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ABSTRACT

This report summarises the cooperative research program on stable tearing between DSTO
and CEAT. The main objective was to study the conditions under which aircraft materials
fracture by stable tearing and to develop a predictive capability for the process under
operational conditions. The experiments on both CCT and CT specimens were to assist in
validation of numerical modelling. Tear bands were successfully reproduced on CCT
specimens with different specimen thickness by experiments at CEAT. The results were used
to assess empirical models - Schijve's and Forsyth's models, and R-curve methods as well.
Stable tearing feature was successfully simulated by a commercial finite element package
ZENCRACK. Due to lack of local failure criteria, ZENCRACK cannot be used to predict
whether stable tearing would occur or arrest under cyclic loading. But it appears to be useful
for modeling such phenomena for indicative purpose only. A new 3D numerical model was
proposed using a cohesive zone approach. This model can predict features similar to stable
tearing and agrees well with the published experimental data. However, more research work
needs to be done.
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Modelling of Stable Tearing in Aircraft Structures

Executive Summary

Fatigue crack growth in metallic structures remains one of the main threats to aircraft
structural integrity, and is the subject of extensive research worldwide in an attempt to
assess existing fatigue cracks, and predict their future growth under operational
conditions. Most of this research has focussed on crack growth, which occurs at a rate
of less than one micrometre for each application of loading. However, the prediction
of such growth rates is often complicated by the presence of tearing fracture (“crack
jumping” or “stable tearing”), in which cracks can extend by millimetres under the
influence of a single high load. These tearing fracture bands are commonly seen on
aircraft fracture surfaces.

This tearing fracture is caused by parts of the crack front becoming unstable, and
advancing rapidly, thus changing the crack front shape. This change of shape can
provide increased resistance to crack extension and in many cases can cause the crack
to revert to the more usual slow fatigue growth. Therefore in order to improve aircraft
structural integrity and safety it is important to develop an understanding of the stable
tearing process, and to have access to useful engineering models which allow analysis
and, if possible, prediction of the event. The process of stable tearing is a complicated
phenomenon, which occurs during fatigue loading, and at present no fatigue crack
growth models address the occurrence of tearing, despite the fact that it may make up
half of the fracture surface.

DSTO and CEAT have been collaborating on a possible predictive capability for
tearing, involving testing specimens to produce tearing, and assessing various models.
This report presents the summary of the modelling and experimental work on stable
tearing.

Experimental work at DSTO and CEAT has proven that the simple tearing models
formulated by Schijve and Forsyth are good predictors of the stress intensity factor
(SIF), which causes tearing. But both models are only valid for post fracture analysis as
they rely on measurements taken from the fracture surface. R-curve analysis is an
alternative, but relies on performing time-consuming R-curve tests using material of
the appropriate thickness. The use of simple crack-front stress intensity analysis offers
another possibility, and a simple approach based on elastic FEA is assessed against the
experimental results.



DSTO-TR-1657

Contents

1. INTRODUCTION ......ccocvurururrenenennes 1
1.1 BackGround ......iinniiniinniinniisinninenniinssssnisnsisisssssssssssssssssseass 1

1.2  Objectives of Collaborative WOrk .........cceeivenrirenrisenniennisenniesscsessisesseseeseessenes 5

2. MATERIAL AND EXPERIMENTAL PROCEDURES.........cccecvvurruensunsuesecsensacssesueaees 6
2.1 Material and Specimen Geometry ........coeceererenresunesensesnnsessnsesssessssessesessssessenes 6
211 MAterials ..o e 6

21.2 Test Specimen Geometry and Dimensions.........c.ccccceeevvveueinereerccnennnee 7

2.2 Loading Conditions and Experimental Set-ups.......cccceceuevunuerenrcreneruncrnnrernnnenns 9
221 Load Spectra for a CCT Specimen.........c.cccovueveeerinerererenneerceneneeneeneneenene 9

222  Spectrum Loading for CT specimens ...........ccccccccviiiinininnninnininenennes 11

2.3 Observation of Fracture Morphologies ..........niirivenriiisennssiscsesnsscscnenns 11

3. FRACTURE MORPHOLOGIES OF CCT AND CT SPECIMENS.........ccccoevueueunes 11
3.1 CEAT Experimental ReSUILS .......ccoeererirunriruncrinsisunesnisisniisnsesscessiesscesscssssenes 11
3.1.1 Under a Special Loading Spectrum .............cccccouvvueiinnecinnciennnen. 11

3.1.2 Under FALSTAFF Spectrum.........ccccoouvueueininiuiiininieieenireeeceeeeneeseeeenene 12

3.2 DSTO Experimental Results (previous experience).........cceceereerererucresseesaenes 13

4. INFLUENCE OF PARAMETERS ON STABLE TEARING........cccceecvruerrunsuesessersueene 17
41 Influence of Kmax ON Af..ciiiiininniriininniniisinsisiissnisiessssisiissssssssssssssssssssssess 17
4.2 Influence of Kets ON Ad cu.uuuciniiririvinnnriininnisiininsisiiissississssisiissssssssssssssssssssesess 19

5. INFLUENCE OF STABLE TEARING ON FATIGUE LIFE............ccccceveveecccennne 21
6. R-CURVE, FORSYTH’S AND SCHIJVE’S MODELS.........cccecervurrrrrrnriririrercrcncrcncnens 22
6.1 R-Curve Method..........uuiienivirinnnnrierennincnnnnns 22
6.1.1 Procedure used for the Prediction of Tear Bands..........cccocecevrvrncunce. 24

6.1.2  Procedure for Calculation of Post Fracture Stress Intensity ................ 24

6.1.3  Predicted ReSULLS ........cccoouvmemiiiiiiiiiiciccce e 25

6.2 Forsyth and Schijve’s Models.........iirnnniinininriiinnnsiiisnssisinsnsscsessssens 27
6.2.1 Forsyth’s Model - A Geometrical Approach.........cccoceoevevrerecrinnnenne. 27

6.2.2  Schijve’s Model - A Fracture Mechanics Approach..........cccccceuvueneeee. 28

6.3 Comparison of Forsyth’s, Schijve’s and R-curve results.........ceceeeurucrcreruenncs 30

7. A THREE-DIMENSIONAL FINITE ELEMENT MODEL USING ZENCRACK

PACKAGE  titirttntntieisetsatsssesssesssesssissesssesssessssssssssssssssssssssssesssesssssssssnaes 32
71 ZENCRACK Package.......cccovreeruruerirennnens 32
701 PrINCIPLE ot 32
7.1.2  Crack-BlOCKS......cooiriiiiiirieiiieesic et 33
71.3 Procedure of ZENCRACK Modelling .........ccccoeeirmeeennrereirneneenes 35
7.2 Calculations of Stress Intensity Factors (SIFS) .......ccccecevcrrerunesuncsuncsuscsussennes 36
721 Using ZENCRACK .....ccciiiieeerrecee et 36
722  Using ABAQUS COde......cooerinirieiicicireeecreeeeeee et 36
7.3 Fatigue Crack Growth in ZENCRACK ........cuuivirenririnisnnnerinsisnnscsnssesnssesseseanes 37
7.4 Modelling for Compact Tension (CT).....cceccveerenereereseserunsesessesessesessesnssesseseanes 39
7.5 Modelling for Centre-Cracked Tension (CCT) ......cccecvverererenrcruscresscsnsesessennes 40

7.6 A Curved Crack Tip FIONt.....icniciicciiircintiinicesscisscesscssscsesscsssscsssscnes 41



7.6.1 Definition of a Curved Crack Tip Front.......cccocccccvvecvennecccnncneene. 41

7.6.2  Creation of a Curved Crack Tip Front.........cccoooeeeennecvnnecccnnccene. 42
8. A 3D FE MODEL USING COHESIVE ZONE APPROACH 43
8.1 Cohesive Zone Approach ........ceereccrenriresscresscsenaenes 44
8.1.1  BasiC Principle......ccccoviiiiiiiiiiiiiiecceneceeee e 44
8.1.2 Mathematical Formulation...........ccccccoeiiiniiininiiinccnccccen 45
8.2 A Finite Element Model Using Cohesive Zone Approach............ceceueurucucncne. 47
9. RESULTS OF NUMERICAL ANALYSIS ....ccovniiinnnriiesissisisisnssisesesssseseessssesesessnes 50
9.1 Simulation of Stable Tearing by ZENCRACK.........cccceuvrerrirerrerenrerenscreeseseesens 50
9.1.1  Basic Model ... 51
9.1.2 Simulations of Crack Profiles............ccccooviiiniiininiiiince 52

Fig. 9-3 Fatigue crack growth data for compact tension (CT) test specimen of
7050 AL oottt 53
9.1.3 Simulation of Stable Tearing............cccccccccueuiiiiiiiiiiiiiiciecee 55
9.2  Stress Distribution in a CT Specimen by ZENCRACK.........ccceceververervrcruenenes 56
921 A CT Specimen with 6 mm Thickness........c..cccocccvecineincnincnncnneenen 57
9.22 A CT Specimen with 12 mm Thickness..........ccccccvecinecnccncnncnnncnnn 57
9.23 A CT Specimen with 24 mm Thickness..........ccccccvecinecnccncnncnncnnn 59
9.3 Stress Distributions in a CCT Specimen by ZENCRACK..........ccceerervercruenenes 62
93.1 A CCT Specimen with 3 mm Thickness..........ccccooecvvecincnninncnnennn 62
9.3.2 A CCT Specimen with 6 mm Thick........c.ccceeviniiniininniniicee 63
9.3.3 A CCT Specimen with 9 mm Thickness..........c.cccooeeivecincnncnncnnnennn 65
9.4 Effect of Crack Tip Front Shape by ZENCRACK.........ccceuvererrerencrenrcresscsussenns 67
9.4.1 Under Elastic Condition ..........ccccceoivirieiiininciiinniiiinccceeceeenes 67
9.4.2 Under Elastic-Plastic Condition .........cccccoeeevinieicinnieinreccineennes 71
9.5 Preliminary Numerical Results by CZM.........cvvriirirnninriirnnnssisesesnssesesesnsnenes 72
10. DISCUSSIONS ...uuvviririininiriinnisisiisnssisiissssisisissssssssssssssssssssssassssssssssssssssssssssssssssassssssass 76
10.1 Simulation of Stable Tearing ........cccocevvevrererserrnerrnesrisisrisensisessesessesessessesesnesenns 76
10.2 Effect of Crack Front Shape ........ncvncvncnncnnncnnninicsnsessiessisesscsssscsessenes 77
10.3 Stress Distributions Along Crack Tip Front..........eeeeeeeeeienereininnnnnne 79
10.4 Applications of Cohesive Zone Model (CZM).......coveririvunrireesesnesisesesnesescnnnns 79
10.5 Experiments from CCT Specimen Testing.........cccevevvererrverriresniesnisesseesseessene 79
11. CONCLUDING REMARKS AND RECOMMENDATIONS.........cceoevrererenercrcrcnenes 80
12. ACKNOWLEDGMENTS .....uuoititiirnririinisnisiiissisiisssisiisssssssssssssssssssssssssssssssssssssssses 82

13. REFERENCES.......coiiiiitinineitiniinissisnississiississsssisssssssssissssssessesssssssssssssssssessssssssssssesss 82



Nomenclature
a - crack length
ay - averaged crack length
Aa - change in crack length after tearing
B - specimen thickness
C - material constant
C - crack curvature (percentage)

CCT - centre-cracked tension

CT - compact tension

CZM - cohesive zone model

DSTO - Defence Science and Technology Organisation

E - Young’s modulus

FE - finite element

G - energy release rate

h - difference between surface crack and central crack heights
] - J-integral

Jie - critical value of J-integral

K - stress intensity factor (SIF)

K(amax)- maximum applied stress intensity

Kie - plane strain facture toughness

AK - stress intensity factor range (=Kmax = Kmin)

m - material constant

n - material constant

R - stress ratio (ratio of minium to maximum applied stress)

SEM - scanning electron microscope
SEN - single edge notched

t - work-conjugate effective traction in CZM

\% - crack opening displacement

o - constant: 1 for plane strain and 0 for plane stress

B - material parameter: 1-v2 for plane strain and 1 for plane stress
) - displacement jump across the cohesive surface

e - critical value of crack opening displacement

I'. - cohesive energy

0 - angle subtended between the tear band and specimen surface
Gcon- cohesive strength (= 3cy)

Gy - yield strength

Omax - maximum applied stress

\% - Poisson’s ratio

da/dN- fatigue crack growth rate

DSTO-TR-1657
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1. Introduction

Fatigue crack growth in metallic structure remains the principal threat to aircraft
structural integrity, and is the subject of extensive research worldwide in an attempt to
assess existing fatigue cracks, and predict their growth under operational conditions.
Most of this research has focused on crack growth, which occurs at a rate of less than
one micrometre per loading cycle. However, the prediction of such growth rates is
often complicated by the presence of stable tearing fracture (sometimes called “crack
jumping”) in which cracks can extend by millimetres under the application of a single
high load. This tearing fracture is caused by the loss of stability in crack growth on
portions of the crack front. The rapid crack growth on these portions then lead to a
change in the shape of crack front. This change in shape in turn provides increased
resistance to further crack extension. The main feature of stable tearing is that the loss
of local stability interacts with change of the shape of crack front, leading to regaining
local stability.

