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NOMENCLATURE

B matrix relating incremental strains to incremental nodal
displacements

c notch radius

C plastic modulus

aCTOD range in crack tip opening displacement -

du increment of displacement

de'j’dsgj’degj increment of total, elastic, and plastic strain

de equivalent plastic strain increment

da scalar used in flow rule

du scalar used in hardening rule

Dijkz matrix of elastic constants

E modulus of elasticity

f von Mises yield function

H, constitutive elasto-plastic matrix

ijke

ad range in J-integral

k stiffness of truss element

K, K& stiffness matrix and elastic stiffness matrix

K’Kmax'Kmin stress intensity factors

Kopen_ stress intensity at crack opening

aK, AKEff range in stress intensity and effective stress intensity

2280k cracklength, initial (sawcut) cracklength and
stabilized cracklength

Ny j normal to the yield surface

r x-distance behind crack tip

r_,Ar maximum and reversed notch plastic zone size

Rp P load vector

R stress ratic, minimum stress/maximum stress

S’Smax'smin applied stress level and maximum and
minimum applied stress level

Sc]os'sopen applied stress level at crack closure and at crack
opening

Sij’s?j deviatoric stress and back stress tensor

AS,ASeff stress range and effective stress range

t thickness and time

T temperature

v volume

W, AW maximum and reversed crack tip plastic zone sizesg

XY coordinate axes at crack tip

XY global coordinate axes located at notch center (FEM)

g stress tensor

1]
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yield strass in tension

normal back stress tensor

crack opening displacement
Kranecker Delta (identity tensor)
residual vector

viii



1. INTRODUCTION
1.1 Background

The discovery by Elber [1-3] of the crack closure phenomenon has
provided‘a rationale for, among other things, fatigue thresholds, stress
ratio and overload effects on crack growth, and recently, '‘small crack'
behavior in fatique. To date, much of the work in the field of crack
closure has been experimental and has been limited to cases where linear
elastic fracture mechanics representations were valid. Relatively few
mechanics analyses of the crack opening and closure phenomenon have been
performed in the elastic and inelastic cycling regime. The need exists
for developing such analyses to provide insight into material factors
" and the nature of the applied loading that contribute to crack opening
and closure behavior,

The dominant contribution to crack closure at intermediate and high
crack growth rates is the result of residual plastic deformations and
the ensuing compressive residual stresses in the wake of a growing
fatigue crack. This mechanism, termed plasticity induced closure,
results in a crack that remains closed for a significant portion of a
fatigue cycle. Fatigue crack surface profiles and stress-strain fields
can then be markedly different from those of a stationary (sawcut)
crack. Since the crack growth rate is related to crack tip stress-
strain fields and the ensuing crack tip displacements, it is necessary
to establish how these parameters are altered in the case of a fatigue
crack. The problem bhecomes most complicated for crack growth in
inelastic strain fields and from notches where stresses and dis-

placements on the crack line are influenced by the notch field.



In cyclic loading, the crack tip opens when all the compressive
residual stresses in the wake of the crack have been overccme by the
applied load. Therefore, an effective stress range, Aseff = Smax‘sopen'

is used as a basis for an effective stress intensity range, ak to

eff?
accurate1y describe the crack tip stress-strain and displacement fields
in fatigue. E1dst5-p1astic fracture mechanics parameters (aCTOD, ad)
modified for closure effects have been utilized when small scale
yielding conditions were violated [4-7]. These parameters can also
incorporate the effective stress range. The determination of ASeFf (or
Sopen) has not been systematically considered for different crack
lengths, stress states, material hardening cases, and geometries.
- Admittedly, this would 1involve a substantial computational and
experimental effort.

Two other mechanisms causing crack closure, namely oxide induced
closure and roughness induced closure have been proposed [8-12]. Oxide
iﬁduced closure results from a build up of oxides and other corrosion
debris on the surfaces of a crack and acts to decrease the effective
stress range. The same results are realized in roughness induced
closure but the cause here s irregularities and non-mating of the
fracture surfaces. These two factors are most relevant near the
threshold regime and are not considered in this study.

Crack opening and closure behavior and hence crack growth rates are
influenced by state of stress [4,13-16]. Tests under s.s.y. conditions
indicated that closure occurs alteng the entire crack front but to a much
lesser extent in the mid-interior of the front than near the surface

edge of the crack [l4]. Near the surface, out of plane stresses are



zero (plane stress). Contrarily, In the interior, surrounding material
restrains out of plane deformation resulting in zero total strain in
that direction (plane strain). The triaxial stress state inhibits
plastic ‘yie1ding in plane strain and the residual crack tip
displacements and closure levels are different from the plane stress\
case.

The yield strength and strain hardening behavior of the material
influences crack opening and closure. However, these effects have not
been systematically examined by others.

