidal cycles 10 s–300 s–10 s through a window machined in the wall of the radiation
furnace. The image was monitored and the crack lengthwith a hold time of 5 min at maximum nominal load

were applied. Triangular continuous cycles at low fre- was measured using a sight-slit. This technique has
proved to be efficient to detect in situ half surface crackquency (10 s–10 s) were also used. The crack growth

rate was measured on these specimens for crack lengths increments as small as 10 mm.
up to 2 mm in depth using a conventional potential drop
technique and a calibration procedure.19

R E S U L T S
A geometry with two symmetrical U-shaped notches

(DEN) was specifically designed to study the effect of a Long crack growth rates
stress gradient on the behaviour of short cracks. The notch
root radius was 2 mm and the reduced cross-section was Figure 2 presents the crack growth rate measured on

KB2.5 unnotched specimens using the stress intensity5 mm–10 mm [Fig. 1(b)]. A microstructural defect was
simulated by a small semicircular EDM slot of 0.1 mm in factor calculated in depth of the crack, DKA, with

Newman–Raju equations.20 These results were obtaineddepth located at the centre of the notch root on one side of
the specimen. This machined defect is shown in Fig. 1(c). with a stress ratio, R, equal to 0.30, i.e. in the absence

of any crack closure effect since it was previously shownIt can be seen that the thickness of the EDM slot in the
KB2.5 and DEN specimens were different. In KB2.5 speci- that, in this material, Kop for long cracks is close to 0.24

Kmax.21 Fig. 2 shows that higher fatigue crack growthmens, the slot thickness was not important as crack growth
rates were measured only after relatively large crack exten- rates were obtained when a hold time of 5 min was

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 41–53
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Fig. 1 Geometry of fatigue crack growth specimens used in this study. (a) Unnotched specimen (KB2.5) for the growth of semi-elliptical
long cracks. (b) Double-edge-notched specimen (DEN) for the growth of semi-elliptical short cracks and location of electrodes used for PD
measurements. (c) Semi-circular initial defect. All dimensions are given in mm.

imposed during the cycle as compared to a continuous authors showed that, in the N18 alloy, the hold-time
effect on crack propagation was a combination of bothloading (cycles 10 s–10 s). Moreover, a change in fracture

mode from an intergranular crack path with cycles environmental effects related to intergranular oxidation-
assisted embrittlement and creep strains due to stress10 s–300 s–10 s to transgranular with cycles 10 s–10 s

was observed as has been shown elsewhere.17,18 These relaxation taking place during the hold time. At the

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 41–53



G R OW T H O F 3 - D C R AC K S I N N 1 8 S U P E R A L L OY U N D E R S T R E S S G R A D I E N T

45

that, for a test duration of 4423 cycles, the PD method
was inappropriate for more than one-half of the test
duration (#2500 cycles) to detect the growth of very
small cracks (<400 mm). In the following, only the
results obtained by optical measurements are presented.

The measured short crack growth rates are plotted
for different applied loads in Fig. 4. Two stages of crack
propagation were observed with the tests performed at
R=0 [Fig. 4(a)]. The first stage corresponded to decreas-
ing rates when surface crack lengths were less than
200 mm and then above this critical crack length, a steady
increase in growth rates. The downward trend of the
crack growth rate curves or short crack effect was more
pronounced for a low applied load, Smax, of 600 MPa.
For this load, the arrow in Fig. 4(a) represents a crack
growth rate less than 10−8 m/cycle occurring during the
crack propagation. Moreover it was observed that lower-
ing the R ratio from 0 to −1 overcame the downward
trend effect [Fig. 4(b)]. These results show the signifi-
cance of notch plasticity effects on crack growth
behaviour.

In comparison with the measurements made by
Pommier et al.12,13 on N18 alloy with the same DEN

a
N

R

K
geometry, a difference of one order of magnitude in

Fig. 2 Results of long crack growth rate measurements in N18 crack growth rates was observed [Fig. 4(c)]. The size of
alloy tested at elevated temperature (450 and 650 °C). small c∞ precipitates was, however, larger in the bulk

microstructure used in the present study [Fig. 5(a)] than
that tested by Pommier et al. [Fig. 5(b)]. As shown in
Refs [17,18] the significant difference in crack growthlower temperature (450 °C) where the environmental

effects are less predominant, lower crack growth rates behaviour is directly related to the size of secondary c∞
precipitates. It has been shown that the stress relaxation,associated with transgranular fracture mode were

obtained with 10 s–300 s–10 s cycles. It can be concluded which plays a key role in time-dependent fracture micro-
mechanisms, was largely dependent of the size of thesefrom the fracture modes observed in the present study

on KB2.5 specimens that environmental effects are very c∞ precipitates.
similar to those observed in compact tension specimens
(a>10 mm).17,18