1.1 Background

Stable tearing during fatigue crack growth has been observed in a number of aircraft
structures involving aluminium as well as steel. This problem was highlighted during
a detailed investigation of fatigue failure in the main spar of an AerMacchi trainer
which lost a wing during flight in 1990, as reported in (Barter, et al, 1991; Goldsmith, et
al, 1996; Athiniotis, et al,1999). An example of a fracture surface with substantial stable
tearing is shown in Fig.1-1, where the crack initiated from the bottom of one of the
forward-flange fastener holes. The fractography of the fractured lower spar boom
showed multiple tear bands associated with the fatigue crack growth into the thick
section of the spar boom, presumably because of the periodic high tensile overloads in
the spectrum.

Each of these bands occurs as a result of a single high load application, and represents
a sudden extension of the crack, as shown in Fig.1-2. The crack extends more in the
central region of the specimen than at the edges, so there is a marked shape change
during the formation of the band; this shape change is associated with a change in the
stress distribution at the crack tip. After the tear, the crack will usually continue to
grow by fatigue, followed by more stable tearing and fatigue. When the crack reaches a
critical length, a tear occurs which grows in a globally unstable manner to failure.

Substantial tearing is observed in many of the fatigue fractures examined at Defence
Science Technology and Organisation (DSTO) in Australia, including those in thick
sections where low toughness is normally observed, for example, in the Macchi wing
spar (Fig. 1-1). Examples from Royal Australian Air Force (RAAF) aircraft include the
teardown of F-111 longerons and fatigue-tested F/ A-18 bulkheads. In these cases, the
fracture surfaces were being assessed to determine the growth rate of the fatigue crack,
and the presence of the tearing made the assessment particularly complicated. The
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experimental results show that stable tearing certainly influences the fatigue life
because it changes crack front shape and increases crack length.

Fig.1-1  Fracture surface of a failed Macchi MB326H wing spar showing alternating bands
of fatigue and tearing. The tear bands are the darker grey areas, which occur within
a single fatigue cycle and fatigue (light grey) (Barter, et al, 1991).

Crack length

Number of loading blocks

Fig.1-2  Tear bands in the failed Macchi MB326H wing spar and corresponding crack
growth as a function of number of loading blocks.

One particular example which led to heightened interest was the observation of tearing
in a high strength steel component from an F-111 aircraft; this low-toughness material
would not normally be expected to show much stable tearing, but an example was seen
where tearing occurred with the fatigue crack at only one-third of its final service
depth. Fig.1-3 shows an example with larger tear bands from a Dé6ac coupon test.
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Taking the conventional view that tearing in low-toughness materials is a sign of near-
failure would imply that the aircraft had experienced a near-critical loading condition
when the crack was at that point (a surprising result, since it suggests that a similar
load that occurs at any time after the tear would cause failure, i.e. the safety of the
aircraft was in doubt). An alternative explanation is that the local tearing may occur at
much lower stress intensities than normally expected for this relatively brittle material.
For example, in a longeron of F-111, clear tear bands were observed from the fracture
surface, as shown in Fig.1-4. Examples of tear bands were also observed on the fracture
surface of the upper duct flange in an F/A-18 bulkhead, see Fig.1-5. Similar stable
tearing was also found in the wing panel of TRANSALL in France, as shown in Fig.1-6.

Fig.1-3  Large tear bands (darker grey areas-indicated by arrows) from a fracture surface of a
Déac steel coupon test, which is a material used in F-111.
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Fig.1-4  Fracture surface of longeron (left-hand side-LHS) in F-111 showing several tear
bands.

Fig.1-5  Fracture surface of the upper duct flange (right-hand side-RHS) in an F/A-18
bulkhead showing several tear bands (indicated by black arrows) and the crack origin
was indicated by a white arrow at the bottom.
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Tear bands Tear bands

Fig.1-6  Fracture surface of a cracked part of the wing panel of TRANSALL showing the tear
bands.

The existence of intermittent tearing fracture has significant implications for the
management of components through the methodology of durability and damage
tolerance, as unexpected failure may arise due to the occurrence of a single excessive
load. Most currently available crack growth models are based on the concept of
damage accumulation, represented through the crack growth curve. For a given stress
intensity range, if the fatigue load is applied by dN cycles, the crack is assumed to grow
by a length of da. This idea is closely related to the traditional strain-life approach, as
demonstrated by Fiihring and Seeger (1979). Within the framework of such models,
tearing fracture cannot be allowed: if the stress intensity reaches the critical value, then
the specimen would be considered to have failed, whereas the experimental evidence
shows that even after the first occurrence of tear fracture the material may still be able
to sustain a considerable amount of service life. Clearly, disallowing stable tearing
would lead to overly conservative prediction, but whether this potential can be safely
exploited depends on how well we understand the conditions under which stable
tearing occurs and how accurately we can predict it. It is therefore of practical
importance to investigate stable tearing in fatigue crack growth using experimental
and numerical methods.

1.2 Objectives of Collaborative Work

As mentioned above, under some circumstances a stable tearing could occur, leading to
increase the length of the crack well beyond that which would be normally predicted.
This behaviour is obviously a major issue that needs to be understood and quantified.
Therefore, a cooperative research program was established between Defence Science
and Technology Organisation (DSTO) in Australia and Aeronautical Testing Centre
(CEAT) in France. The main objective of this program was to study the conditions
under which aircraft materials fracture by stable tearing and to develop a predictive
capability for the process under operational conditions. Further testing and analysis
were proposed to assist in development of that capability.
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In Phase I of the research program, two Work Packages (WPs) were planned:

(1) WP1: Study of stable tearing under controlled laboratory conditions

Study stable tearing under controlled laboratory conditions using different
specimen geometry to that previously tested at DSTO (e.g. compact tension-CT
specimen). The proposed geometry was centre-cracked tension (CCT)
specimens, which were tested in CEAT.

Identify a suitable alloy for fatigue testing. DSTO recommended aluminium
alloy 7050, as this alloy has wide application in modern military aircraft such as
F/A-18. Fatigue tests were conducted on CCT specimens using constant
amplitude loading, with occasional overloads to generate stable tearing. The
aim was to produce a tear band, which starts naturally under the high load and
progresses significantly before arresting.

(2) WP 2: Model of stable tearing using incremental crack growth/finite element (FE)
models

Assess a FE model (using software packages such as Zencrack and BEASY) to
establish a capability to “grow” crack fronts, making allowances for the plane
stress/plane strain differences along the front.

Use the results from WP1 (in particular crack front shape and position just prior
to the commencement of stable tearing), attempt to predict the extent of crack
front shape change and growth during the tearing using the FE model.

By comparing the prediction with experimental data, plane stress growth
correction factors were investigated to provide empirical corrections, and to
improve the correlation.

The applicability of predictive modelling to specimens tested under a fighter
aircraft load sequence will be assessed.

In this joint technical report, all the experimental and modelling work is summarised.
Additionally, recommendations for future, for example, Phase II, work are made.

2. Material and Experimental Procedures

2.1 Material and Specimen Geometry

2.1.1 Materials

Three types of materials used for the experimental testing were 7050-T7451 (new),
7050-T73651 (old) and 7075-T6 aluminium alloys. The new 7050 (i.e. 7050-T7451) Al
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alloy, which was a 150 mm thick plate, was used for manufacturing both CCT and CT
specimens. The old 7050 (i.e. 7050-T73651) Al alloy, which was 12.5 mm thick, was
used for CT specimens only. The 7075-T6 aluminium alloy was used for verification of
both Schijve and Forsyth’s empirical models. Their chemical compositions and
mechanical properties are presented in Tables 2-1 and 2-2, respectively.

Table 2-1 Chemical composition of 7050 and 7075 aluminium alloys in weight percent
(ASM, 2002; MIL-HDBK-5], 2003)

Materials | Al | Cu | Mn Si Mg | Zn Cr Fe Ti Zr

7050-T7451 | Bal | 1.9- | Max | Max | 2.0- | 5.6- | Max Max Max | 0.08-
25 0.1 0.12 27 6.9 0.04 0.15 0.06 0.15

7075-T6 Bal | 1.50 | 0.30 | 0.08 | 2.55 | 5.65 0.2 0.50 0.06 -

Table 2-2  Mechanical — properties of 7050 and 7075  aluminium  alloys
(ASM, 2002; MIL-HDBK-5], 2003)

Material Yield Tensile | Young's Fracture Elongation | Poisson
stress! Stress | Modulus | Toughness? (%) ratio
(MPa) | (MPa) (GPa) | (MPa-m "?)
7050-T7451 413 482 72.0 32 11 0.33
(7050-T73651)
7075-T6 476 538 72.0 29 11 0.33

! the yield stress is ..
2 Fracture toughness (Kic) is in L-T direction.

2.1.2 Test Specimen Geometry and Dimensions

In this program, two types of fatigue test specimens were used: (a) CCT specimen and
(2) CT specimen. The former was tested by CEAT while the latter was tested by DSTO.
The geometry and dimensions of both types of specimens are shown in Fig.2-1 and
Fig.2-2, respectively.

Three thicknesses (B), i.e., 3, 6 and 9 mm, were selected for CCT specimens. A small
hole with a diameter of 3 mm was drilled in the centre of the CCT specimen (Fig.2-1). A
crack was generated from an initial electric discharge machined (EDM) notch, in
accordance with ASTM Standard E399-90. Fracture toughness measurements were
carried out for all three thicknesses according to the standard. A total of 30 specimens
were machined from a 150 mm thick sheet. An anti-buckling system was used for the 3
mm thickness specimens. Three thicknesses (B), i.e., 6, 12 and 24 mm, were used for CT
specimens. The width of the CT specimens (W) was 50.8 mm.
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initial EDM notch ¢ =3 mm

- It has been rotated 90° anticlockwise.

S mm
'
A !
E 2 holes 2 holes
H ¢=1.9 mm ¢=4 mm
;
i
I()Omm------------"O"---(P-"----G---------------- .....
16 mm H H
90 mm ‘B
i} |
300 mm
il T

Fig.2-1  Dimensions of CCT specimen for experiments and FE Modelling (not to scale),
where the specimen thickness varies from 3 to 9 mm.

Load Line
12.7
P mm
rack
Crac 61.0
mm
€33.0mm»‘
-+ 635mm ——p»| —p B |@w—

v

Fig. 2-2  Dimensions of CT specimen for FE Modelling (not to scale), where the specimen
thickness varies from 6 to 24 mm.
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2.2 Loading Conditions and Experimental Set-ups
2.2.1 Load Spectra for a CCT Specimen

In order to study their effects on stable tearing, the following parameters have been
modified during the test campaign:

e The amplitude of the background fatigue spectra.

e The load control: displacement- or load-controlled.

e The loading rate during the overload (0.001, 0.1, 1 mm/minute and 2000
daN!/min).

e The tear threshold, Aa, which triggers the end of the overload.

The experimental set-up for fatigue testing of the CCT specimens is shown in Fig.2-3.
In order to easily obtain exploitable stable tearing bands, CEAT developed a special
loading sequence, as shown in Fig.2-4. A background fatigue load of constant
amplitude fatigue at a ratio R of 0.1 was applied, with periodic overloads at given crack
lengths to produce the tearing. The amplitude of the constant amplitude load was
chosen to reduce the time required for the crack to go through the plastic zone
generated by the overload. The constant amplitude load was stopped once the crack
propagated outside the theoretical plastic zone, to assure the separation between two
successive tearing bands. The overload was applied, as in a static test, with a controlled
displacement rate and was automatically stopped after a programmed variation of the
crack length (measured via the potential method). 17 CCT specimens were tested using
this load spectrum.

Additionally, in order to produce tearing bands in a more realistic way, six fatigue tests
of CCT specimens (two for each thickness) were conducted under FALSTAFF spectra
with different amplitudes.

12000 daN/min is the loading rate when the overload is applied (load-controlled mode).
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Fig. 2-3 (a) photographs of whole experimental set-up and (b) enlargement of the loading
arrangement with a specimen inserted.

1st overload

2nd overload
3rd overload

Background fatigue
R=0.1

Load

time

Fig. 2-4 Schematic of the loading sequence used for CCT specimens.

10
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2.2.2 Spectrum Loading for CT specimens

The tearing experiments on CT specimens were carried out at DSTO in a computer-
controlled servo-hydraulic Instron fatigue test machine using a 25kN load cell. A
background of constant amplitude fatigue load at a stress ratio (R) of 0.1 was applied
with periodic overloads at a set of crack lengths to produce tearing, as illustrated
schematically in Fig.2-5. Some of the older 7050 specimens were tested with a constant
background AK (of around 22.5 MPavm), with appropriate periodic overloads. The
details can be seen in a DSTO report (Byrnes, et al., 2000).

Load

Time

Fig.2-5 Schematic of the loading sequence used in the tearing tests of CT specimens (DSTO).

2.3 Observation of Fracture Morphologies

In order to further understand the behaviour of tear bands, a series of examinations on
fracture surfaces were performed on selected CCT specimens. The fracture
morphologies on CCT were observed by an optical microscope (Polyvar) with a digital
image capturing system.

3. Fracture Morphologies of CCT and CT Specimens

3.1 CEAT Experimental Results
3.1.1 Under a Special Loading Spectrum

A total of 17 CCT specimens were tested with 11 of them successfully producing tear
bands and the remaining 6 broke at the first overload. Some fracture surfaces are
shown in Fig.3-1, where the dark area represents the tear bands and light zone
represents fatigue crack growth. A total of 98 tear bands were measured to get the data
for modelling.