Crack length effect on closure has been studied with experiments
and analytically (using Dugdale model) primarily for cases of plane
stress. Experiments for cases approaching plane strain are difficult to
perform and this aspect of the problem requires further study. For
example, bulk measurement (back face strain gage, potential drop,
elastic compliance, clip-on displacement gage at notch mouth) of closure
refiects plane strain closure while surface measurements (strain gage
close to crack tip, optical interferometry, photomicrographs of crack
tip) provide closure levels for plane stress. In the case of physically
small cracks and/or small crack tip displacements (opening, sliding) it
js difficult to make accurate measurements using the above techniques.
Also, closure levels may be a function of measurement location with

respect to the crack tip [17].

1.2 Current Needs
The complexity of the crack closure problem necessitates reliable

mechanics based approaches to characterize closure behavior. The



constitutive model (for the time-independent case) shouid have the
capabilities to account for strain hardening (sometimes varying with
cycles), the Bauschinger effect, and cyclic mean stress relaxation,
observed in materials. General loading paths such as nonproportional
Toading should be handled. Large strain and geometry effects to account
for blunting of the crack tip ocbserved under plane strain/large strain
conditions could also be incorporated into the formulation. Two extreme
cases of the stress state (plane stress and plane strain) would provide
guidelines on stress state influence on closure. Ideally, thrae-
dimensional modeling of fatigue cracks should be considered but
computational efforts needed to achieve this are enormous at the present
time. The model should also allow cyclic crack growth based on a
physical crack advance criteria. As yet, there has not been a
universally accepted mechanism of fatigue crack advance, therefore,
several criteria need be considered. The stress ratio, crack length,
stress range (relative to the yield stress range), stress state {(plane
strain/stress and others) and influence of inelastic strain fields
{gradients) must then be studied. The model should predict experimental
crack opening and closure stresses with reasonable accuracy in these
cases.

Successful, but limited, analytical models of fatigue crack closure
based on the Dugdale strip-yield model [18] have been developed by a
host of researchers [16,19-24]. The advantage of this approach is that
extensive nonlinear analysis can be replaced with suitably super-
positioned elastic solutioﬁs. These models require approximations or

weight function methods to determine the plastic stretch deposited along



the crack surfaces since no closed form elasto-plastic solutions
exist. The Dugdale model was developed for, and in most cases limited
to, plane stress conditions 1in elastic-perfectly plastic materials
subjected to small scale yielding. Dugdale solutions are available for
only a limited number of geometries. These models have provided much
insight 1into fatique crack closure behavior, An extension of the
original model is the incorporation of a 'constraint' factor on yielding
to simulate, in an approximate way, plane strain conditions [16,23].
Strain hardening effects have alsc been attempted with modifications to
the model [25,26], however, there are known limitations in this case

[25] when results are compared to finite element work.

1.3 Current Work

A comparison of the capabilities of the analytical closure models
with the previous description of the features thought required for a
sogund mechanics model reveals many limitations. Apart from element mesh
sensitivity and crack advance criteria problems, elasto-plastic finite
element (EPFE) techniques could theoretically satisfy all of the afore-
mentioned model requirements and thus provide opening and closure levels
of reasonable accuracy. Several studies [27-31] have applied EPFE to
problems of fatigue crack closure. The present work involves the
development and implementation of a fatigue crack closure model based on
EPFE techniques. Although some of the aforementioned model capabilities
are not presently included, the current work provides a good working
model to aid in the better understanding of the closure phencmenon. The
advantages and limitations of the EPFE approach to crack closure will be

discussed.



The FE technique developed in this study is capable of simulating
either plane stress or plane strain states in a strain hardening
material. Provisions are made to change the boundary conditions asso-
ciated with the intermittent contact and separation of the crack faces
during cycltic loading. The crack tip is extended through the finite
element mesh at prescribed points in the loading history. The specific
variables known to effect crack closure and crack growth behavior that
are concentrated on in this study include applied stress amplitude rela-
tive to yield stress, stress state, material hardeﬁing behavior (plastic
modulus), crack length, and plastic wake with respect to total crack
tength. Two constant amplitude stress ratios, R = 0 and R = -1, are
examined. Crack opening and closure stress levels, near crack streﬁs
fields, and crack opening displacements are determined for small and
long crack cases. Comparisons of results are made with statiomary

cracks under monotonic loading conditions.

1.4 Purpose and Scope

The purpose of this study is to:

a) simulate the crack opening and closure behavior of the 1070
steel in a center notched geometry using elasto-plastic finite
element methods and compare opening and closure results with
experiments; discuss the influence of notch stress-strain and
material hardening behavior on crack opening and closure.

b) determine the influence of physical crack length on plasticity
induced crack opening and closure levels and the subsequent

effect on fatigue crack growth rates



c)

d)

establish the variation of crack opening and closure behavior
as the levels of constant amplitude loading are increased.
identify and quantify the variation of crack closure with state
of stress for cracks growing from a circular hole,

discuss the benefits and drawbacks of studying the crack

closure problem with elasto-plastic finite element methods.