M O D E L L I N G A N D D I S C U S S I O N

Short crack growth rates DK calculations

The stress intensity range, DK, was calculated using theTypical results obtained on notched specimens with
Smax=700 MPa and R=0 are shown in Fig. 3. In this weight functions method introduced by Wang and

Lambert,15,16 which was established for semi-ellipticalfigure, both equivalent crack depths from the PD tech-
nique and optical surface crack measurements are pre- cracks under non-uniform stress gradients. The local

stress–strain field near the notch in the absence of asented. In all tests, half surface crack length increments
were observed from the first cycles. On the contrary, the crack was calculated by finite element method (FEM).

ZéBuLoN FEM code developed by the Ecole des Minesfirst deviation of the PD technique occurred only when
surface crack lengths reached about 300 mm. A rather de Paris was used for this purpose. A two-dimensional

(2D) mesh with plane strain elements represented one-good agreement between both measurement techniques
was only observed for surface crack lengths larger than quarter uncracked DEN specimen. Refined meshing

(#25 mm) with quadratic elements was used in the400 mm. Small differences observed in this range of crack
lengths may be due to the assumption made regarding vicinity of the notch root to model stress and strain

gradients. The material behaviour was represented usingthe crack shape defined by the crack aspect ratio a/c. As
shown later, a/c was less than 1 for short cracks and an elasto-viscoplastic constitutive set of equations pro-

posed by Lemaitre and Chaboche:22slightly larger than 1 for larger cracks. Figure 3 shows

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 41–53
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Fig. 3 Typical short crack growth measurements with high-resolution optical technique and potential drop method.

Elastic constants: with cyclic loading are given in references.23,24 These
FEM calculations showed that the tensile stress ahead

E=170 000 MPa; n=0.25
of the notch progressively decreased to reach a stabilized
condition, which was obtained after about 50 creep–Isotropic hardening:
fatigue cycles. Stabilized profiles at R=0 with different

R=R0+Q[1−exp(−bΩp)] (1)
applied loads are presented in Fig. 6(a). As expected,
significant compressive stresses were noticed when thewith the cumulated plastic strain,
specimen was unloaded. This led to an increase of the
local applied stress range at the notch root. A simplep= P t0 S2

3
ė̃p(t) : ė̃(t) dt (2)

correction to calculate DK accounting for the cyclic
plasticity at the notch root was used, as proposed byKinematic hardening:
Haigh and Skelton.25 In this approach, the equivalent
stress intensity range, DK*, was calculated as:

Ẋ̃= ∑
2

i=1
Ẋ̃i with Ẋ̃i=

2
3

Ci ė̃p−DiΩ ṗΩX̃i (3)
DK*=(UΩDs+EΩDep)Ω√(pa)ΩF (7)

Creep law:
where F is the LEFM geometry shape factor given by
F=DK/[DsΩ√(pa)], Ds is the total portion of the localṗ=T f

KUnΩexpCaΩT f
KUn+1D (4)

stress range, U is the crack closure coefficient (U=
DKeff/DK), E is the Young’s modulus and Dep is the

where plastic strain range in the vicinity of the notch. The
pseudo-elastic stress, EΩDep, calculated from stabilizedf=JII(s̃−X̃)−R (5)
profiles is represented in Fig. 6(b) for different applied

with loads. For moderate applied stress ranges (<900 MPa),
the strain range remains predominantly elastic. In this

JII=(s̃−X̃)=S3
2

(s̃−X̃∞) : (s̃−X̃∞) (6) case, the calculated pseudo-elastic stress, EΩDep, is less
than 100 MPa. But for higher applied stress ranges (R=
−1; Smax=600 MPa), EΩDep can be larger thanIn these equations, the coefficients (R0, Q, b, Ci, Di, K,

n and a) were identified using low-cycle fatigue tests 200 MPa. However, the correction on DK given by
Eq. (7) is less than 10% for this range when the crackperformed at 650 °C.23 These coefficients are shown

in Table 1. depth is more than 90 mm. These calculations suggest
that an elastic approach in terms of DK should apply inDetailed results of FEM calculations at the notch root

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 41–53
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Fig. 5 Microstructural differences observed in N18 alloy.
(a) Microstructure used in this study. (b) Microstructure used by
Pommier et al.12,13

Table 1 Coefficients of viscoplastic constitutive equations
identified on N18 alloy at 650 °C. For kinematic hardening the

R

c
N

c
N

S
S
S
S

S

S

S

R
R
R

a N

c N

f

f

S

R

values of Ci/Di ratios corresponding to stabilized regime are given
Fig. 4 Short crack growth rates measured in DEN notched
specimens (N18 alloy at 650 °C). (a) Effect of maximum applied Isotropic Kinematic
stress at R=0. (b) Effect of mean stress. (c) Comparison with Refs hardening law hardening law Creep law
[12,13].