11
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From Fig. 3-1, it can be seen that multiple tear bands were successfully produced. It can
be seen that the width of the tear bands depends on the specimen thickness. With
increasing specimen thickness, the average width of the tear bands also increased and
the size of the fatigue zone between adjacent tear bands became smaller.

Fatigue propagation zones

Rupture

Rupture

< Pdr > —> > ——>—> 4—‘—> ——t—>

EDM notch

Tear bands

Fig.3-1  Micrographs of CCT specimens showing large tear bands (darker bands) on fracture
surface. (a) t = 9 mm (KWST-96); (b) t = 6 mm (KWST-66) and (c) t = 3 mm
(KWST-34), where 2.5mm is the scale marker shown at the right hand end of the
photograph.

3.1.2 Under FALSTAFF Spectrum

The FALSTAFF spectrum (Fighter Aircraft Loading STAndard For Fatigue evaluation)
represents 200 flight hours. It was truncated at 0.145g? to avoid the destruction of the
fracture surfaces by compression.

2 Gravitational acceleration (9.81 m/ 52)

12
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A total of six fatigue tests were conducted on CCT specimens (two specimens for each
thickness) under FALSTAFF spectrum. After the first tests (1 of each thickness), the
maximum load amplitude was modified for the 3 and 6 mm thick specimens to
increase the length of the fracture surfaces except for the two 9 mm thick specimens.
An example of a fracture surface from the 9 mm thick CCT specimen is shown in Fig. 3-
2. A total of 128 tear bands were measured, but they were not successfully correlated to
the loading sequence. Consequently, these data were not used in the modelling study
at CEAT.

Fig.3-2  Micrograph showing tear bands in a CCT specimen with t = 9 mm (KWST-92)
under the FALSTAFF spectrum.

3.2 DSTO Experimental Results (previous experience)

As indicated in Sec.2.2.2, a background of constant amplitude fatigue load at a stress
ratio (R) of 0.1 was applied with periodic overloads at set crack lengths to produce
tearing, see Fig.2-5. After each overload, a significant plastic deformation was
generated, which in turn produced a compressive residual stress field around the crack
tip. This residual stress field temporarily reduces the crack growth rate, and acts as a
shield to further growth. In order to maintain a reasonable growth rate, the
background loading was raised for a short time. It turned the initial level after
approximately 0.5 mm of crack growth. The crack was then grown for approximately 5
mm at the initial load level. This retardation of crack growth is illustrated for specimen
No 50-86 in Fig.3-3 (a), while Fig. 3-3 (b) shows the deformation observed on the
specimen surface due to the applied overloads.

DSTO successfully reproduced the tear bands on laboratory coupons with different
thicknesses using CT geometry (Byrnes, et al, 2000). Table 3-1 is a summary of the
conditions and overloads applied to each specimen and Fig. 3-4 shows the resulting
fracture surfaces and tear bands for different thickness specimens. Clearly, each
specimen had multiple tear bands with each successive tear band, except for KSIE12-10
specimen. The single tear band produced on KSIE12-10 extended out of the plane of
fracture and the specimen nearly failed catastrophically. Specimen 50-126 was sourced
from the older T73651 plate while the KSIE specimens were all sourced from the newer
T7451 material. The experimental results also show that the crack front becomes more
curved after multiple tear bands (Fig.3-4).

13
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Fig.3-3 (a) Crack growth retardation in specimen No 50-86 and (b) deformation on surface
resulting from applied overloads (arrowed).

KSIE24-1 and KSIE24-2 were 24 mm thick specimens from the 7050-T7351, while
specimen 75-141 was a 25 mm thick specimen of 7075-T6. In each case a background
constant amplitude fatigue loading of 0.9 to 9.0 kN was used with overloads applied at
stress intensity levels approximately equal to Ki.. Specimens, KSIE24-1 and 24-2 failed
catastrophically. With specimen 75-141, three very narrow “tear bands” were
produced at stress intensities of 31 MPaVm, but at 32 MPaVm the specimen failed
catastrophically. Table 3-2 is a summary of the loading conditions for these specimens
while Fig. 3-5 shows the fracture surfaces of specimens KSIE24-2 and 75-141.

14



Table 3-1 Summary of loading conditions
KSIE6-6, KSIE6-5 and KSIE12-10

applied to specimens 50-126, KSIE12-1,

DSTO-TR-1657

Specimens
50-126 KSIE12-1 KSIE6-6 KSIE6-5 KSIE12-10
Thickness, t 12.5 mm 12 mm 6 mm 6 mm 12 mm
Background Constant Constant Constant Constant Constant
(R=0.1) AK=225 AP=4.5 kN AP=1.8kN AP=1.8 kKN AP=45 kN
MPaVm
Overload 1 16.7kN @ 15.07 kN @ 752kN @ 852kN @ 15.45 kN@
a=20.7 mm a=22.2 mm a=21.8 mm a=20.9 mm a=21.9 mm
2 13.32 mm @ 11.29kN @ 5.77kN @ 6.90 kN @ -
a=24.0 mm a=26.9 mm a=26.4 mm a=24.7 mm
3 11.14kN @ 8.17kN @ 431kN @ 5,58 kN @ -
a=27.1 mm a=31.1 mm a=30.8 mm a=27.9 mm
4 8.56 kN @ - - 438 kN @ -
a=30.3 mm a=30.8 mm

|||||g1||||||ﬂ||||||llII]IIl1l
o] 1 2

Fig. 3-4

T T AR
& B 5] 7

Micrograph showing stable tearing features (dark bands). (a) t = 12 mm (Specimen:

50-126); (b) t = 12 mm (KSIE12-1); (c) t = 6 mm (KSIE6-6), (d) t = 6 mm (KSIE6-
5) and (e) t = 12 mm (KSIE12-10).

From the laboratory tests, it is clear that the tear bands are caused by parts of the crack
front becoming unstable, and advancing rapidly, thus changing the crack front shape.
This change of shape can provide increasing resistance to the crack extension, and in
many cases can cause the crack to revert to the more usual slow fatigue growth. The
DSTO experimental results have proven that the empirical tearing models formulated

15
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by Forsyth (1976, 1981) and Schijve (1979) are good predictors of the stress intensity,
which causes tearing (Byrnes, et al., 2000). But both Schijve and Forsyth’s models are
only valid at the post fracture analysis since measurements of the various shapes of the
crack front are required. Both models were also applied to the CCT specimens. The
details can be seen in Chapter 6.

Fig.3-5

Table 3-2:

- —

[ T
] 1 2 3 L 5§ B 7 cm
Micrographs showing stable tearing features on specimens. (a) KSIE24-2 and (b)

75-141. Both specimens failed catastrophically at a stress intensity factor
approximately equal to K., with little or no tear band formation.

Summary of loading conditions applied to specimens 75-141, KSIE24-1 and
KSIE24-2

Specimens
75-141 KSIE24-1 KSIE24-2
Thickness, t 25 mm 24 mm 24 mm
Background Constant Constant Constant
(R=0.1) AP=7.2 kN AP=8.1 kN AP=7.2 kN
Overload 1 17.34 kKN@ 21.91 kN@ 24.33 kN@
a=24.89 mm a=26.91 mm a=26.99 mm
2
15.26 kN@ - -
3 a=26.89 mm
13.43 kKN@ - -
4 a=28.72 mm
11.19 kN@ - -
a=31.05 mm

16
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4. Influence of Parameters on Stable Tearing

As seen in Sec.3.1, several testing parameters have been modified with the aim of
studying their influence on stable tearing. The main parameters studied were the stress
intensity factor at the maximum load of the overload, Kma, and the effective stress
intensity factor, Kes (01 AKeff = Kinax - Kop), for CCT specimens (see Fig.4-1). Kop is the SIF
at crack tip opening or closure. Ky, is the SIF at the maximum load of the constant
background fatigue load and the crack length preceding the overload. Assume K, is
equal to the K opening (Kop) of the overload. Kuin is the SIF at the minimum load.
Assume Knin is equal to zero at the beginning of the overload, i.e., Kmin = 0, then AK =
Kmax.

pt

Kmin

Fig. 4-1 Definition of the parameters studied for an overload.

4.1 Influence of Kmax on Aa

The plots of the fatigue crack extension (Aa) versus the maximum stress intensity factor
(Kmax) for each thickness are shown in Fig.4-2. Each plot represents a tear band. Only 85

1{ K
tear bands (among 98), with a distance® of at least 2ry :—(—J , have been
T\ Oy,

selected*. The least square line has also been drawn.

3 Separation width between adjacent tear bands.
4 This is the plane stress plastic zone size. If the plane strain plastic zone size was used then
more bands would qualify.
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Plots of fatigue crack extension (Aa) as a function of maximum intensity factor
(Kinax) for different thickness CCT specimens. (a) 3 mm; (b) 6 mm and (c) 9 mm.

4.2 Influence of Ketf on Aa

The plots of the fatigue crack extension (Aa) versus the effective stress intensity factor
(Ker) for each thickness are shown in Fig.4-3. Assuming the stress intensity factor (SIF)
at the crack tip opening Ko, is equal to the SIF at the small peak load, K, (refer to
Fig.4-1). From the results, it can be seen that no obvious correlation can be found
between Aa and K.
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Fig. 4-3
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Fatigue crack extension (Aa) as a function of effective stress intensity factor (Keg) for
different thickness CCT specimens. (a) 3 mm; (b) 6 mm and (c) 9 mm.
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5. Influence of Stable Tearing on Fatigue Life

The presence of stable tearing complicates the prediction of crack growth rate. On one
hand, the crack can extend by millimetres under the influence of a single high load
(refer to Figs. 1-1 and 3-1). On other hand, the crack growth rate decreases significantly
after the overload. Thousands of load cycles may be necessary to regain the initial
growth rate due to growth retardation. The question is what effect stable tearing has on
the overall fatigue crack growth rate.

The results of eight CCT specimens were examined at CEAT. The proposed procedure
and hypothesis are shown in Fig.5-1, where the dot line curve represents a crack
growth rate without tearing and the solid line curve is a crack growth rate with tearing.
In this figure, assume both the crack growth rates are same during normal fatigue
growth (see the arrows). The number of cycles measured during the test (ANiest) is
required to retrieve the crack propagation rate obtained before the overload. The
theoretical impact due to the overload on crack propagation is represented by AN. That
the theoretical impact is larger than zero (i.e., AN>0) implies a delay (a longer
propagation life) and AN<O is crack growth (i.e. Aa predominant on overload effect).
Because of the lack of the propagation curve (a=f(N)) without overload, so assume that
AN ~ ANest. The influence of stable tearing is shown in Table 5-1, where AN>0.

same da/dN

ANteSt »

-

N
same da/dN

Y

Fig.5-1  The proposed procedure and the corresponding hypothesis AN ~ ANes.

The results (AN) show that the presence of stable tearing leads to a longer propagation
life for 7050 Al CCT specimen. In other words, the prediction of the model may remain
conservative in the presence of stable tearing.
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different specimen thicknesses

Table 5-1 Influence of stable tearing on the fatique propagation life (number of cycles), AN, at

Specimen/tear 1 2 3 4 5 6
band
KWST-34 N.R. +28100 | +20100 | +8400 +2700 +900
KWST-35 N.R. +238 400 | +27400 | +10 900 +200 N.R.
KWST-36 +26300 [ +9200 +3 300 +3 800 +2 600 +500
KWST-38 +446 500 | +394 400 | +85600 | +54 300 | +23 600 N.R.
KWST-62 0 +113 700 | +26 700 N.R. N.R. N.R.
KWST-66 N.R. +3300 | +63 400 N.R. N.R. N.R.
KWST-67 0 +10000 | +20000 | +520000 | N.R. N.R.
KWST-94 N.R. +48900 | +5600 +200 +300 N.R.

N.R. : No Result due to an increase of the load

6. R-Curve, Forsyth’s and Schijve’s Models

There are several empirical models available for analysis of tear band behaviour such
as Schijve’s and Forsyth’s models. Previous DSTO experience has shown that these
models work reasonably well on predictions for CT specimens but only for the post-
failure analysis (Byrnes, et al, 2000). An alternative way is to apply the R-Curve
concept to examine the prediction capability.

In this chapter, these models are used to examine CCT specimen data as predictive
models for stable tearing. The limitations of these models are also briefly discussed.

6.1 R-Curve Method

For materials in an elastic condition, the crack driving force (i.e. G) defines the change
of potential energy (Ue) per unit crack growth, i.e. dU./da. The crack propagates in a
stable fashion when the following condition are satisfied,

G=R (6-1)
and
d_G < d_R (6_2)
da da
whereas for unstable crack extension,
E > d_R (6_3)
da da
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where R is the fracture resistance.

For a cracked specimen, made of a ductile material, in plane stress or intermediate
plane stress/strain conditions, the R-curve depicts the increasing resistance of the
material for an increasing stress. This rising of the R-curve (after the beginning of the
crack extension) is mainly due to slow stable crack growth preceding instability, linked
to the development of the crack tip plastic zone.