2. ANALYSIS
2.1 Method Description

This section presents an outline of the specific problems Lthat have
been addressed and the method of analysis. Specifically, a fatigue
crack grdwing out of a center notched plate (Fig. 1) subjected to‘
constant amplitude mode 1 loading at stress ratios of R = -1 and R = 0
is analyzed. The crack is grown from initiation to a length comparabie
to the radius of the notch (¢ = 0.6 mm). Both the effects of state of
stress at the crack tip and level of applied stress are systematically
studied at different crack lengths. This particular geometry was chosen
because the model to be presented here has been shown to provide an
accurate simulation [30] of experimental crack closure studies performed
on similar 1070 steel specimens [19,20]. The experimental stress-strain
response and essential material properties are shown in Fig. 2. The C/E
= 0.07 case corresponds to the 1070 steel material of interest where C
is the plastic modulus. Analysis is also performed on a material with
the same yield strength that strain hardens as C/E = 0.01. Comparisons
are made to determine the influence of strain hardening on closure
behavior.

A two dimensional elasto-plastic finite element model that accounts
for cyclic crack extension and the chamging boundary conditions asso-
ciated with intermittent crack face contact is developed to study crack
closure. The mesh in Fig. 3 consists of four noded isoparametric
quadrilateral elements with a 2x2 integration rule. Attache& to the
nodes at the crack face are a series of variable stiffness truss

elements. These elements are used to control constraints on dis-



placements associated with crack opening and closure as will be dis-
cussed later., Two mesh sizes (in the vicinity of the crack) were used
in the study (Fig. 4) to determine the effect of discretization on
predicted crack tip material behavior. Mesh A consists of 630 elements
and 690 nodes while mesh B has 1140 elements and 1218 nodes. A typical
element side length dimension in the vicinity of the crack is 0.028mm
for mesh A and .014mm for mesh B. Nodal coordinates are updated after
the application of each convergent locad increment.

The schematics of Figs. 5 and 6 explain the crack opening and
ciosure criteria. The location of the crack tip and notch surface are
indicated in Fig. 5. The stress fields at maximum and minimum load are
depicted in Fig. 6. In the finite element simulation, the coordinates
of the nodes along the crack face are continuously monitored during
incremental unloading to determine the point at which they return to
their original y = 0 position (Fig. 5). At this point, oppoéing crack
vaces have made contact and constraint from further y-displacement is
invoked. This is accomplished by making the value of the stiffness, k,
of the truss element connected to this node equal to a very large
number (k+=}. In this study, the applied stress level at which a node
in the wake of the crack tip first returns to it's original y = 0
position during unloading is termed the crack closure level, S¢log:
Note, on the average, each quarter cycle for R = -1 loading conditions
(half cycle for R = 0) was divided into about twenty equal load
increments.

With further unloading, residual compressive contact stresses are

bullt up 1n the material elements comprising the wake of the crack tip
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(Fig. 6). For R = -1 loading and the range of crack lengths considered,
the entire crack is closed at minimum load. Note that for R =10
loading, in mdany cases complete crack face closure had not occurred at
minimum 1oad consistent with analytical and experimental work [19,20}.
Furthermore, in the R = 0 case, often first contact of crack surfaces
occurred well behind the crack tip. The closure criteria used in this
study to establish 5.y, is that of first closure of crack surfaces and
not compiete crack face closure.

In order for the crack to reopen and propagate further, the resi-
dual compressive stresses must be overcome by the applied loading [2-
3]. During the loading portion of a cycle, the compressive stresses in
the crack face material points are continuously monitored (Fig. 6).
When the sign of one of these material point stresses (cyy) changes from
compressive to zero or slightly tensile, the stiffness of the associated
truss element is changed to zero (k - 0) thus permitting the crack faces

here to open. Crack opening level, S is defined as the applied

apen?
load level at which all the compressive residual stresses in the wake of
the ¢crack tip have been overcome.

In some other models [27,28], crack opening criteria was based on a
positive displacement of the boundary condition controlling spring. It
is thought that this criteria may be influenced by the extremely large,
but finite, stiffness value assigned to a closed spring. Opening
behavior, then, may be influenced by this spring stiffness and not
completely dictated by the behavior of the actual crack tip material.

Crack extension is achieved by releasing the present crack tip node

(k » 0) when the peak of each load cycle is reached. This is an arbi-



trary crack extension criteria that has been used in previous studies
[27,31] of closure using EPFE. No detailed study has been made here on
the possible effects on closure behavior that may result from a crack
tip extension criteria that released nodes at other times in the loading

history.