R0=87 MPa C1/D1=326.5 n=4.4, K=9750
Q=111, b=3 C2/D2=215.5 a=30 000000this situation. Stress profiles at Smax and Smin similar to

those shown in Fig. 6(a) were approximated by a poly-
nomial expression used in Wang and Lambert’s
results15,16 to calculate both Kmax and Kmin. The results, assumed less significant. For unnotched specimens con-

taining a semicircular crack, the crack closure effects arewhich were used to compare the crack growth rates
measured both on short cracks and on long cracks, are generally more pronounced near the surface than along

the crack front within the specimen.26–29 This differenceshown in the following section.
could be explained by the loss of constraint near the
surface.29 Most of the related data in the literature areCrack-closure modelling and DKeff calculations
obtained from studies employing 3D FEM calculations,
which are exhaustive in nature, particularly when con-In order to compare the crack growth rates of notched

and unnotched specimens, the effective stress intensity sidering notched bodies coupled with viscoplastic mate-
rial response. To overcome these difficulties, the currentfactor, DKeff , corresponding to these geometries must be

determined first. In the present work, only plasticity- study utilized a simplified 2D FEM model to calculate
the crack closure at the crack depth (point A in Fig. 2).induced crack closure mechanisms will be considered. In

this fine-grain material, other closure mechanisms, The results of this model were then used in a 3D
analytical simulation in order to calculate closure effectsnotably those related to oxide and surface roughness, are

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 41–53
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Fig. 6 Stabilized stress and strain gradients calculated in the vicinity of the notch. Effect of applied loading (a) on local stress at maximum
load (Smax) and minimum load (Smin) and (b) on pseudo-elastic stress calculated from plastic strain range.

at the surface points of the crack. Both the 2D FEM The initial crack length, a0, is equal to the depth of the
machined EDM slot (0.10 mm). In this figure, it is seenmodel and the 3D analytical method will be explained

in this section. that for all load conditions, the crack opening ratio is
small in the vicinity of the notch. This ratio increasesThe 2D FEM model is based on a node-release

technique similar to that proposed by Newman and with increasing crack length and reaches a stable maxi-
mum value (Sop/Smax#0.2) at a crack depth ofArmen,30 which was used to simulate the growth of a

fatigue crack in a 2D mesh. This technique was per- 300–400 mm. This stabilized value is approximately the
same for all loading conditions. The profile of the crackformed using ZéBuLoN code in which the viscoplastic

constitutive Eqs (1)–(6) were applied to calculate the opening ratio as obtained from this 2D model is assumed
in this study, to be similar to that experienced by thestress gradients in a notched specimen. Plane strain

conditions were assumed within the specimen. The mesh in-depth point along a 3D semi-elliptical crack.
On the basis of this assumption, a procedure wasof a half-notched DEN specimen was compared with

the unnotched geometry as shown in Fig. 7(c). In both established to determine the opening stress intensity
factor, Kop, of a semi-elliptical crack under a stressmeshes [Fig. 7(a) and (b), respectively], the propagation

area was refined with eight-node quadratic elements gradient. This procedure is described as follows. For a
stress level equal to Sop, the stabilized stress profile at(Fig. 7(c). The size of the smallest element in this area

is 20 mm. Crack propagation is simulated from 0.095 to the notch root in a specimen without a crack is deter-
mined. The corresponding Kop is then calculated using1 mm measured from the free surface. In this analysis,

the release of one node corresponds to three loading Wang and Lambert’s weight functions given at the
deepest point of the crack front (point A in Fig. 2).cycles (10 s–300 s–10 s). Nodes are released at the mini-

mum load level. Details of this numerical procedure are Figure 8(b) shows the results of this procedure for Smax=
700 MPa and R=0 for a semicircular crack front (a/c=given elsewhere.12,13,23,31

This model calculates the crack opening ratio Sop/Smax 1). It is observed that the numerical results obtained on
unnotched specimens are in good agreement with theof a 2D crack propagating in a notched specimen sub-

jected to different applied loads and R ratios; see Fig. 8(a). experimental data for long cracks, as given in Ref. [21]
(Kop=0.24 Kmax). Furthermore, the opening ratiosThe opening load Sop was numerically determined by

examining the load–displacement curve of the node between unnotched and notched specimens are very
similar when the crack is long (>200 mm). However, theclosest to the crack tip. On this curve, a sharp change

in slope was easily detected when the load reached Sop. crack closure effect is significantly less pronounced with

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 41–53
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Fig. 7 Crack growth simulated by node
release scheme. (a) In unnotched mesh.
(b) In DEN notched mesh. (c) Refined mesh
for crack propagation in both specimens.