The R-curve concept is illustrated in Fig.6-1. Instability of crack propagation can be
determined graphically by comparing the calculated crack driving force (G or K) curve
with the measured crack resistance curve (R curve). For example, for a crack length of a
and a remote stress of oy, the K-curve cuts the R-curve at the point 0. The crack driving
force (G or K) curve is below R-curve, so stable crack growth happens. When the
remote stress is increased to a critical point ¢, unstable crack propagation will
occur, because the crack driving force is higher than the crack resistance curve
(dK/da > dR/da).

K A K-curve O R-curve
/
C
c ~ G,

Crack length a

Fig.6-1 Schematic of R-curve Concept. K. is the critical SIF at a critical stress O (i.e. G = P in
Eq.(6-1)); K, is the SIF at a stress O, below R-curve (i.e. G < R).

Due to the similitude of the phenomenon encountered in R-curve test and stable
tearing test (during the overload), CEAT tried to assess the R-curve concept as a
predictive model for stable tearing.
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6.1.1 Procedure used for the Prediction of Tear Bands

The procedure for the prediction of stable tearing is shown in Fig.6-2. The R-curve is
drawn in the (AKes; Ader) coordinate system. For each overload, the loading path (K

curve) was calculated in the plane (AKpnys; Alphys). Theoretically, the tear band would
appear once the K curve cuts the R-curve.

The prediction of the crack tearing propagation Adpnys was calculated by Adphys = Allesi—

ry with 1y the plane stress Irwin’s correction factor equal to (1/27)(K,, / Rc)2 ;

R =0.5(R,+R,,); R,and R,,, the ultimate and elastic strength of the material,

respectively.
K R curve
I<phys
K curve
L
Aetf Aetf Qphys

Fig.6-2 Procedure used for the prediction of tear bands.

6.1.2 Procedure for Calculation of Post Fracture Stress Intensity

This procedure is shown in Fig.6-3. The aim is to calculate the stress intensity Kginay,

which causes tearing from the data, Adpnys, measured by the post failure analysis of the
specimen.
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A
Kegr K-Curve R-Curve

Iterative calculation

>
Aa phys aeff

Fig.6-3 Procedure used for the calculation of K, ,

The equation of the R-curve Keir = f(Aderr) is expressed in the plane (Ke; derr) and the

following iterative calculation is necessary to calculate Kest from Adpnys. The plane stress
Irwin’s correction factor (ry) is used (see Sec 6.1.1).

Aaghys —{ R-Curve |—>Ki —>1, —> Afu = Aai + 1y

The Keit calculated on the R-curve is theoretically at the cutting point of the K-curve of
the specimen loaded, so that Kina= Ket (refer to Fig.6-2).

6.1.3 Predicted Results

The R-curve is obtained by the compliance method, which assumes a straight crack
front only (ASTM E647). In fact, tear bands have curved crack fronts, which imply the

experimental crack propagation (Ade.p) greater than the length (Adr) of an equivalent
straight band (same surface). Therefore, a correction factor was introduced for each
thickness, which was defined as a ratio of Aa, to Aa

and K

= Bo~(m.a)*5 with @ = Ainitial + Aldphy and Alphy = Adep*k. For each thickness, the Adr and
the correction factor were calculated for each tear band. The correction factors (see
Table 6-1) are the average values of these ratios.

in the determination of Alphys

exp ’/

The Adphys and Kiina values are determined by Afphys =Afcalcutated /k and Kina

final *
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+— Same surface

Aa R Aaexp

Table 6-1 Correction factor

Thickness Correction factor
Aag / Aaexp
3 mm 0.5
6 mm 0.29
9 mm 0.99

The average results calculated by each procedure, with and without correction factor,
are respectively shown in Tables 6-2 and 6-3. They are expressed in relative percentage

by: ((Aa hys — Aacxp) / Aacxp) *100.
Table 6-2 Results Adpnys without and with correction
Thickness Criteria Relative % on Aflpnys
Number of tear Without correction With correction
bands
3 mm Average -40 % 20 %
24 Standard 21 % 43 %
deviation
6 mm Average =72 % 5%
16 Standard 13 % 46 %
deviation
9 mm No result
14
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Table 6-3 Results Kfina without and with correction

Thickness Criteria Relative % on Kgina
Number of tear Without correction With correction
bands
3 mm Average 20 % -1,5 %
24 Standard 8 % 8 %
deviation
6 mm Average 37 % 0,5 %
16 Standard 12 % 11 %
deviation
9 mm Average -9 % -9 %
14 Standard 10 % 9 %
deviation

The results obtained by the R-curve concept show that:

e The prediction of the crack tearing propagation Aapnys is not always possible (thick
specimen) and the results are relatively good with the correction with some scatter.

e Post fracture calculation of the stress intensity, Ksinay, gives good results.

6.2 Forsyth and Schijve’s Models

For convenience, two empirical models those of Forsyth and Schijve are briefly
described here.

6.2.1 Forsyth’s Model - A Geometrical Approach

Forsyth’s model is a geometry-based approach (Forsyth, 1976; Bowen & Forsyth, 1981).
A crack front length, I, incorporated with a maximum crack length at the centre of a
specimen thickness (amax), as shown in Fig. 6-4, is used for predicting stress intensity
factor K(amax)-

»‘ CT fracture surface

¥

tear band

-~ —>

crack front length,/

Fig.6-4 Geometrical parameters for Forsyth’s model
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When the crack front length is smaller than an equilibrium length, the crack can jump
to an equilibrium position by brittle fracture. Here, the initial crack shape is assumed
to be straight. When the crack front length is larger than an equilibrium length the
crack will grow by fatigue. Therefore, at a equilibrium position, a basic relationship
among critical stress intensity factor, Ki, maximum crack length, max, and crack front
length, I, is given by

\Y amax KI
= < 6-4
l lo Gmax \/; ( )

where o is the maximum applied stress and / the minium crack front length, i.e.,

the specimen thickness. In this case, assume that the initial crack front shape is straight.
In fact, the fatigue crack front is not straight, causing some errors in Forsyth’s model.
Equation (6-4) can be re-written in a simple form,

K(dy) _ | ]
P (6-5)

[

Ic 0
At the onset of tearing, when [ = Iy (i.e. the crack front is effectively straight = specimen
thickness), Equation (6-5) states that K(fmax) is equal to Ki.. Equation (6-5) implies that

the K-value based on fmax can exceed Ki. provided the crack front is larger than the
thickness (i.e. a curved crack front).

As the loading increases, the stress intensity at the crack tip also increases above Kic
until it reaches its maximum, K(amax). However, at this point the crack front length has
been increased and the effective stress intensity factor at the crack tip reduced by the
ratio of Ip/l. The crack therefore remains stable and continues to grow by fatigue,
during which the crack front straightens up eventually, the point is reached at which
the crack tip stress intensity factor again exceeds Ki. and another tear band is formed
(Byrnes, et al, 2000).

6.2.2 Schijve’s Model - A Fracture Mechanics Approach

Schijve’s model considered the effect on a tear band due to different stress states along
a specimen thickness (Vlasveld & Schijve, 1979). As a tear band is growing under
increasing load the central part of the crack front will remain under predominantly
plane strain conditions. The stress intensity along the central part is then expected to
remain constant and approximately equal to the stress intensity at the initiation of the
tear, which in turn is approximately equal to K.

The tear band phenomenon could be reduced to a two-dimensional problem model,
which is illustrated in Fig. 6-5. Assume that the untorn ligament (AD:D and A’D:'D’)
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can only carry a stress which is equal to the yield stress, 6,,, and that this will reduce

the stress intensity factor along the front DD’".

Ad
X <>—> u(x)
a. v(x) CT fracture surface
‘ -
A D
/
S,
. 1D
fatigue crack 1 untorn
....... D' ligament

Al fo
Al B D'

Fig.6-5 Schematic of Schijve’s model

AA; then is the depth of penetration of plane stress at initiation and is assumed to
equal the plane stress plastic zone size at that moment, i.e.:

AA, =l[ﬁ] . (6-6)

T\ Gy,

Assume the depth of plane stress, v(x), increases linearly with crack growth, Aa, it can
be, therefore, expressed as

v(x)= l(&] +a(x—a,) (6-7)

T\ Oy,

where o is an unknown slope factor. The width of the untorn ligament, u(x), also
increases linearly with Aa, which is expressed by

u(x) =p(x-a) (6-8)

where B is the slope of the ligament (or DD/ AD) in Fig.6-5. At a__, v(a,, )=u(a,, ),
from equations (6-7) and (6-8), the following equation can be obtained:

BAa = l[&} + aAa . (6-9)

T\ Gy,
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By measuring the slope of the untorn ligament, the slope factor a may be calculated.
Therefore, the stress intensity factor can be predicted by

4 0.2 i 1 K[c : i i A _A
K, = . 2oeNTal —( j +0Aa 1/1+2i—iarc sec(l+ aj 14+ (6-10)
mt T \Oo2 Aa Aa ai ai

where t is the specimen thickness, a; is the initial crack length and Aa is the crack length
extension (note that the ligament stress intensity is negative). This ligament stress
intensity acts against the applied loading such that at the conclusion of tearing;:

Koy =K (@0 )+ K =K (6-11)

max

At maximum applied load, the SIF at the crack front D1D:" remains equal to the plane
strain fracture toughness, while the excess stress intensity is taken up by the untorn
ligaments.

However, Schijve’s model requires measurements of crack depth, 4, increment in crack
depth after tearing, Aa, and the slope of the tear band ligament, . Generally,  can be
determined by averaging B:1 and B2 from the measurements on the fracture surface, i.e.,
B,, =B, +B,)/2, as shown in Fig.6-6.

tear band CT fr/acture surface

y

B,

Fig.6-6 Determination of the slope of tear band ligament from the fracture surface.

6.3 Comparison of Forsyth’s, Schijve’s and R-curve results

The results on CCT specimens obtained by the three models are compared in Tables 6-4
and 6-5.
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Table 6-4 Schijve’s and R-Curve results Apnys

Thickness Criteria Relative % on Afpnys
Number of tear Schijve’s model | R-curve concept with
bands correction
3 mm Average 52 % 20 %
24 Standard 42 % 41 %
deviation
6 mm Average 14 % 1%
16 Standard 36 % 46 %
deviation
9 mm Average 11 % No result
14 Standard 128 %
deviation
Table 6-5 Forsyth’s, Schijve’s and R-Curve results Kgna
Thickness Criteria Relative % on Kginal
Number of tear Forsyth’s Schijve’s R-curve concept
bands with correction
3 mm Average 13 % -14 % -2 %
24 Standard 22 % 7 % 8 %
deviation
6 mm Average 11 % 1% -1 %
16 Standard 17 % 14 % 11 %
deviation
9 mm Average 21 % 13 % -9 %
14 Standard 17 % 15 % 9 %
deviation

The comparison of these results shows that the R-curve concept:
e Gives better Aapnys prediction than Schijve’s model but is limited to thin specimen.
¢ Gives slightly better results Ksina than Forsyth’s and Schijve’s models.

This study has shown the capability of the R-curve concept to predict crack tearing
propagation Adpnys and the stress intensity (Kena), which causes the stable tearing. But
the accuracy relies on R-curve (same material and thickness) and a specific correction
dependent on the thickness and the material. So, this model cannot be used as a
predictive model but is shown to be efficient for post fracture analyses. Therefore, the
R-Curve method is an alternative to Schijve’s model for post failure analyses only.
However, the difficulty also arises for stable tearing because we need to compare the
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local K, and the local R at each point on the crack front rather than overall K and R, as
shown in Fig.6-1.

Furthermore, the experimental results, obtained by the tearing models of Forsyth and
Schijve on CCT specimens, further confirm previous DSTO results on CT specimens
(Byrnes, et al, 2000), i.e., they are good predictors of the stress intensity factor, Kfina but
only useful for post fracture analysis. Therefore, an appropriate numerical modelling
capability needs to be developed for enhancing the prediction of tearing behaviour.

7. A Three-Dimensional Finite Element Model Using
ZENCRACK Package

As stated previously, in both CCT and CT specimen tests, one of the most noticeable
physical changes to the fracture surface before and after tearing fracture is the change
in curvature of the crack tip front. This change is dependent on specimen geometry,
particularly thickness, material properties (i.e. fracture resistance) and stress
distribution. The change of the crack tip front shape could alter the values of stress
intensity factor (SIF) around the crack tip front under elastic condition or other fracture
parameters under elastic-plastic conditions.

The ZENCRACK® 3D FE package (1998, 2002) combined with ABAQUS® was adopted
to develop FE models of the CT and CCT geometries under elastic conditions, which
can be used to determine the SIF along crack tip fronts of different curvatures. The
numerical results calculated using ABAQUS® only under the elastic-plastic condition
are also included in this report. Additionally, a new three-dimensional model using
cohesive zone approach and corresponding preliminary results is discussed in
Chapters 8 and 9.

7.1 ZENCRACK Package

The evaluation of crack growth has generally been limited to planar cracks in 3D
structures, usually under mode I loading only. ZENCRACK® is used to solve 3D crack
problems by providing a meshing and crack growth capability (Zentech, 1998, 2002).