2.2 Finite Element formulation

Inherently, nonlinear material response occurs at the crack tip in
ductile materiais. The basic variational principle used in linear
finite element methods {32] is still applicable to nonlinear material
problems. Here a set of 'linearized' equations are solved in an
iterative fashion to arrive at a final successful solution. In this
work the incremental iterative scheme implemented is the direct Newton-
Raphson method {32] flow charted in Fig. 7. This flowchart is for load
contrel conditions and the logic is somewhat different under displace-
ment contral. A schematic to accompany the flowchart is presented in
Fig. 8. This scheme converges quadratically but requires continuous
updating of the stiffness matrix, K. A small strain (deformation)
formulation is employed in this work.

The equilibrium equations to be satisfied are independent of the
chosen material law. The strain matrix, B, relates the change in strain
to a given change in displacement, de = B du. Substituting this
relation into the principle of virtual work gives the equation which
must hold true to satisfy equilibrium conditions, v = [ BTa dv - R =0.
Here, R is the vector of nodal forces and the inte;ral is evaluated

element by element and assembled over the entire region in the usual
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manner [32]. Any incorrect values of the stress distribution or dis-
placement field will result in the ‘residual vector', ¢, having a
nonzero value, The terms bgs V1o and ¢2 in Fig, 8 refer to the
additional nodal forces required to bring the assumed displacement field
into nodal equilibrium. The corresponding dispiacements
are AU, 8Us,, and Aﬁ3, respectively, Plasticity problems involving a
nonlinear stress-strain relation require an iterative solution of
'linearized' equations to satisfy the relation, ¢ = 0.

An appropriate constitutive relation and integration scheme are
required to determine the increment of stress, do, associated with a
given increment of strain, de. Subroutine UMAT, referred to in Fig. 7,
is where this determination is made. The details of this analysis are

given in the next sections.

2.3 Material Model

An incrementat, rate {independent, classical plasticity model is
used in this study. Kinematic hardening is employed to best simulate
the anisotropy (Bauschinger effect) associated with reversed yielding.
With this rule, the yield surface maintains it's original dimensions
but transiates in stress space during plastic straining [33].

The initial yield condition according to von Mises is given by,
€y _ (3 c C o1k _

where o, is the initial yield stress in tension (a constant) and S{j are

the stress deviators given by,

, 1
Si5 7 95 = 3 %kkij (2)
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where aii is the stress component vector and ﬁij is the Kronecker delta.
S?i represents the position of the center of the yield surface in
deviatoric stress space due to work hardening. The center of the yield

surface transiates incrementally according to,
c _ ' _ eC
dSij = du(Sij sij) (3

where dy is a positive scalar to be determined.

The plastic strain increments are, based on Druckers postulate, in
the direction of the outward normal tb the yield surface. This flow
rule is expressed as,

af (S, ., S5
dep = da _—1J 1) ‘ (4)
aSij

where dx is a positive scalar during active plastic straining and zero

for purely elastic responses. To evaluate dx, the definition of the

equivalent plastic strain increment dzP in [34] is used,

deP = -cl;c,(si:i - 5§p) def. (5)
Note that,
AT U TN (6)
2553 20, i T Vij
so (4) becomes,
e =-3§-z-(sij - 5§50 (7)

3
f (S1j = S?j)(sij = S?j) (B)
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which from (1) reduces to,

P o =L - 5¢ p
de” = dx = o (Sij Sij) deij (9)

so (7) becomes,

P 3 4P - s¢
dE'ij = 200 de (S']j S'ij) (i0a)
or,
P _ 4zp _3f
de_ij de 351j' (10b)

During active plastic flow the consistency condition requires the
stress state to remain on the translating yield surface. The yield
condition, (1), must be continuously satisfied. Taking the total

derivative,

af af c _
ij aSij

[t can be shown that the following relation in normal stress space is

equivalent to (11) for an isotropic material,

af af
do., + — da,. =
2053 %3 a5 a3y = 0 (12)

where Ay is the center of the yield surface in normal stress space,

c . 1
Sij a4yt 3 “kksij' {13)

The strain rate, daij’ can be broken up into elastic and pilastic

components,

dejy = defy + def . (14)
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In the elastic domain, stress increments, d°ij’ can he related to

elastic strain increments with the usual matrix of elastic constants, 0,

which depends on whether plane stress or plane strain conditions are

being simulated [35].

