13th International Conference on Fracture
June 16-21, 2013, Beijing, China

FATIGUE CRACK GROWTH SIMULATION OF SURFACE CRACKS
UNDER ARBITRARY CRACK FACE LOADING

Xiaobin Lin

HBM (nCode) United Kingdom Limited, UK
Xiaobin.Lin@hbmncode.com

Abstract Fatigue crack growth was simulated for a surfaeek subjected to arbitrary crack face loads.
The simulation was based on the step-by-step iatiegr of a proper fatigue crack growth law along th
crack front, enabling complex crack shape changeset directly predicted. The three-dimensionaltdini
element method with the inverse square singulawtyr the crack tip considered was employed to tz&u
the stress intensity factors along the crack frantj the contact elements were also introduced theo
cracked surface to avoid the possible overlappitgéen the crack faces. Several typical crack liaads
were analysed, and the results including crack eslimyelopment, aspect ratio changes and stressityte
factor variations were given to validate the sirtiolatechnique. The results showed that the craelps is
dependent on the applied load and non-semielliptizdace crack profiles may be adopted by fatigaeks.
The simulation is particularly useful and necesgarythe fatigue crack growth analysis in a residiigess
field.
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1. Introduction

Fatigue crack growth for surface cracks in plates tbeen extensively investigated both
theoretically and experimentally. Surface cracksveary common in many engineering components
and structures, such as pressure vessels, piggttems, off-shore and aircraft componesi. It

has been widely observed from experimental invastigs [1, 2] that a surface crack under fatigue
loading always changes its crack front as it graavel the shape by the fatigue crack subjected to
both tension and bending loads is close to a séipse if neglecting the possible retardation of
crack growth along the free surface.

Some efforts have been made to establish reasomaglels to predict the fatigue crack growth of a
two-dimensional surface crack, in which an expentakfatigue crack growth relation obtained
from small specimen tests is employed. A typicaldeias that a surface crack is treated to have a
semi-elliptical shape, and the change in crack @spio is predicted. Newman and Raju [3]
presented a two degree-of-freedom model, in whielhchange of crack aspect ratio is calculated by
coupled integration of a Paris type of fatigue krgoowth law along both crack depth and surface
directions. In their model, the stress intensitgtda (SIF) range at the free surface point was
modified by the reducing 10% its value to consitlee effect of the surface layer when the
retardation of crack growth is often observed, @ik own closed-form SIF equations were used.

For cracks subjected to a complex stress gradeeniethod similar to those mentioned above is
probably suitable if SIF solutions correspondingiich a stress distribution are available. Gengrall
these solutions are likely to be obtained by usingeight function method, or by superposing the
SIF results for a series of polynomial stress histrons. However, this method is obviously
incomplete. First, it includes a semi-ellipticalape assumption which is not adequate in some
situations to define the actual shape adopted &ycthck. Second, crack contact is not taken into
account almost in all SIF solutions reported. Timay happen if there are compressive stresses
acting on the crack face. Using the SIF resultgiobtl without considering crack contact might
cause a big error in fatigue crack growth calcalai In this paper, a numerical method developed
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by the author [4, Shas been employed to simulate the fatigue crackttrof surface cracks under
several typical and complex crack face loads. Ththod can directly predict, in a step-by-step way,
the crack shape change without having to make aaliptical crack shape assumption, and also
take possible crack face contact into account.ovsriresults are given to validate the numerical
method for simulating fatigue crack growth with qaex crack shape change.

2. Numerical simulation technique

It is usually considered reasonable to apply ayf&ticrack growth law from small specimens that
have a straight front to a curved crack front alevigch the stress intensity factor varies. The
fatigue crack growth rate can then be expressedfasction of crack front position as follows

%)tk ) )

where a(f) and AK(E) are the local normal crack growth increment anel $1IF range at an
arbitrary crack front position¢, as shown in Fig.1. The crack growth incrementloamvritten as
(K (¢))
Nal¢)=—F—""a 2
(E) f(AKmaX) max ( )
where Aa, ., is the maximum increment along the crack fronguoang at the point where the SIF
is the largest. Fatigue cycles can then be caledlas follows
Aa .
N, =N, +—/——"== (i=0L... 3
i faK.) (i=01..) 3)
By choosing an appropriate small value A& ., both the crack shape change and the

corresponding number of fatigue cycles can be ptediif the SIF solutions along the crack front
are available. For a Paris type fatigue crack gndatv, we have