7.1.1 Principle

ZENCRACK® uses the finite element method via interfaces to ABAQUS® to provide a
versatile and powerful analysis tool. Users have at their disposal all of the capabilities
within these finite element programs and may;, if desired, include any number of non-
linear features in an analysis in addition to being able to carry out a "standard" linear
elastic fracture mechanics analysis.
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ZENCRACK® uses a so-called "crack-block" approach to quickly and easily generate
3D finite element models of cracked components from user supplied uncracked
meshes. The cracked mesh is submitted for analysis to ABAQUS® with subsequent
crack growth calculations carried out automatically if required. The crack growth
scheme caters for full 3D crack growth of arbitrary 3D crack fronts under mixed mode
loading. The program incorporates an adaptive meshing scheme to generate and
update finite element meshes to simulate crack growth. The basic flow chart for using

ZENCRACK?" is illustrated in Fig.7-1.

USER INPUT
an existing finite element
mesh of an uncracked

component (ABAQUYS)

USER INPUT

ZENCRACK
creates finite element mesh
of cracked component

supplementary data,
e.g. crack location / size,

l

crack growth law

ABAQUS
finite element analysis

l

ZENCRACK
evaluate crack growth

l

ZENCRACK
updates crack front
geometry and FE model

l

no
STOP |€——

ZENCRACK
FE analysis ?

yes

Fig.7-1 Simplified flow chart for crack growth prediction analysis in ZENCRACK.

7.1.2 Crack-Blocks

One of the main features of ZENCRACK? is to use the crack-blocks. The crack-block
approach is used to generate 3D meshes containing one or more crack fronts. The crack
block is a mesh defined by a series of brick elements that are arranged specifically to
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model a crack front. The term crack-block refers to a collection of 20-node brick
element stored as a unit cube. The arrangement of these crack-blocks is such that they
contain either a quarter circular or through crack front on one face. Part of this face is
allowed to open up under loading giving the opening crack face within the crack-
block. Examples of unit cube crack-blocks are shown in Fig.7-2 and Fig.7-3 with their
opening crack faces shaded for clarity (Zentech, 1998).

“Front” “Rear”

Fig. 7-2 Example of a quarter circular crack-block (Zentech, 1998, 2002)

“Front” “Rear”

Fig. 7-3 Example of a through crack-block (Zentech, 1998, 2002)
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About 25 different 3D crack-blocks are available in the crack-block library of
ZENCRACK® package. According to the problem to be analysed, suitable crack-blocks
can be selected from the library to form a desired crack front. The details can be seen in
ZENCRACK® Manuals (Zentch, 1998, 2002).

7.1.3 Procedure of ZENCRACK Modelling

To begin the process of analysis the FE model needs to be generated for calculation by
ABAQUES. The specimen can be represented by a fairly straightforward FE model. Then
the crack-blocks are used to replace some of existing 3D elements around the crack tip
in the FE model. For example, Fig.7-4 illustrates an example of modelling a single edge
notched (SEN) specimen consisting of 16x3D elements, where normal 3D elements 7
and 11 (Fig.7-4 (a)) are replaced by the crack-blocks (Fig.7-4 (b)). The elements 8 and 12
are split in order to create a crack.

Once appropriate boundary and loading conditions as well as material properties are
given, the modified input file can be generated and then sent to ABAQUS for the
calculation. One of the shortcomings of ZENCRACK is that the input file must be
manually rewritten, including all details such as the name of the crack-block. The input
file, which is generated by PATRAN, with uncracked meshes must be written into the
ZENCRACK input file.

16 15 14 13
12 11 10 ]
B 7 [ 5
i 4 3 2 1 '
b by
Elsmsrt msbarim RarrE

(a) (b)

Fig.7-4  Procedure of modelling a SEN specimen using ZENCRACK. (a) a standard FE
model by ABAQUS and (b) a modified FE model by ZENCRACK (Zentech, 2002).
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7.2 Calculations of Stress Intensity Factors (SIFs)
721 Using ZENCRACK

ZENCRACK calculates the SIF along the crack front using two methods, crack tip
opening displacement and the energy release rate along the crack front. In this report
the SIF from the crack tip opening displacement is presented for all specimens except
the 3 mm CCT specimen where it was found that the SIF from energy release rate
provided a better match to the theoretical SIF and gave a better SIF distribution.

The equation used in ZENCRACK for calculation of the SIF from crack tip
displacement is given in Equation (7-1),

KoLV \/E 7-1)
41—\ 7

where K is stress intensity factor; E is Young's modulus; V is crack opening
displacement; r is the distance from the crack front to point of displacement
measurement and v is Poisson’s ratio.

The equation used by ZENCRACK for calculation of the SIF from the maximum energy
release rate is given in Equation 7-2,

K{ EG T 7-2)

1_(akv)2

where G is the energy release rate and ox = 0 for plane stress and 1 for plane strain,
intermediate values are acceptable. The remaining symbols in Equation (7-2) are the
same as in Equation (7-1).

The SIFs along a crack front presented in this report are given for the plane strain
condition. For simulation of stable tearing the plane strain, plane stress and
combinations are examined. The numerical results by FEA are given in Chapter 9 and
discussed in Chapter 10.

7.2.2 Using ABAQUS Code

In ABAQUS, the SIF is calculated from the energy release rate (J-integral), based on the
following relationship,
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J = LKT B’.K (7-3)
87

where K = [Kj, Ky, K] are stress intensity factors in modes I, I, II, respectively and B
is called the pre-logarithmic energy factor matrix. For homogeneous, isotropic material
and Mode |, B is a diagonal matrix, so the above equation can be simplified to

1
J=— K? (7-4)

where E* = E for plane stress and E* = E/(1-v2) for plane strain.

7.3 Fatigue Crack Growth in ZENCRACK

For simulation of fatigue crack growth, ZENCRACK calculates the fatigue crack
growth based on the assumption that the direction of crack growth at any point on the
crack front is given by the direction of maximum energy release rate normal to the
crack front (Zentech, 2002). ZENCRACK uses the finite element code - ABAQUS, as a
tool for generating the required energy release rates at the crack front.

ABAQUS employs the contour integral approach to evaluate the energy release rates
required by ZENCRACK. By calculating the contour integral, the J-integral can
characterise energy release associated with crack growth behaviour. ABAQUS can
provide ZENCRACK with the required input from crack front node sets and direction
vectors.

To predict fatigue crack growth rates ZENCRACK can incorporate experimental crack
growth data via implementation of the Paris equation. Sections of the curves generated
through specimen testing can be approximated by this standard formulation (Paris
equation), given in Equation (7-5) as follows,

da m
I C(AK) (7-5)

where C and m are material constants; a is crack length, N is number of fatigue cycles
and AK is stress intensity factor range = K _, — K . . The user can input two or more

points of the experimental data or the Paris equation parameters. Experimental data
must be supplied for the same stress ratio as that is being used for the analysis.
ZENCRACK employs a reformulated version of the Paris equation for mixed mode
cases where the maximum and minimum energy release rates along a crack front must
be in the same direction. In this reformulation the maximum and minimum stress
intensity factors are converted directly into energy release rates to give the following
equation (Zentech, 2002),
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ﬁ — C E (GI/Z _ Gl/'Z )m (7—6)
dN 1— (aKD)z max min

where G is the energy release rate, E is Young's modulus, v is Poisson ratio, o is
constant between 0 and 1 depending on the state of stress in the experimental specimen
averaged over the crack front (ax = 0 for plane stress and ox = 1 for plane strain).

ZENCRACK then employs one of two schemes, based on the energy release rates in
equation (7-6), to predict crack growth. The first is a constant G scheme where the
energy release rate distribution for an obtained crack front shape is held constant and
is used to predict crack growth for a given increment in the number of cycles. This is
not always reliable, particularly when G increases with increasing crack growth where
the energy release rate at the end of the crack growth stage is higher than the
beginning. In such a case the constant G scheme will underestimate the crack growth
for a given increment.

The second and more reliable method is the forward predictor scheme whereby the
variation in energy release rate is estimated over the next crack growth step. This is
then used to predict the crack growth. The G variation from the previous increment
can be used over the next increment so the crack growth rate in equation (7-6) can be
integrated to give the crack growth. In this study, this second method was adopted.

In this study, the Walker equation was used for calculating crack growth rates, when
the effect of R ratio was included. The Walker equation is presented by

da "
N C,(AK,) (7-7)
AK=AK (1-R)"™. (7-8)

Substituting Equation 7-8 into Equation 7-7, gives

da )1
-G [AK(1-R)"™" ] (7-9)

where R is stress ratio; Co, n and m are material constants. The subscript o refers to C
value at R=0. In this study, C, is 7.74000E-13, n is 3.2 and m is 0.5, based on
experimental data and open literature. When an overload was applied, a higher AK
can be expected. As a result, a larger crack extension or the “crack jump” (i.e. stable
tearing) occurred.
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7.4 Modelling for Compact Tension (CT)

A FE model was created for each of the three specimen dimensions. The FE models for
the 12 and 24 mm (thickness) models contained 32 hexagonal 20-noded elements in
total with two elements through the thickness of the specimen. The 6 mm model
contained 16 hexagonal 20-noded elements in total with one element through the
thickness of the specimen. An example of the 24 mm model is shown in Fig.7-
5.Specimen symmetry was not utilized for the models because the ZENCRACK crack
blocks are located along the line of symmetry. Constraint was provided on the crack
plane opposite the crack initiation points and additional soft springs were added to the
bottom of the model to prevent numerical singularities in the analysis without over-
constraining the model.

The applied loads on the CT model are located at the point representative of the load
pins on the CT specimen. For the model with two elements through the thickness the
loads are divided so that half the load is applied to the middle node and a quarter of
the load is applied to the nodes at the surface. For the 6 mm model that had one
element through the thickness half the load was applied at the nodes at the surface of
the specimen. The details of FE models using ZENCRACK can be seen in the reports
from Aerostructure Technologies Ltd Australia (Goldstraw, 1999 and Stoessiger, 2002).
The crack-block chosen to represent the crack tip was the st151x5 block, which was
from the ZENCRACK crack-block library. The st151x5 crack-block has 6 nodes along
the crack tip front. As ZENCRACK calculates the SIF at the ends of each node along the
crack tip, this crack-block provides enough SIF data. The st151x5 crack-block can be
seen in Fig.7-6.

Elements replaced

with crack blocks

—t - ] 3 '53;1”‘123

¥ .
. ==¥
=oft eprings
|v g = e
123
1
lz—* n's

Fig.7-5 A 24 mm CT FE model with 32 elements for ZENCRACK
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Fig. 7-6 Crack-block st151x5 (Zentech, 1998, 2002)

7.5 Modelling for Centre-Cracked Tension (CCT)

The finite element model of the CCT specimen simplified the geometry to a panel with
a centre crack. The requirements of ZENCRACK in terms of element shape and size
would not have been able to be met if the central hole was modelled. This
simplification is a relatively minor one because as the crack grows larger the effect of
the hole diminishes, and the stress distribution is solely influenced by the geometry of
the crack.

Constraint was provided on the crack plane at one end of the model. Soft springs were
added to the opposite bottom corner to prevent numerical singularities without over
constraining the model. An example of the 9 mm thick CCT model is shown in Fig.7-7.
Note that the FE model is rotated 90 degrees with respect to Fig.2-1. All of the CCT
models contained one element through thickness. The total number of elements were
20, where 4 of these elements were crack-block.
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Fig.7-7 A 9 mm CCT FE model for ZENCRACK code

7.6 A Curved Crack Tip Front

7.6.1 Definition of a Curved Crack Tip Front

In order to investigate the effect of the shape of a crack front on stress distribution, two
types of crack profile were used: (i) a straight crack front and (ii) a curved crack front
with different curvatures, which was defined by the height at the mid-thickness
(interior), normalized by the thickness (Fig.7-8), which can be calculated (in percent) by
the following formula. This definition was applied to both the CT and CCT specimens,

C = ﬁxlOO%. (7-10)
B

In Fig.7-8, a, is the average crack length of 11 points along the crack front, B is

specimen thickness and h is the difference in length between the surface crack and the

central crack.

41



DSTO-TR-1657

42
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Fig.7-8 Definition of a curvature at a crack tip front

7.6.2 Creation of a Curved Crack Tip Front

In this study of effect of a curved crack front on stress distribution, a curved crack front
was produced by ZENCRACK. However, it is not possible to specify a specific crack
front shape beforehand due to the limitations of ZENCRACK. In order to produce a
curved front shape, a straight crack front was utilised by setting a high fracture
toughness value for the models to prevent specimen failure. Then a higher initial load
(i.e. overload) was applied, causing crack growth jumping several millimetres. A
curved crack front can thus be obtained, depending on the amount of overload and
specimen thickness.

The crack growth of one to two millimetres in one cycle produced a highly curved
crack front. In this study, a constant amplitude load of 13,533 N (R = 0) was applied
(Stoessiger, 2002). The same constant amplitude load was applied to each specimen,
which led to a variation in the applied stress on each specimen due to the change in
specimen thickness (i.e. 6, 12 and 24 mm). To generate a crack curvature, different
loads, which were several times of the constant amplitude load, were applied to a
model geometry and different thicknesses of CT and CCT specimens. Table 7-1 gives
an example of the initial applied loads for the CT specimens. It should be noted that all
the SIF data presented for the CT specimens is for a load of 13,533 N.

The same method was used to create large crack front curvatures for the CCT model.
A single large load was initially applied to the specimen to create crack growth of
approximately one to two millimetres, and the large load was then followed by
constant amplitude loading of 20,000 N with R=0. The same constant amplitude load
was applied to each specimen, which led to a variation in the applied stress on each
specimen due to the change in specimen thickness. A summary of the loads applied to
the CCT specimen is shown in Table 7-2. All SIF data presented in this report for the
CCT speciments is for a load of 20,000 N.