_ e
dc‘ij = Dijk! dekl (19)

or from (14),

(dey, - deP (i6)

dogy = Dyyuy ko)

Ziegler's modification [33] of Prager's kinematic hardening rule
indicates that the increment of translation of the center of the yield

surface, dS% is in the direction of the vector cormnecting the present

j'
center to the stress state as indicated by (3). The scalar du is

related to the consistency condition, (12}, and is taken as [34],

-p
dp = ¢ 9= (17)
%

Substituting (17) into (3),
g, = ¢ 95 (5. _ €y (18)
ij % ij ij
here,

¢ =do (19)

is the slope of the stress versus plastic strain curve in uniaxial
tension. Presently, a bilinear stress-strain curve is modeled so C =

constant.
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To obtain the relation between increments of stress and increments

of strain we proceed as follows. Noting that,

af -af af

- = = - (20)
3345 5§y %13
and,
af -af c
1J
(16) becomes,
af -af c af af af  -p
do.., = — dS =35 - D,.,, ., —=— det.
acij ij aS?j i J 1Jk!. asij ijks aSkR.
(22)
Substituting in (18) and rearranging,
af af . of af g_ -p s¢
3S. . D1sz N ¢zP 25, . D1szdekz de (S 13)'
ij ij STJ
(23)

Considering (20) and the yield condition, (1), and selving (23)

for dzf, we get, .

1 af
[ - T c] 35,7 Didke%eker (24)

35y ijke 8 J

Now insert (10b) and (24) into (16) to get the relationship between

dsP =

stress increments and strain increments and the expression for the

increment in back stress, dsﬁj.

1

dogy [D1sz (¢ af )(Dijmn aS )(Dkzpq as )] deyg

-0 ——— + C
aSrs rstu aStu

(25)
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of o
¢ 35m Donrs 9€rs c
[ af af | C](Sij - S‘ij) (26)

c _
aSv_S rstu aStu

Finally, update current stress, strain, and back stress values.

o].j = G'ij + dc'ij
Gij = e'ij + ds_ij (27a,b,c)
C _ c¢C c
S'fj = Sij + dSij

2.4 Numerical Integration‘of Rate Constitutive Equations

The constitutive equation of (25) can be expressed in the form,

dogs = Hysy depge (28)

The method implemented to integrate this equation over a finite time
step 1is termed a ‘"tangent stiffness, mean normal method with
subincrementation and radial return." The method is described in par£
in the literature references [34,36-39]. The need for an elaborate
integration scheme arises due to the sudden constraint encountered‘when
the stress state reaches the yield surface in stress space. During
active plastic straining, the stress state must remain on the
translating yield surface.

A geometrical representation of the integration scheme in
deviatoric stress space is depicted in Fig. 9. For generality, the
initial (known) stress state, So’ is in the elastic domain so

that f(So, Sg) G 0. The strain increment, dskz, produced from a
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prescribed load or displacement incrgment, au, causes a change in the
present stress state, Sg.

The first step involved in determining the value of Lhe new stress
state 1s'ca1cu1at1ng a trial state, Sy, based on the assumption that
the Joading increment resulted in an entirely elastic response for the
material point under consideration. St is calculated using Eq. (28)
where for now Hijkg is simply the matrix of elastic constants relating
stress to strain (Hookes Law). If f(ST, S%) - g, < 0, then the response
truly was purely elastic and Sy is the correct new stress state. In
this case, Sy will lie within the confines of the yield surface. If,
however, F(ST. S$) -a, > 0. the loading has caused plastic straining
and St is not the correct final stress state.

In the case of active plastic straining 5, is updated to the point
where contact with the yield surface is first made. This state is
termed S. and satisfies the equation f(SC, Sg) = 0o,- Sc is determined
by assuming that strain varies Jlinearly over the dincrement and
calculating the fraction of the increment that is purely.elastic. This

fraction, q, is calculated from,
C
f(So + qAS, So) - gy = 0. (29)

This requires solving a quadratic equation for q where the larger root
in the range 0 < q < 1 is taken as the correct value [34].

During the remainder of the strain increment, (1 - q)dekg, there is
active plastic straining and the elastic-plastic constitutive relation
of Eq. (25) must be used for H1jk1 in Eq. (28). For 1large strain

increments, Schreyer, et al. {38] report a significant improvement in
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accuracy if the remainder of the increment 1is broken up inte
subincrements. The number of subincrements, N, to be used in a given
situation depends on the plastic strain rate direction since a primary
source of error in this integration is the rotation of the normal to the
yield surface during active plastic straining. Therefore, the normals

af

to the yield surface, n.. = a 3§""(a = scalar), are calculated based on
Py

1J
stress states Sp and S.. If the angle between these two calculated
normals is large many subincrements are used. As this angle approaches
zero, the need for many subincrements is reduced so N is assigned a
smaller value. The actual formula for N 1is based on numerical
experience and in this work, equation 55 in reference [38] is used. The
integration then proceeds subincrement by subincrement continuously

updating both Sy and S..