AK (&)Y Da, -
Nalé)=| —| D, Ny =N +—/——"=— (i =01,.. 4
(¢) ( AKmaJ s Nea =N+ iy 5 € ) (4)
The above equations have been used in the prasariison. However, it is worth indicating that a
general fatigue crack growth rate equation inclgdirack threshold and fracture toughness can be
readily incorporated.

max

«— Local crack growth

Figure 1. lllustration of fatigue crack growth ofarface crack

Crack fron

Stress intensity factors along the crack front westmated by using the finite element (FE) method.
The 1/4-point displacement method was used to aehltee inverse square-root stress singularity at
the corner of a wedge element, and particularlysipds contact between crack faces in a
compressive stress field was taken into accoumBranalyses. The method of estimating the SIF
was detailed in [5]. Figure 2 illustrates a typicaksh created in the simulation. The mesh
comprises both cracked and un-cracked blocks. Betweem the “multiple point constraint”

equations are applied to maintain the displacensentpatibility. Both cracked and un-cracked

blocks are filled with 20-node iso-parametric elatse In particular, three rings of elements are
arranged surrounding the crack tip. In the simaigtithe cracked block is recreated as the crack
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grows whilst the un-cracked block remains unchanged

b3 Y
NV
\v( UNCRACKED BLOCK

z \

Figure 2. Type mesh configuration for stress intgriactor estimation

Local fatigue crack growth increments were cal@adatising the equation mentioned above, and a
new crack front was established by fitting a cufjidine curve to the positions of the advanced
corner nodes. Along the spline curve new cornerrai$ide nodes were then relocated with them
distanced properly. This method has been verifelet effective [6]. Automatic re-meshing of the
FE model is part of the simulation technique, whicshkes the step-by-step simulation possible.
More details can be found in [4, 6].

3. Analysisexamples

Six different stress distributions varying along tblate thickness direction, as shown in Fig. 8, ar
considered in the present investigation. They ppied to the surface crack face in the plate as th
maximum fatigue load. The minimum fatigue loadsswaned to be zero.

CASE | CASE Il
1.0 1.0 4
0.0 0.0
crack
2.0 - 2.0 -,
CASE Il CASE IV

- (M = lhe
RI%

Figure 3. Crack face stresses considered in trestigation
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Case | is the extensively studied loading configare—uniform tension, i.e.
s(x)=1 (5)

Case Il is a combined tension and bending loaddéeteases linearly from unity to zero,

s(x)=-x/t+1 ©)

This was selected as a representative of the Istesgs variation.

Case Il represents a stress variation existinghenwall of a cylindrical vessel subjected to a
uniform internal pressure, which can be expressed a

__PR? [ R J

s(x) = 1+ (7
R-RL (R~

where R and R, are the inner and outer radii of the vessel, espdy; p is the internal

pressure. In the simulation, the ratio & /R is chosen to be 2 amqglto be 1 MPa. The location

wherex=0 corresponds to the external wall of the vedbeis the modelled crack is similar to an
external surface crack in a cylinder.

Case IV is a typical stress distribution existingruciform fillet welded joints [7], as shown ingF
5. Verremaret al. [7] proposed the following equations to describe $tress variation occurring at
the weld toe

s(x) = (TXJZ::A (?Xj 0< x/t<05 8)
s(x) = [t_ijaZZ:)I (t'—xj 05<x/t<1 )

t
The above equations were obtained by fitting therthe two dimensional elastic element results.
For the particular cruciform fillet joint shown fig. 4, the following parameters have been used:
a=0, A,=0.414, A,=0.815, A,=-1.71, A,=4.16, A,=-3.7. High stress concentration
can be found at the weld toe, which is the reasby the crack initiation is often induced there.
This crack problem has been received a great desdtemtion due to its importance in engineering
practice.
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Figure 4. Cruciform fillet welded joint

Case V is used by the author to demonstrate tHiyatii the numerical technique to simulate the
fatigue crack growth in a complex stress field egmihg compression. It is well known that
compressive stresses are often generated on putposesist fatigue cracking as well as its
subsequent growth. The shot peening is usuallyideresd beneficial to delaying or even avoiding
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the crack initiation from the free surface. The&ss form devised here, to a certain extent, idaimi
to the residual stress generated by such a shoingegerocess. This hypothetical stress is expressed
by the following equations

s(x):1t—5x—2 0< x<t/5 (10)