Table 7-1 CT specimen initial loads (overloads)
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Specimen Initial Load Initial Load as a Factor of Crack Curvature
Thickness (mm) (N) Constant Amplitude Load Generated (%)
24 270,660 20 8.55
24 338,325 25 17.47
12 135,330 10 15.45
12 162,396 12 27.69
6 67,665 5 24.02
6 81,198 6 43.66
Table 7-2 CCT specimen initial loads (overloads)
Specimen Initial Load Initial Load as a Factor of Crack Curvature
Thickness (mm) (N) Constant Amplitude Load Generated (%)
9 1,200,000 60 7.13
9 1,400,000 70 11.5
6 600,000 30 4.86
6 800,000 40 12.04
3 300,000 15 10.67
3 400,000 20 27.44

8. A 3D FE Model Using Cohesive Zone Approach

The stable tearing during fatigue is by nature a three-dimensional problem involving
large plasticity. In this Chapter, we intend to explore the capability of cohesive zone
modelling on the prediction of the parameters governing the stable tearing mechanism
of crack growth. The aim is to develop a dual crack growth model based on the
cohesive zone approach and the plasticity induced crack closure approach, to capture
the events of rapid tearing during otherwise stable fatigue crack growth. For this
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purpose, it is important to have the crack growth resistance behaviour for a given crack
configuration.

8.1 Cohesive Zone Approach
8.1.1 Basic Principle

The cohesive zone model originated from the Dugdale model (1960) and the Barenblatt
model (1962), which described the non-linear crack behaviour by means of cohesive
forces in the process zone (Fig.8-1). Later, the model was modified by Needleman
(1987, 1990), Tvergaard and Hutchinson (1992), Schwable & Cornec (1994), Oritz &
Pandofi (1999) and others.

Compared to the Gurson (1977)-Tvergaard (1990) model, there are no damage
continuum elements in the cohesive zone model. Cohesive interface elements are
instead introduced between the continuum elements (Needdleman, 1987). When
damage occurs, the interface elements open and lose their stiffness at failure. Therefore,
the continuum elements are disconnected and the crack can propagate along the
element boundaries. In other words, if the material behaviour at the crack tip is
represented by a traction-separation law, with increasing interfacial separation, the
traction across the interface first increases to a maximum, then decreases, and
eventually vanishes, leading to complete separation of the material. Fig.8-2 illustrates
different types of traction-separation laws.

The main problem for modelling the stable tearing is the lack of an appropriate local
criterion for the “crack jump” and “arrest”. The advantage of the cohesive zone
approach is that it does not require a failure criterion. Therefore, the difficulty in
finding an appropriate criterion can be avoided.

o, a crack o,
(a)
O (x) a crack G (x)
(b)

Fig. 8-1 (a) Dugdale model and (b) Barenblatt Model.
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8.1.2 Mathematical Formulation

The cohesive zone model used in this study was primarily based on the work of
Needleman (1987, 1990) and Ortiz and Pandolfi (1999). The 3D finite element
implementation (WARP 3D) is from the University of Illinois (Gullerud, et al, 2002).

The local traction, t, between the cohesive faces can be derived from a free energy
density function per unit area, based on the first and second laws of thermodynamics
(Needleman 1987; Gullerud et al. 2002),

¢ 990.9)

P (8-1)

where 0 represents the displacement jump across the cohesive surfaces, and q denotes
a set of internal variables that describe the inelastic processes of decohesion.

In three-dimensional problems, the local separation between the interfaces has three
components, a normal component 8, and two mutually perpendicular sliding

components 6, and d,. The sliding components may be combined to give

§,=4/8:,+82, , so that the total traction can also be resolved into two components along

the corresponding directions,
t=t +t_ . (8-2)

The normal and sliding components are further combined into an effective separation
(Camacho and Ortiz 1996),

5=1[32 +p5 (8-3)

where P is a scale factor specifying the weight of sliding separation. Following this
treatment, the cohesive traction can be expressed as

t=§([3265+8nn) (8-4)

where n is the unit normal to the interface, see Fig.8-3, and n is chosen so that 6-n >0
for opening separation, and ¢ is the work-conjugate effective traction

(=200 (8-5)
2

45



DSTO-TR-1657

1.0F al o 1.0 e

[s

! ﬂ'h':'\:d = ,_-\.tll':',_-\.,_-\.
TT|:|
n
TTg
o

) L | 1 | 1 |'-|
T A
o o - =
0.0 0.5 1.0 1.5

o

Separation 8/80 | | é/ do

st
-
n
—_
]
—_
n

o

i

ohesie stress
T T|:|

-
s

A

i)

i
i
i

n

—_
)

—_

n

Fig.8-2 Types of traction-separation laws used in the cohesive zone model. (a) Cubic form
(Needleman, 1987); (b) Constant form (Schwable & Cornec, 1994); (c) Exponential
form (Needleman, 1990) and (d) Tri-linear form (Tvergaard & Hutchinson, 1992).

Fig.8-3 Topology for cohesive interface elements

The traction-separation law adopted for the cohesive element is described by

oo ) )
t=—t= — — 8-6
ec 5. exp( 5 ] (8-6)
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where e =exp(l). The traction-separation law is graphically shown in Fig.8-2 (c) for

the loading branch. The unloading and reloading path is assumed to be radial, until it
meets the loading path again. The path will then follow the original loading path.

8.2 A Finite Element Model Using Cohesive Zone Approach

In this study, the FE package, called Warp3D, was selected. This FE package is
designed for the solution of very large-scale, 3-D solid models subjected to static and
dynamic loads, which was developed by the Computational Fracture Mechanics
Research Group at the University of Illinois, USA. One of the advantages of this FE
package is that it allows that a user access to the original code. The non-linear material
models such as viscoplastic effects and the Gurson-Tvergaard dilatant plasticity model
for void growth are included. Additionally, the crack-tip opening angle (CTOA) can be
used to simulate the crack growth (Koppenhoefer, et al, 1994; Gullerud, et al, 2002).
Since stable tearing by nature involves in a large plasticity, this FE package can be used
for establishing a 3D modelling with large plasticity. This approach has been
successfully applied in describing tearing behaviour under static loading (Hu & Liu,
2003).

Essentially, the potential crack plane is modelled by so-called interface cohesive zone
elements, which purport to simulate the material behaviour at the crack tip. Under the
applied external tensile load, the originally coinciding points on the interface start to
separate, and the traction between them increases. A traction-separation law may be
defined to describe the behaviour of the interface. Considering the physical process
occurring at the crack tip, the traction-separation law may be specified as first increase
to a maximum, then decrease to zero when the separation between the interface points
reaches a critical value, mimicking the separation process of material particles. A
schematic of cohesive zone model with cohesive stress-separation law is illustrated in
Fig.8-4. In this study, nonlinear cohesive model in terms of effective traction -
separation was used, as shown in Fig.8-5 (refer to Fig.8-2 (c)).

In this new model, the uniaxial stress-strain response of 7050 aluminium alloy is
described by the von Mises material model in WARP3D, which uses the initial yield
stress and the Young's modulus to define the linear elastic relation, and uses a power
law to define the subsequent hardening behaviour, as shown in Fig. 8-6. The properties

of the cohesive interface, 6, and J_ , are determined based on the results of
Tvergaard and Hutchinson (1992 & 1993), where it has been found that under a
constrained stress state, the cohesive strength can be approximately three times the
yield strength of the material. Therefore, 6, =36, was taken as a first approximation.

coh
The value of §, is then determined by considering the energy balance at crack

initiation. Ignoring the small amount of plastic energy dissipation at this stage, the
cohesive energy can be related to the critical value of J-integral, i.e.
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1,=T (8-7)

C C

where the cohesive energy may be obtained by integrating the traction given in Eq. (8-
8) as follows,

T, = tdd=exp(1)0,4,3, - (8-8)
0
Real Crack Tip Cohesive Zone
Oc ‘
aO ! Ach i Fictitious Crack Tip
- > >

Fig.8-4  Schematic of a cohesive zone model. A, is the original crack length; Aa, is the cohesive
zone length and the & is the separation or opening displacement at a physical crack
tip.

On the other hand, the critical value of J-integral can be related to the plane strain
stress intensity factor K, through

1-v?
JIc = T K%c : (8-9)

Substituting Egs.(8-8) and (8-9) into Eq. (8-7), we get

_ Kfc (1 'V2 )1/2

3eEo, (8-10)

which gives a §,of 0.0037 mm. It should be noted that currently there is no analytical

method for determining the cohesive parameters, and these parameters do not
necessarily represent the fundamental material properties at the atomic level, as the
size of the cohesive zone is in micrometres rather than nanometres. From the
viewpoint of numerical modelling, it is sufficient if the parameters can capture the
macroscopic deformation characteristics in the fracture zone, i.e., the material response
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can match the corresponding experimental data in terms of load, displacements and

crack extension.
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Fig. 8-5 Nonlinear cohesive model in terms of effective traction and effective separation.
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Fig. 8-6 Uniaxial stress strain behaviour of aluminium 7050
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The bulk material of the specimens was modelled with 8-noded brick elements. By
taking advantage of symmetry of geometry and loading about the crack plane and the
through thickness mid-plane, only a quarter of the specimen was modelled with 15158
elements (with 14300 nodes), as shown in Fig. 8-7. There were six layers of elements in
the thickness direction, and in the direction of crack path, the minimum element size
was 0.4 mm. The cohesive interfaces were modelled by 870 eight-nodded cohesive
zone elements (refer to Fig.8-3), and they were manually inserted in the plane of
anticipated crack growth, as indicated by the displacement constraint. The top nodes
of the cohesive zone elements are the bottom nodes of the bulk elements, and the
displacement constraints are applied to the bottom nodes of the cohesive elements.
Prescribed displacement was applied along the plane of the pin (not modelled here) in
the CT specimen, at the top surface, as indicated in Fig.8-7. CT specimens with two
thicknesses, 6 mm and 12 mm, were considered, and these are denoted CT6 and CT12,
respectively, in the following discussion.
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Fig. 8-7 Finite element mesh for CT specimen. The displacement constraint symbols indicate
the location of the cohesive elements.

9. Results of Numerical Analysis

9.1 Simulation of Stable Tearing by ZENCRACK

At the initial stage of this study, ZENCRACK was used to simulate the behaviour of
stable tearing during cyclic loading. The intention was to evaluate ZENCRACK’s
capability in modelling stable tearing or crack jumping. The numerical results were
compared with the results generated by a standard compact tension (CT) specimen.
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9.1.1 Basic Model

The basic finite element (FE) mesh developed to model the CT specimen is shown in
Fig.9-1 for 24 mm thickness. The model was supported by constraining three degrees of
freedom at the top and bottom edges as shown. These constraints allowed
displacement of the model in the x-direction along the height of the specimen and
represent a typical restraint set up for a standard test specimen. All elements for this
case had identical material properties including those that were replaced by crack
block elements. The resulting mesh after the crack-blocks was inserted is shown in
Fig.9-2, where elements 21 and 22 were replaced by crack blocks. The material
properties are given in Table 2-2. The CT specimen geometry is given in Fig.2-2. A
single distributed load is applied to the outer face of the elements to represent the test
conditions. The value of the applied load is varied depending on the requirements of
the test case under investigation but its position remains constant.

In the initial study, different stress states, i.e. plane strain, plane stress and
combinations of the two, were examined in order to capture the relevant behaviour.
Different levels of applied loads were investigated. A linear static analysis and a simple
elastic constitutive model for the material were used, whilst the third was solved using
a non-linear static analysis with a perfect-plasticity constitutive model. The applied
load was based on some of the work reported in a DSTO report (Hu et al, 1999). The
load magnitude range was between 25 to 413 MPa.
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Fig.9-1 Basic finite element model for a CT specimen with 24 mm thickness.
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Fig.9-2  Schematic of a ZENCRACK 3D Model for simulating stable tearing in a 24 mm
thick CT specimen.

9.1.2 Simulations of Crack Profiles

In this study, ZENCRACK was used in a standard fashion by implementing a known
crack growth law, that is, the Paris law (refer to Eq. 7-5), from the experimental data of
7050Al1 CT specimens (Fig.9-3) in order to simulate tearing behaviour, applying a
representative fatigue load spectrum (Fig.9-4). The curved crack front profiles were
created and the stress intensity factors were calculated. The finite element solver used
was ABAQUS. The numerical analysis was divided into several steps. Each step was
performed by setting a desired number of load steps (in this case, one per step).

The numerical results of the test cases for plane strain conditions are plotted in Fig.9-5
and Fig.9-6. Fig. 9-5 shows the crack front profiles during fatigue crack growth under
elastic conditions. Under an elastic-plastic condition, the crack growth was simulated
until failure, as shown in Fig.9-6.
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Crack Growth Data - 7050 (LS), R=0.1, B=25.4mm
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Fig. 9-3 Fatigue crack growth data for compact tension (CT) test specimen of 7050 Al
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Fig.9-4  Applied load spectra for ZENCRACK evaluation. (a) Variable load amplitude and

(b) Constant load amplitude.
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Fig.9-5  Simulated crack front profiles during fatique crack growth under an applied load of
30 MPa (variable amplitude) for 24 mm CT specimen.