In a given subincrement, the stress state Sy is calculated by,
S, =+ (S +5) (30)
M- 2VT c’*®

Sy is vused to calculate the ‘'mean normal' to tpe yield sur-
face, gy = "1j(SM)’ This mean normal is wused to calculate
Hijkz' H1jkz is then used in Eq. (28) to calculate the increment in
stress which when added to S. updates the stress state to Sp. In
general, S will not 11e on the yield surface but can be projected to it
by a 'radial return'. This requires the determination of an adjusting

factor, r, which is used to scale SA down to SF-

SF = rSA (31)
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where Sp satisfies the yield condition f(Sg, Sf) - o, = 0. r is

determined iteratively. At this point the rest of the state variables

are updated and the integration of this subincrement is complete.
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3. RESULTS

This section describes the results of the crack growth simulation
and crack closure determination. A center notched 2-D specimen (Fig. 3)
in plane stress or plane strain is subjected to a series of different
constant amplitude stress levels. Material stress state during the
cyclic loading history of a typical material point (x/c = 0.419) along
the crack line (y =0) as the crack tip advances, approaches
x/c = 0.419, reaches x/c = 0.419, and leaves x/c = 0.419 in the wake of
the crack tip is depicted in Figs. 10 and 11. The stress states for R =
-1 and R = 0 1loading conditions are shown in Figs., 10 and 11,
respectively. States of both plane stress and plane strain are given
for comparative reasons in both figures. The components of stress at
the pofnt are given at both the maximum (S = Sp..) and the minimum (S =
Smin) levels of applied stress in a cycle, The symbol AY in the
material element s present when the element is undergoing active
plastic straining (Actively Yielding).

For a given stress ratio, due to the triaxial stress state
developed under plane strain constraint, yielding is restrained. The
crack tip plastic zone (and reversed crack tip plastic zone) is smaller
in plane strain than the diffuse crack tip plastic zone that forms
under plane stress conditions. One should note that due to the
kinematic hardening model employed here the magnitudes of the stresses
required to cause reversed plastic yielding during unloading are a
function of the.back stress components, i3 {not shown in Figs. 10 and

11).
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Reversed plastic deformation behavior of the material in the wake
of the crack tip during unloading varies with R-ratio. Reversed
yielding is present in the crack tip wake material at § = Smin When R =
-1 (Fig.VIO) but not for R = 0 (Fig. 11). As an extreme example, the
plane strain material point in the wake of the crack tip at S = Smin
(Fig. 11) has not even gone into compression for R =0, In this instance
it was found that this particular location (x/c = 0;419) of the crack
flank had not made contact with the opposing crack face at S = Smin
. hence no compressive stresses could be developed. This was more often
the case for R = 0 Toading than for the R = -1 case.

Numerically calculated crack surface profiles at § = S for a

max
crack that grew cyclically to a given length, i/c, differ significantly
from profiles of a crack that was initially sawcut to the same length.
These profiles are shown for 2/c = 0.6 in Fig. 12 for plane stress
conditions and in Fig. 13 for plane strain conditions. The equations
used to calculate stress intensity, K, in the normalization are given in.
Refs. [40,41]. The crack opening displacement of a growing fatigue
crack is consistently lower than the ideal crack subjected to the same
applied stress range. Note that the differences in the crack opening
displacement, &, in Figs. 12 and 13 are due not only to the lack of
residual deformations on the dideal crack surface but are also
contributed to by the existence of a greater effective stress intensity

range, aK,cc, in the ideal crack case (ideal crack, 8Kape = K - K

max min®

fatigue crack, AKeFf = K - K

max open)°
Fatigue crack growth experiments by Sehitoglu [19,20] on center

notched plates of 1070 steel were performed in an effort to characterize
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crack opening and closure behavior under a set of controlled
conditions.  The validity of the current EPFE work was checked by
attempting to simulate and thus predict some of the experimentally
observed behavior seen in [20]. A comparison with experiment of the
numerically predicted crack opening and closure levels as a function of
growing crack 1en§th from the notch is provided in Fig. 14. The
experimental technique in [19,20] consisted of a series of crack tip
replicas taken at different crack lengths throughout the loading and
unioading portions of constant amplitude cycies. These replicas were
then viewed under a scanning electron microscope to determine the stress
level at which the crack tip opened (S,pan) and first closed (Saqqe)-
Good agreement between the EPFE technique under plane stress conditions
and experiment is observed over a wide range of crack length. Crack
opening and closure levels were seen to increase then stabilize as the
crack grew in length from the notch. Crack opening levels were
consistently higher than closure levels.