5 9
SIX)=—X+— t/5<x<t 11
K)=gx+g Y (1)

Case VI is also a hypothetical load case intendedemonstrate the capability of the numerical
technique. The following is its stress distribution

s(x) = sin(zTﬂjx (12)

The initial crack configuration was assumed to lsemi-circle &c=1) with depth rati@/t=0.2.a, ¢
andt are crack depth, crack surface half length, aradepthickness, respectively. The material
properties employed in this investigation are: Baies ratio v =0.3, Paris’ fatigue crack growth

relation da/dN = 183x107*(AK )*
4. Results and discussion

4.1. Crack Shape Development

Figure 5 shows the fatigue crack shape developwifethie initially semi-circular surface crack in a
plate subjected to different crack face loadss Itlear that the shape change is dependent on the
load applied. The crack under uniform tension (Chsgrows with a similar growth increment
along the crack front. The free surface has a skffliect on crack growth, which makes the crack
advance relatively rapidly along the surface. t ba seen that the semi-elliptical shape is adequat
to define the front of the propagating cracks ig.FB (Case I). Crack shape change of different
initial cracks for this load case has been invastid by the author [8]. It has been numerically
confirmed that the widely used semi-ellipse is dacuate crack shape approximation.

The crack in Case Il that has a decreasing stralse \along the plate thickness propagates more
rapidly in the direction of the free surface thanthe direction of the plate thickness, gradually
leading to a flatter crack profile. The semi-elegs also quite acceptable for the shape in thse,ca
as indicated by the author [8] according to a nucaéstudy of crack shape.

Contrary to Case ll, the Case lll crack extendsefaat the depth than the free surface. This is due
to the larger stress in the direction of crack Hefit seems that these crack profiles predicted can
still be approximated with high accuracy by the seliptical shape.

The stress concentration at the free surface inCése IV load permits the crack to grow more
easily along the surface compared to the crack moddorm tension fatigue (Case ). It is
particularly obvious at the early stage of crackvgh. The numerical crack profiles in Fig. 5 (Case
IVV) are basically in agreement with the experimengsults obtained by Pareg al. [9, 10] using
the beach-mark method. The growing cracks were ta¢ésded by them as those of semi-elliptical
form during the crack growth calculation.

The crack face load of Case V produces an inteigsesult of crack shape development. The
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initially semi-circular crack gradually evolves ana mushroom-shaped crack. The crack mouth is
kept close and the crack, initially, is only givan opportunity of extending in a small region near
the crack depth. As the cracked area becomes ldrgeportion of the crack front in a state of
closure gradually shrinks. This is because of tloeglasing positive resultant stress. The maximum
crack dimension can be seen to occur nearly at/4hgosition from the front surface, which is in
accordance with the loading configuration that thees maximum tensile stress at tté position.
This phenomenon should be considered to be realsoakibough no direct experimental result can
be compared. The predicted crack fronts are oblydas from the semi-elliptical shape, and thus
the widely used semi-elliptical crack shape assionps not adequate for such load case. The crack
shape evolution in Fig. 5 (Case V) also demondrtitat surface cracks can be effectively delayed
by creating a compressive stress field near the glarface, such as using the shot peening method.

The crack shape change illustrated in Fig. 5 faeCdl also shows that the semi-elliptical shape is
not proper to be approximated to the crack framthis case. The lagging of crack growth along the
surface can be observed, which is due to the zeesssvalue at the surface. The crack develops
mainly in the depth direction at the early stagetba crack growth in this direction is slowed down
and even stopped finally by the descending stessd bs the crack extends further, see Fig. 3. The
maximum crack growth is subsequently transferrethéocrack front position, where the highest
stress happens, i.e. at e position from the front surface.

CASE |

A

CASE Il

@

CASE Il

@

CASE IV

CASE V
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| CASE VI

A

Figure 5. Fatigue shape development starting frommidially semi-circular surface crack under diffat
crack face loads.