S
S

R

R

K
K

a

S

S

a

Fig. 8 Crack opening ratios calculated by FEM method. (a) Sop/Smax ratio. (b) Kop/Kmax ratio.

notched specimens when the crack is very small crack growth increments at A and C, da and dc, respect-
ively, are correlated as follows:(<200 mm). This result is in agreement with those

obtained by Pommier et al.13

The crack closure at the free surface (point C in
da=ADKeff,A

DKeff,CBn×dc=AUADKA

UCDKCBn×dc (8)
Fig. 2) was estimated from the knowledge of the opening
ratios inside the specimens and using the method pro-
posed by Jolles and Tortoriello.32 In this technique, the where n is the Paris law exponent (n=4.871 in N18

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 41–53
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alloy at 650 °C23), UA and UC are the crack closure for different applied loads are necessary. In the present
work, the effective stress intensity factor in C, DKeff,C,coefficients given at A and C, respectively. The method

consists of the prediction of the crack aspect ratio, a/c, was calculated using Eq. (9) for notched DEN specimens
and UC/UA=0.9 for unnotched specimens.calculated iteratively from Eq. (8) imposing the shape of

the initial defect. Figure 9 represents typical results
obtained on DEN specimens tested with Smax=900 MPa

Crack growth rate analysisand R=0. The analysis of the crack front shape obtained
from interrupted tests as shown in Fig. 9(a) indicates The crack growth rates obtained from notched speci-
that the use of the ratio UC/UA=1 is not a valid mens tested at 650 °C are shown in Fig. 10. This figure
assumption; see Fig. 9(b). A correction to this approach includes the results for long cracks obtained on conven-
was the use of a procedure introduced by Jolles and tional CT type specimens.24 It also includes relatively
Tortoriello,32 which is applied to fit the ratio UC/UA long crack data obtained in this study using unnotched
using experimental measurements of the crack front KB2.5 specimens (Fig. 2).
shape, as shown in Fig. 9(b). The ratio used in this figure In Fig. 10(a), where no crack closure effect is con-
is fitted into the form: sidered, short and long cracks exhibit significant differ-

ences in crack growth behaviour at the free surfaceUC

UA
=0.55+(1−0.55)ΩexpC−2Ω

a−a0

t D (9) (point C), particularly at high DK values. It is also
observed that a decreasing da/dN pattern is present at
low values of DK. Similar results are obtained forwhere t is the thickness of the specimen (t=5 mm) and

a0 is the initial crack depth. This result shows that crack in-depth crack growth rates (point A). In this case, to
calculate DK at point A (DKA), it was assumed that a/c=closure effects are more important along the free surface

than inside the specimen. Jolles and Tortoriello32 reached 1, which is in good agreement with the experimental
results shown in Fig. 9, at least when half surface cracksimilar conclusions from observations on unnotched

specimens (UC/UA=0.91). It can, however, be noticed lengths reached approximately 1 mm. It could then be
assumed that da/dN#dc/dN. Figure 10(b) shows boththat the difference in crack closure along the crack front

is less significant in unnotched specimens than in notched the fatigue crack growth rates dc/dN versus DKeff,C at
point C and da/dN versus DKeff,A at point A. In thisones. The difference between these two geometries can

be related to the increase of local stress range in the figure, it is observed that the short crack growth rates
effects found in notched specimens at lower values ofvicinity of the notch. Further studies to validate Eq. (9)

Fig. 9 Crack aspect ratio analysis involving 3D crack closure effects. (a) Experimental observations of crack front in notched specimens
tested at 650 °C with R=0 and Smax=900 MPa. (b) Numerical predictions.
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Fig. 10 Comparison of fatigue crack growth rates measured in unnotched and notched specimens. Both free surface and in-depth
measurements are given. (a) No crack closure effect is considered. (b) 3D crack closure effects are considered.
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Solides. Paris, France: Dunod, Bordas. fatigue growth of surface flaws. In: Fracture Mechanics 14. ASTM
STP 791, (Edited by J. C. Lewis and G. Sines). American23 Sansoz, F. (2000) Propagation des petites fissures de fatigue

dans les zones de concentration de contraintes dans le superalli- Society of Testing and Materials, Philadelphia, PA, USA, pp.
I-297–I-307.age N18. Ph.D. Thesis. Paris, France: Ecole des Mines de Paris.

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 41–53