For plane stress and combination conditions, the 12 mm thick CT specimen was
considered. Fig.9-7 and 9-8 give examples of crack front profiles during simulated
crack growth under elastic and elastic-plastic conditions, respectively. Similar crack
profiles were obtained for constant amplitude loading.
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Fig.9-6 Simulated crack front profiles during fatigue crack growth under an applied load of 300
MPa (variable amplitude) for 24 mm CT specimen
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Fig.9-7 Simulated crack front profiles during fatigue crack growth under an applied load of 25
MPa (variable amplitude) for 12 mm CT specimen
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Fig.9-8 Simulated crack front profiles during fatigue crack growth under an applied load of 300
MPa (variable amplitude) for 12 mm CT specimen

9.1.3 Simulation of Stable Tearing

To assess the ability of ZENCRACK to model stable tearing, a model representative of
the CT geometry was considered. The model, subjected to constant amplitude loading
of 0.8 to 8.0 kN, was used as a reference case. The specimen experienced crack growth
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to a total crack length of 27 mm. At this point a single overload of 24.33 kN was
applied causing the specimen to fail. The resulting maximum stress intensity factor,
Kmay, Was 48 MPaVm. This information is used to validate the ZENCRACK stable
tearing model.

To simulate the CT specimen results the approach was to consider the ZENCRACK
analysis as consisting of two major components - the first being fatigue crack growth
up to the point of @ = 27 mm, followed by the application of an overload using a non-
linear analysis in ABAQUS. The fatigue crack growth stage was further broken down

into growth from a4 = 20.3 mm to 26.3 mm (6mm growth) followed by growth from 26.3
mm to approximately 27 mm. This approach requires two restarts and two separate FE
models. The models applied to the plane strain tests were used and all dimensions,
properties, materials, etc., were identical.

The simulation of stable tearing was successful in that the general behaviour of the CT
specimen was duplicated, as shown in Fig.9-9. However, the numerical results could
not quantitatively reproduce the results, which were obtained from the experimental
tests (Byrnes, et al, 2000).
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Fig. 9-9 Stable tearing case crack front profiles by ZENCRACK.

9.2 Stress Distribution in a CT Specimen by ZENCRACK

For comparison, in a plot of stress intensity factor (SIF), the SIF distribution in a
straight crack front (i.e. the curvature is 0%- refer to Fig.7-8) was included as the
baseline for each condition.



DSTO-TR-1657

9.21 A CT Specimen with 6 mm Thickness

The 6 mm thickness model contained one element through the thickness, which
allowed the SIF variation to be plotted at six locations through the thickness.

Two overload cases were run. Crack curvatures of 24.02% and 43.66% were generated.
The SIF distribution through the thickness of the specimen for the 24.02% curvature
case is shown in Fig.9-10. This result indicated that the SIF at the mid-section was more
or less uniform and the highest value was at free specimen surfaces. However, with an
increase in the curvature to 43.66%, the lowest SIF occurs at the centre and the SIF
distribution was not uniform at the mid-section of a specimen, as shown in Fig.9-11.
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Fig.9-10  Distribution of stress intensity factor along the crack front in a 6 mm CT specimen
for a given initial crack length, a = 16.95 mm. The curvature is 24.02%.

9.2.2 A CT Specimen with 12 mm Thickness

The 12 mm thickness model contained two through thickness elements. Two overload
cases were run for this model. Crack curvatures of 15.45% and 27.69% were generated.
The SIF variation for the 15.45% case is shown in Fig.9-12. ZENCRACK predicted the
lowest SIF for the curved crack front would occur about 2 mm from the free surface of
the specimen. The highest SIF occurred at the free surface of the specimen for the
curved crack front. Similar results can be seen in Fig.9-13 for the 27.69% curvature
case.
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Fig.9-11 Distribution of stress intensity factor along the crack front in a 6 mm CT specimen
for a given initial crack length, a = 19.53 mm. The curvature is 43.66%.
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Fig.9-12  Distribution of stress intensity factor along the crack front in a 12 mm CT specimen
for a given initial crack length, a = 16.97 mm. The curvature is 15.45%.
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Fig.9-13  Distribution of stress intensity factor along the crack front in a 12 mm CT specimen

for a given initial crack length, a = 32.23 mm. The curvature is 27.69%.

9.2.3 A CT Specimen with 24 mm Thickness

As mentioned in Sec.7.4, the 24-millimetre model contained two through thickness
elements. These elements allowed the SIF variation to be plotted at 11 locations
through the thickness. Two overload cases were run for this model. Crack curvatures
of 8.55% and 17.47% were generated. The SIF variation for the 8.55% case is shown in
Fig. 9-14. Due to the lower curvature, the predicted SIF profile is similar to that from a
straight crack case (i.e. 0% curvature), except for SIFs near the free surfaces. At an
increased curvature, e.g. 17.47%, the difference between the curved crack and the
straight crack is increased. Also the SIF at the free surfaces is much higher at the free
surface than those at the centre, as shown in Fig. 9-15.
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Fig.9-14  Distribution of stress intensity factor along the crack front in a 24 mm CT specimen
for a given initial crack length, a = 16.95 mm. The curvature is 8.55%.
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Fig.9-15 Distribution of stress intensity factor along the crack front in a 24 mm CT specimen
for a given initial crack length, a = 33.07 mm. The curvature is 17.47%.
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The SIF variations along the crack front during crack growth for different crack profiles
are shown in Fig. 9-16. The trend in SIFs as the crack grows is indicated by the arrows.
Fig. 9-16 clearly shows that the SIF on the surface of the specimen reduces as the crack
grows. This occurs until the crack front at the surface has ‘caught up’ to the crack front
at the centre, at which points the SIF at the surface and the centre increases due to the
increasing crack length.
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Fig.9-16 SIF variations in a 24 mm CT specimen started with 8.55% curvature during crack
growth (0% curvature is for straight crack front case as reference). Symbol —— is
the theoretical K value; ¢ with 4.01%; Vwith 4.10%; Awith 4.36%; x with7.75%; [J
with 8.55% and o with 0% curvature.

The SIF at the centre of the specimen showed very little change until the crack front at
the surface has caught up and then SIF increased due to the increased crack length. It
can also be seen for crack front positions 11 onwards that the stress intensity factor
through the thickness is nearly uniform. This means that crack growth will be similar
at all positions along the crack front and the current curvature value will be maintained
during crack growth.

61



DSTO-TR-1657

9.3 Stress Distributions in a CCT Specimen by ZENCRACK

In the CCT specimen, three thicknesses were modelled: 3, 6 and 9 mm. Two types of
crack profiles were investigated: (i) Straight crack front and (ii) a curved crack front
with different curvatures, where the result from the straight crack front was used as the
baseline.

9.3.1 A CCT Specimen with 3 mm Thickness

For demonstration, two analyses were undertaken for the 3-millimetre model. Crack
curvatures of 10.67% and 27.44% were generated. The SIF distribution for the curvature
10.67% is shown in Fig.9-17. The SIF was slightly higher at the mid-section than near
the free surfaces but the highest SIF was at the free surfaces. With increased curvature
(i.e from 10.67% to 27.44%), the SIF distribution at the mid-section was more uniform,
as shown in Fig.9-18. The results indicate that a plane strain state was still dominant in
a CT specimen, even for a thinner specimen. Compared to the straight crack front, the
value of the SIF at the mid-section became lower with the increase in crack curvature.
In other words, the absolute SIF difference between the mid-section and the free
surface increased.
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Fig.9-17 Distribution of stress intensity factor along the crack front in a 3 mm CCT specimen
for a given initial crack length, a = 10.95 mm. The curvature is 10.67%.
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The distribution of stress intensity factor along the crack front in a 3 mm CCT
specimen for a given initial crack length, a = 12.35 mm. The curvature is 27.44%.

9.3.2 A CCT Specimen with 6 mm Thick

Two analyses were performed for the 6 mm model. Crack curvatures of 4.86% and
12.04% were generated. The SIF factor distribution for the 4.86% curvature case is
shown in Fig.9-19. This figure shows that the shape of the SIF distribution resembles
the letter W. At a crack curvature of 12.04%, the letter “W” shape of the SIF distribution
becomes more obvious (Fig.9-20). Compared to the straight crack, at the centre, the SIF
value was same.
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Fig.9-19  Distribution of stress intensity factor along the crack front in a 6 mm CCT specimen
for a given initial crack length, a = 10.95 mm. The curvature is 4.86%.
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Fig.9-20  Distribution of stress intensity factor along the crack front in a 6 mm CCT specimen
for a given initial crack length, a = 12.39 mm. The curvature is 12.04%.
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9.3.3 A CCT Specimen with 9 mm Thickness

Two analyses were undertaken for the 9 mm model. Crack curvatures of 7.13% and
11.5% were generated. The SIF distributions for both curvatures are similar to those in
thickness of 3 and 6 mm cases, as shown in Fig.9-21 and Fig.9-22.
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Fig.9-21  Distribution of stress intensity factor along the crack front in a 9 mm CCT specimen
for a given initial crack length, a = 12.40 mm. The curvature is 7.13%.

Fig.9-23 shows the SIF variations for other crack front profiles during crack growth in a
CCT specimen with 9 mm thickness. The trend in the SIF with crack growth is shown
by arrows in Fig.9-23. The SIF on the surface of the specimen reduces as the crack
grows, until the crack front at the surface has ‘caught up’ to the centre crack front
position, so that the crack front resembles a crack front of normal curvature at which
point the SIF at the surface increases due to the increasing crack length.
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Fig.9-22  Distribution of stress intensity factor along the crack front in a 9 mm CCT specimen
for a given initial crack length, a = 13.93 mm. The curvature is 11.5%.
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Fig.9-23 SIF variations in a 9 mm CCT specimen started with 7.13% curvature during crack
growth (0% curvature is for straight crack front case as reference). Symbol — Is the
theoretical K value; ¢ with 1.74%; V with 2.38%; Awith 5.38%; x with6.90%; [J
with 7.13% and o with 0% curvature.
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9.4 Effect of Crack Tip Front Shape by ZENCRACK
9.4.1 Under Elastic Condition

The numerical results show that the stress distribution is strongly dependent on the
crack front shape. However, the SIFs variations at the middle-section of a specimen
thickness remain small for the same thickness of a CT specimen and different
curvatures, as shown in Fig. 9-24. With an increase in thickness, the SIF at the middle-
section is reduced.

Similar result was also found in a CCT specimen, as shown in Fig. 9-25. But, the
variations are smaller in the CCT specimen (refer to Fig.9-21), compared to the CT
specimen. This may imply that SIFs may remain roughly constant at the onset and end
of the stable tearing. Also, the thickness had a small effect on the values of SIFs at the
middle-section.
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Fig.9-24  Crack front positions at mid-sections and corresponding SIFs at different curvatures
and thicknesses in CT specimens. (a) 6 mm; (b) 12 mm and (c) 24 mm.
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Fig.9-25  Crack front positions at mid-sections and corresponding SIFs at different curvatures
and thicknesses in CCT specimens. (a) 3 mm; (b) 6 mm and (c) 9 mm.

However, although two crack curvatures were plotted together, it does not
automatically mean that these are the crack front shapes at the onset and end of the
stable tearing. At the moment, ZENCRACK cannot give reasonable changes of crack
shapes at the onset and end of the stable tearing, because of lack of suitable criteria for
the “jump” (onset) and “arrest” (end).

Except for the application of ZENCRACK code, ABAQUS code alone was also used to
directly build a 3D model for calculating stress distributions along crack tip fronts in
the initial stage of this study. Fig.9-26 shows the numerical results under different
crack curvatures. Similar results to those from ZENCRACK (refer to Secs.9.2 and 9.3)
can be seen, that is, the highest SIFs exist at free surfaces and the lowest SIFs are at a
mid-section. However, the numerical results from ABAQUS alone did not give the
“W” shape of SIF distribution by ZENCRACK. It is not clear why the differences occur.
It could be related to both numerical calculation methods. In ZENCRACK, the crack
block is used while ABAQUS does not use it.
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Fig.9-26  Dimensional stress intensity factors as a function of the curvature along the crack
tip front at the applied stress 40 MPa (elastic state) by using ABAQUS.

9.4.2 Under Elastic-Plastic Condition

Fig.9-27 shows the stress distributions at Z-direction (crack opening) along the crack tip
front at the applied stress of 400 MPa for different crack curvatures. At the 0%
curvature, the high stress is dominant at the mid-section of a specimen and lower stress
appeared at free surfaces. With increasing the curvature, higher stress spread into the
subsurface areas. At the 50% curvature, the plane strain stress was almost along the
whole crack front and its distribution also became relatively uniform.
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Fig.9-27 Stress distributions at Z-direction (crack opening) as a function of the curvature along
the crack tip front at the applied stress of 400 MPa (elastic-plastic state).

9.5 Preliminary Numerical Results by CZM

The cohesive zone model (CZM) was used to simulate stable tearing in order to avoid
the lack of a local criterion. At the moment, the simulation was carried out only under
static loading conditions.

To examine the through-thickness crack growth behaviour, we define two lines or
nodes in the crack plane, the “centre line’ and the ‘surface line’, which are the
projections of the z-symmetric plane and the surface, respectively, on the crack plane.
In the following, the crack front is defined by the point where the vertical displacement

(separation) reaches v =15.73./2, as suggested in (Gullerud, et al, 2002). The factor 2

was necessary because the vertical displacement only represents half of the separation
between the upper and the lower crack faces. Spline curve-fitting was initially used to
determine the crack front, but calculation shows that a linear interpolation gives almost
the same results.