4.2. Aspect Ratio Change

The crack shape change is usually described qatwly by the aspect rati@/€) variation with

the crack depth ratiaft), but it should be aware that it is incompletee Hspect ratio changes are
shown in Fig. 6 for all six load cases. Clearlg #spect ratio relation is strongly dependent en th
load, as mentioned previously. The load with desirepstress along the plate thickness makes the
crack advance more difficult in this direction angentually leads to a smalleic value, as seen for
Cases Il and 1V; whilst the increasing stress altmg plate thickness causes more rapid crack
growth in this direction than along the surfaceisTé¢an be seen in Case lll. Th& value of the
Case V crack increases linearly with #ieratio, quickly exceeding the maximum value sethie
figure. This is because no crack extension occlmsgathe plate surface due to the large
compressive stress acting in the surface layehefplate. However, for Case VI, tlaéc value
re-drops rapidly after its initial rise similar tbe Case V crack, which is caused by the stress
distribution with a decreasing value when the crdegth is in the region @f4 and 4. Obviously,

the aspect ratio cannot give a proper descriptonife cracks that are not of semi-elliptical shape
like the Cases V and VI cracks.

0.8 1

0.6 -

0.4 1

CRACK ASPECT RATIO, alc

0.2 4

0.0

0.0 0.2 0.4 0.6 0.8 1.0
CRACK DEPTH RATIO, alt

Figure 6. Aspect ratio change for surface crackeuniferent crack face loading

Lin and Smith [8] compared the numerical resultsaspect ratio predicted by the simulation
technique with the experimental results for theepension case, i.e. Case |, and found that beth th
numerical and experimental results are in good eagemt. This indicated that the simulation
technique is effective. The numerical aspect nagult of Case VI can be found to agree well with
the experimental results of [9, 10], who carried the fatigue test of welded joint containing a
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surface crack similar to that analysed in this wiarkboth the initial crack and joint geometrids, i
their result is included in Fig. 6. This furthedidates the present numerical technique.

4.3. Stress Intensity Factor Variation

Figure 7 shows the SIF distributions along the tfroh the initially circular crack g/t=0.2)
estimated by the 3D finite element method for &dllead cases, where the SIF is normalised by

Ko = Ja. Obviously, the results vary with the applied lo@ile distributions along the crack front

are basically uniform for Cases I, Il and lll, ngt for Cases IV, V and VI. The SIF for Case IV
shows a rapid rise at the plate surface, but traCtse VI drops when the crack front approaches
the plate surface. The Case V crack gives a rdisaltthe SIF value is zero along the half crack
front close to the surface, which means that tlaekcis in a state of partial closure under the load
(Case V). It needs to be indicated that contaanefdgs have been employed for this case. By
looking at the crack face load in Fig. 3 for these, these results are obviously reasonable.

K/Kg

0.4 - n
0.2 |
Vv \
0.0
0 15 30 45 60 75 90

CRACK FRONT POSITION, 6
Figure 7. Stress intensity factor distributionsngdhe initially circular crack front

The degree of the SIF non-uniformity along a créicat with crack growth is more clearly
represented for all six loads in Fig. 8, where tthigo of K _. /K is plotted against the crack

depth ratioag/t. It can be found that the equ&lprofile (the SIF value is identical around theckra
front), generally, cannot be reached for non-unifdoads. Dependent on the load acting on the
crack faces, complex variations exist. For Caseapid rise and subsequent drop in Kyg/Kmax
ratio are due to the sine load, whilst for Casethd zero variation is caused by the existence of
partial closure along the crack front.

max

Figure 9 shows the SIF variations for all load sageboth the depth#£0°) and surface &£90°)
points, where SIF has been normalized lﬁy:ﬁ. The SIF value at the depth generally

increases with the crack advance except Case \A.SIR decrease for Case VI is due to the rapid
drop in stress after the crack propagates to tg@meof a/t<1/4. The SIF along the surface also
tends to increase during crack growth, but thatCfase V retains to be zero.
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Figure 8. Change ofK . /K, along the crack front during crack development
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Figure 9. Stress intensity factor variations alboth depth and surface points during crack growth

5. Concluding remarks

The effect of different crack face loads on fatigwack growth of a surface crack in a plate has
been investigated by using a multiple degree-adefoen numerical method, which is based on a
series of 3D FE analyses with including contactmelets in cracked area and is able to directly
obtain the crack shape development in a compleckdice stress field. It has been concluded that
complex crack shape evolution in fatigue crack dlowan be successfully predicted by the
multiple degree-of-freedom numerical method. Thackrprofiles adopted by cracks are strongly
dependent on the applied load. They might sigmfiyadeviate from the widely assumed
semi-elliptical shape, although in many cases ttagybe approximated to such a shape. It has been
also found that crack surface contact can be stedillay the contact elements introduced in the SIF
calculations, so that negative SIF results canobeectly avoided.
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