A similar comparison with finite elements for conditions of R = @
loading is presented in Fig. 15. Plane strain elements used in this
simulation provide a better correlation with experiment than did plane
stress elements. Once again, opening and closure levels vary with
crack length measured from the notch but to a much lesser extent than
for the R = -1 case. Here also, opening levels are scmewhat higher than
closure levels. This 1s a consistent trend throughout the work with the
difference between opening and closure levels varying primarily with

applied stress.
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The global effects of both stress ratio, R, and applied stress
Tevel, Spays On crack opening behavior are shown in Fig. 16 for plane
stress conditions. R = -1 loading of a plane strain fatigue crack is
included also. These curves were constructed by performing a series of
numerical simulations each experiencing different applied stress
levels. The opening stress Jevel for a crack of length 0.48mm was
plotted for each case. The trends clearly indicate that crack opening
levels normaiized by maximum applied stress decrease for cases run at
higher applied stress levels. This trend is consistent with both
analytical [16,24] and experimental [4] work of others. The rate of

decrease of the ratio S,pan/Spay With increasing S o, is lower for R

max/ Q
= 0 than for R = -1, At all load levels considered, the stress required
to open the crack was higher for R = 0 than for R = -1,

In both Figs. 14 and 15 it is observed that after some amount of
crack growth the crack reaches a Tlength at which the opening stress
levels begin to stabilize. This stabilized crack length, fg. i
dependent on stress level, stress ratio, and state of stress, among
other factors. From the construction of a series of curves in the form
of Figs. 14 and 15, the approximate stable crack length values were

extracted and plotted as a function of S for both R =0 and R = -1

max/ %
loading conditions. Plane stress simulations and plane strain
simulations are shown in Figs. 17 and 18, respectively. The cross
hatched regions in these figures are the extent of maximum and reversed

uncracked notch plastic zones, r_ and ar_, in the x-direction computed

p p
at the maximum and minimum stress levels, respectively. Note that the

maximum notch plastic zone size, rp, i& independent of stress ratio,
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and in the case of R = -1, 1is equal to the reversed plastic zone

size, Arp. Under R = 0 conditions, however, Arp

figures, a fraction of rp. The influence of the notch plastic zone

is, as indicated in the

sizes on'the 'small crack' growth problem is emphasized in section 4.

It is observed that stable crack length values are greater as
higher applied stress levels act on the specimen and are clearly not
confined to the reversed plastic zone of the notch. Crack lengths at
stabilized opening levels are smaller for the R = O case than for the R
= -1 case. This is partly a result of the variation of the notch stress
fields at minimum load for the two stress ratio conditions as will be
discussed later. More importantly, however, is the existence of
reversed plastic deformation in the crack tip wake materfal at S = S,;,
that occurs in mosi cases for R = -1 Toading but to a lesser extent for
R = 0 loading.

Differences in compressive residual stresses can be quantified by
plotting the ratio of reversed crack tip plastic zone size, aw, at S =
Spin to the maximum crack tip plastic zone size, w, at S = Sp,, for the
two stress ratios considered as a function of c¢rack length. See
Fig. 19. Observe that the ratio, aw/w, is much lower at a given crack
length and stress amplitude for R = 0 loading than for R = -1 loading.
Since the absolute magnitude of w is not a strong function of stress
ratio, this plot indicates the degree of reversed plasticity at the
crack tip (and in the crack wake) to be much higher for R = -1 than for
R =0 in the cases shown,

Near crack stress fields will differ significantly depending on the

material constraint conditions existing in a specimen. Plats of
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normalized near crack stress fields, oyyloo. at three different
positions in the loading portion of a cycle, $/Sp,, = -1.0, 0.0, and
1.0, are shown in Fig. 20. The position on the x-axis at x/c = 0.0
representé the crack tip while the position at x/c = -2/¢c indicates the
notch surface. The stress field under plane stress conditions
(Fig. 20), should be compared to Fig. 21 which illustrates the stress
fields under plane strain conditions. Note that at Tlow stress
amplitudes plane strain opening levels are generally lower than plane
stress levels, however, as will be shown later, this trend reverses at
higher stress amplitudes. Among the notable differences between the two
figures are the magnitudes of both the crack tip stress field at S/S

max
= 1.0 and the crack wake residual stress field at S/S = -1.0.

max
Specifically, the absolute values of these magnitudes are increased by
the triaxial stress state existing under plane strain constraint. In
turn, the presence of out of plane stresses, Ogas restricts the crack
tip plastic zones to a smaller region in plane strain than in plane
stress where 9y, = 0.

The predicted crack opening stresses normalized by maximum stress,
Sopen/Smax’ as a function of applied stress for both plane stress and
plane strain conditions for a series of progressively increasing
normalized crack lengths, 2/c, are summarized in Figs. 22, 23, and 24.
As the crack lengths increase, the values of Sopen/smax increase
indicating the effect of progressively longer wake regions containing
plastically deformed material. Clearly, this analysis supports that the
extent of plasticity induced closure increases with crack length. This

crack length effect 1s most pronounced for R = -1 conditions. The
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influence of stress state on opening Jevels is negligible at the
smallest crack length shown, &/c = (.14, where there is Tittle wake
length to create a strong closure effect. However, as the fatigue crack
grows, sfress state effects become more predominant.