Evidently, the crack propagation first started at the centre line where the stress state is
closer to that of the plane strain, as shown in Fig. 9-28 in which the crack extension at
the centre line and the surface line are plotted against the load-point displacement.
With respect to the load-point displacement, the crack on the centre line has a much
higher initial rate of propagation than that on the surface line where the stress state
approaches that of plane strain. This difference in the initial rate of propagation results
in the experimentally observed tunnelling effect. It is worth noting that after some
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propagation, the cracks on the two lines attained similar growth rates, indicating the
stabilization of the shape of the crack front. Disregarding the plastic stress state during
fatigue crack growth, these results may serve as an approximate prediction of the
change in the shape of the crack front that would occur under fatigue loading.

Fig.9-29 and Fig.9-30 show contour plots of the crack face displacement for the CT6 (6
mm thick) specimens, demonstrating stable tearing-like behaviour (i.e. tunnelling).
Similar behaviour was observed for the CT12 (12 mm thick) specimens, as shown in
Fig.9-31. Indeed, these contour plots do correlate well with the experimental data, for
example, as shown in Figs.1-1 and 3-4, albeit qualitatively.

In Fig.9-29, the crack face separation was plotted at load increment 500, with a crack
extension of approximately 7.8 mm, where z is thickness direction and x crack
propagation direction. The shape of the contour indicates the variation of curvature of
the crack face along the crack length. The contours in Fig.9-30 show the shape of the
crack front at different stages of crack extension. The dashed line represents the shape
of the crack front when the crack has just started to propagate, showing the least
tunnelling effect. This is because at crack initiation there is little plastic deformation.
In the subsequent stages of crack extension, the tunnelling effect intensifies because of
the rapid development of a plastic zone at the surface layer, as indicated by the dash-

dotted line and the long-dashed lines (representing the crack front at Aa,= 3.75 mm

and 6.96 mm, respectively). The solid line shows the crack front when Aa_ = 7.8 mm.

— e line
Surface line

Crack lengin Aa, mm

an 0.1 02 03 0.4 08 os
Load paint displacemant, mm

Fig. 9-28 Crack length versus load-point displacements on the surface and the centre of a CT
specimen.
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Fig.9-29  Contour plot showing the crack face displacement at load step 500 for a CT specimen
with 6 mm thick (CT6).
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Fig.9-30  Contour plot of crack front displacement at different load stages (CT6). The dashed
line: load step 26; dash-dot line: load step 250; long dashed line: load step 400; solid
line: load step 500.

Fig.9-31  Contour plot of crack face displacement for a CT specimen with 12 mm thick
(CT12). The line represents the front where the separation has occurred.

Fig. 9-32 shows the crack face profile for CT6 specimen, after 500 steps of loading. It is
clear that near the crack tip the crack face is more curved while away from it, the face
tends to flatten out, due to the release of plastic constraint by the surface layer of
material. A similar profile was also observed for the CT12 specimen. Fig. 9-33 and
Fig.9-34 show crack profiles (opening displacement) at a given external load and crack
length for CT specimens with 6 and 12 mm thickness, respectively.
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Fig. 9-32  Crack profile for CT6 specimen. The iso-displacement line 0.0105 indicates the

current crack front when the crack extension is about 8 mm.

Fig. 9-33 Crack profile (opening displacement) at a given external load and crack length (CT

specimen with 6 mm thickness-CT6).
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Fig. 9-34 Crack profile (opening displacement) at a given external load and crack length (CT
specimen with 12 mm thickness-CT12)

10. Discussions

10.1 Simulation of Stable Tearing

As stated in Sec.9.1, at different levels of applied loads a variety of specific cases under
pure plane strain, plane stress and intermediate conditions were investigated. The
numerical results show that crack front profiles under plane strain condition were
successfully reproduced using ZENCRACK. The general agreement between the
numerical and observed experimental results was reached (Refer to Fig.3-5 and
Fig.9-5). But it should be pointed out that the agreement is only qualitative.

The crack front profiles were produced for representative plane stress and intermediate
stress state. These profiles reasonably agree with experimental observation from CT
specimens (refer to Fig.3-4, Fig.9-7 and Fig.9-8). Profiles generated by ZENCRACK
under these conditions were similar in shape to those experiencing plane stress caused
by a reduction in specimen width. In ZENCRACK, only phase two of the crack growth
is modelled (Paris equation). ZENCRACK does not model crack growth above or
below this region. Any crack growth rates occurring outside the bound of the Paris
region will be extrapolated from the given data by ZENCRACK. As a result, the total
crack growth values may not be accurate. In addition, the large distortion often
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observed in crack front profile under plane stress and intermediate loading were not
reproduced by ZENCRACK.

Stable tearing could be simulated approximately using ZENCRACK, provided careful
control was exerted over the whole process of modelling. Stable tearing was produced
by a single overload following fatigue crack growth. In other words, reliable
application of ZENCRACK would require that the fatigue crack growth fall within the
bounds of the Paris equation. Secondly, the single overload stage should ideally be a
separate static analysis and not a fatigue growth calculation - although fatigue growth
can essentially be eliminated by careful choice of tolerances it is not strictly correct. The
problem with a separate static analysis is that all previous crack front information must
be input manually. This may be possible but time consuming. If these steps are
followed the accuracy of the results may improve.

Two types of loads were used (Refer to Fig.9-4). However, ZENCRACK does not
actually model a fatigue load spectrum. Although the user defines such a spectrum in
the input file, the program averages the data. It uses the characteristic K method for
fatigue crack growth predictions in linear elastic analyses - a relatively straightforward
approach to crack growth prediction compared with other software. The characteristic
K method predicts fatigue crack growth for constant amplitude loading with a short
recurrence and assumes the crack will always grow through residual stresses induced
by peak loads. The crack growth is subsequently assumed to be regular and is hence
correlated to a characteristic K value said to be representative of the complete load
history. This single K value therefore represents the entire spectrum, thus any effects
caused by a variable loading are lost.

10.2 Effect of Crack Front Shape

The FE results show that when a crack front is curved, the SIFs at the surfaces are
higher than those at the interior, compared to the straight crack front (i.e., 0%
curvature), regardless of specimen thickness and geometry (CT or CCT). Compared to
a straight crack front, there is a sharp corner near the specimen surfaces, i.e., a crack
intersects a free surface, where high SIF exists, see Fig.6-5. As a result, a high opening
stress occurs near the surface, leading to a high SIF.

Normally, after a tear band has formed, the fatigue crack grows faster at the surfaces
than in the centre, until the crack front is almost straight. For example, in a CT
specimen of 6 mm thickness, a crack growth starts with 43.66% curvature. After about
6.25 mm crack extension, the shape of the crack front approaches that of a straight
crack, as shown in Fig.10-1.
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Fig.10-1  Change of crack front during crack propagation, which starts from 43.66%
curvature in a CT specimen with 6 mm thick.

The key question is then what are the conditions when tearing starts and ends. It is
assumed that the onset of stable tearing is due to an overload, i.e., the fatigue-to-
tearing transition. This process can be briefly described in Fig.10-2. When the SIF at a
point on the crack front, for example, at point B, reaches the critical value (Ki), the
crack starts to jump. If SIF remains higher than the critical value during overload, the
stable tearing will continue until the SIF value falls below the critical value, for
example, at point A. The length of stable tearing or “jump” is determined by the SIF
and specimen thickness during the overload for a given material.

Fracture surface

A—]

*"jump" P/\A
AEE SR

e Critical value

Crack Growth Direction —pm

Ad

Fig.10-2  Schematic of relationship between crack front position at a mid-section and stress
intensity factor, K.
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The main features of CCT specimens are similar to those of CT specimens,
except that there exists a U-shape in the SIF distribution at the middle part of
the specimen. It may be related to the lower constraint in a CCT specimen,
compared to a CT specimen.

10.3 Stress Distributions Along Crack Tip Front

Although ZENCRACK has the above limitations, it is useful for developing cracked
finite element models of complex 3D shapes (Timbrell & Cook, 1997; Browning, et al,
2001; Hou, et al, 2001). The concept of crack blocks, which allow the user to control
mesh density and distribution, makes this program applicable to any cracked structure
in principle.

10.4 Applications of Cohesive Zone Model (CZM)

The stable tearing of aluminium plate was studied using the cohesive zone approach.
The numerical results show that with the appropriate model parameters, the cohesive
zone approach was able to qualitatively predict the shape of the crack front and the
crack face profile. The predicted tunnelling effect correlates qualitatively with the
published experimental data. Further experimental work needs to be carried out to
validate the model prediction. The plastic dissipation rate demonstrates a steady state
after the initial increment, and this information may be useful for the development of a
tool to predict the occasional tearing that occurs in aircraft structures under fatigue
loading. Further work needs to be done under cyclic loading condition.

10.5 Experiments from CCT Specimen Testing

The experiments on CCT specimens at CEAT showed the capability of the R-curve
concept in predicting crack tearing propagation Adpnys and the stress intensity (Kfinal),
which causes stable tearing. But the accuracy relies on an R-curve (same material and
thickness) and a specific correction factor, dependent on the thickness and the material
(refer to Sec.6.1). So, this model cannot be readily used as a predictive model, but it can
be effectively used for post fracture analyses.
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11. Concluding Remarks and Recommendations

Stable tearing during fatigue is an important feature of crack growth and by nature a
three-dimensional problem. However, because of the difficult theoretical nature of
stable tearing (i.e. “crack jump”), the FE modelling work is complex. Based on
numerical results using ZENCRACK coupled with ABAQUS packages and by the
cohesive zone model, the following conclusions can be drawn.

(1) Stable tearing was successfully reproduced on a CCT specimen with different
specimen thickness by experiments.

(2) ZENCRACK could be used to simulate 3-D crack behaviour. However,
ZENCRACK can only be used to implement crack growth based on the linear region of
the Paris equation. So ZENCRACK is useful for qualitatively investigating crack front
behaviour under cyclic fatigue conditions for plane strain. But it could not be used to
predict whether stable tearing would occur or arrest under cyclic loading due to lack of
appropriate local failure criteria.

(3) Crack front profiles under plane stress and mixed loading were successfully
produced. The numerical results agreed reasonably well with experimental
observation. However, large growth is limited by both the application of the Paris
equation and the ability of ABAQUS to distort the mesh. Therefore, large distortions,
often observed in crack front profile under plane stress and intermediate stress state,
were not reproduced by ZENCRACK. Reducing specimen width did not help capture
this effect. ZENCRACK therefore appears to be useful for modeling such phenomena
for indicative purposes only.

(4) The phenomenon of stable tearing was also modelled using ZENCRACK. Although
careful control over the analysis was required it was possible to emulate the behaviour
of materials undergoing crack jumping due to an excessive single load. However, the
crack growth recorded for the test was outside of the region governed by the Paris
equation, and the extrapolation applied severely affects the accuracy of the results.

(5) Fatigue crack growth for a variable load spectrum is not accurately modeled due to
the implementation of the characteristic K method, which effectively averages the
fatigue load spectrum.

(6) The SIF results along a crack front using ZENCRACK for the cracks with a
curvature are reasonably consistent with the expected results based upon observation
of fatigue crack growth following tearing fracture.

(7) The shape of the SIF distributions for a similar curvature showed similarities
between the CT and CCT specimens. The W shaped SIF distribution was common for
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a number of specimens, while the two specimens with the highest curvature for the CT
and CCT specimens displayed U shape SIF distributions.

(8) The FE results using ZENCRACK coupled with ABAQUS package show that the
crack shape has a great influence on SIF distribution. The SIFs near free surfaces
increased with increased crack curvature but remain almost constant at the mid-
section, except for the 6 mm CT specimen. The FE results also demonstrate that the
onset and the end of the stable tearing behaviour are closely related to the change of
the crack front shape. However, due to the lack of a suitable criterion for the problem
of stable tearing, ZENCRACK cannot simulate a whole stable tearing process, i.e., from
the onset (onset of “crack jump”) to the end of the tear. Therefore, more research is
needed.

(9) Crack closure cannot be modelled using ZENCRACK - again this limitation affects
the applied load spectrum. Therefore, the spectrum has not only been averaged but
also truncated to above zero.

(10) A new 3D model using cohesive zone model (CZM) was established. The
numerical results show that with the appropriate model parameters, the cohesive zone
approach was able to qualitatively predict the shape of the crack front and the crack
face profile. The predicted stable tearing-like (e.g., tunnelling) effect correlates
qualitatively with the published experimental data.

(11) The results, obtained by the tearing models of Forsyth and Schijve on CCT
specimens, confirm previous DSTO results on CT specimens, i.e., they are good
predictors of the stress intensity Kginas but only valid for the post fracture analysis.

(12) The R-Curve method is a viable alternative to Schijve’s model for post failure
analyses only.

In future, more research will be carried out to explore the capability of ZENCRACK or
other FE packages to establish an appropriate model. In addition, to develop a
predictive capability of stable tearing behaviour the appropriate model with local
criteria for stable tearing is obviously the key.

The cohesive zone approach implemented in WARP 3D package is promising and the
results are encouraging. In future, more experimental work needs to be carried out to
validate the model’s prediction. A model under cyclic loading condition for stable
tearing needs to be developed.
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