Crack surface displacements are consistent with opening stress
levels for the two states of stress considered. The surface profiles of
a small crack (2/c = 0.14) at maximum load for both plane stress and
plane strain conditions are shown in Fig. 25. The profiles are plotted
for a high and a low applied stress level. It can be seen from Fig., 22
that the opening Tevels (hence effective stress ranges) for this
particular crack length are equal for both stress states considered.
Plane stress displacements are greater than those seen in plane
strain. This behavior is also evident with ideal cracks upon comparison
of Figs. 12 and 13.

For longer cracks subjected to §

/

opening 1levels 1in plane stress Jower than those for plane strain

max’ % = 0.8, the analysis predicts
(Fig. 24). In this case, plane stress displacements exceeded plane
strain displacements for a growing fatigue crack (Fig. 26) as well as

for an ideal crack. However, when S = 0.4 plane strain opening

max’ %o
levels are considerably lower than plane stress levels. The resulting
crack tip displacements in plane strain exceed those in plane stress
consistent with the different effective stress range for both cases
(Fig. 26).

In many fatigue analyses that consider closure effects, a common

assumption is that opening and closure levels are approximately equal.

In Fig. 27, which is a continuation (in crack length) of the series of
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plots in Figs. 22-24 but with closure levels included also, it is seen
that this assumption is generally valid at Tow stress amplitudes but
breaks down at higher stresses. The difference between crack opening
and c]osUre stresses increases as the applied stress levels become
greater. This phenomenon has been seen experimentally in another steel
[42] and has imp1iéations in crack retardation and acceleration effects
occurring after an overload [4].

In Fig. 28, crack opening levels are plotted as a function of
applied étress level for the plane stress case when the 1loading
conditions are R = 0. The curves were constructed for four different
crack lengths. Increasing crack length results in higher opening
levels, but again, it is clear that the crack length effect on closure
is not as predominant as in the R = -1 loading case. Also, the
influence of a greater applied stress level for a given crack length is
relatively weak in the R = 0 case compared to the R = -1 case for the
range of applied stress levels considered.

The fraction of crack length over which residual displacements (and
stresses) exist influences crack closure behavior. Figure 29 is a plot
of normalized crack opening level as a function of crack length measured
from the notch. The analysis producing the solid curve was performed,
as previously described, with an initial crack length of zero. The
crack initiated directly out of the notch. The dashed cur#e, however,
was generated from an analysis that started with an initially sawcut
crack (measured from the notch) of 1length, zO/c = 0.234. The lack of
equivalent deformation and residual stress field histories behind the

current crack tip in the two cases results in different crack opening
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levels, Complete modeling of prior history, therefore, is an essential
feature in predicting <crack opening and closure behavior with the
finite element method.

The.outiined method could be used to describe closure behavior in a
wide array of materials obeying an elasto-plastic constitutive law. The
influence of the Input material constants on closure behavior should be
addressed. Much of the previous work of others [16,23,24,27] has
modeled aluminium-like materials which exhibit 1ittle or no strain
hardening (perfect plasticity). A plot of opening levels for a crack of
length 2/c = 0.327 as a function of applied stress for two materials
with different strain hardening behavior 1s shown 1n Fi1g. 30. The 1070
steel has been modeled with a plastic modulus to elastic modulus ratio
of C/E = 0.07 (Fig. 2). A ratio of C/E = 0.0l is used to determine the
closure behavior of a fatigue crack in & material that hardens to a
much Tesser extent than the 1070 steel but with the same yield stress.
Under the depicted conditions (R = -1, plane stress) the fatigue cracks
in the material with the lower strain hardening characteristics (C/E =
0.01) open at lower stress levels than a comparable situation in a
material that exhibits a greater degree of strain hardening.

The crack surface profiles for the two materials at the peak of the

max’ %
lower strain hardening material. See Fig. 31. When the same analysis

cycle for § = 0.4 reveal the greater deformation existing in the
was performed under plane strain conditions the influence of strain
hardening on both opening levels and deformation was far less than the

plane stress case revealed. This is shown in Figs. 32 and 33.
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4. DISCUSSION

The results of the analysis consistently depicted a crack length
effect on closure behavior. Namely, crack opening and closure levels
were observed to increase then stabilize as the crack grew away from the
notch surface. Experimental observations (Figs. 14, 15) confirm this
behavior (also., Ref. [19,20,43]). A previous work [30] showed that
effective stress intensity ranges, calculated using the numerically
predicted opening Tlevels, correlated experimentally observed crack
growth rates quite adequately even in the physicaily small crack length
range. The variation of opening level is related to the size of the
wake region of plastically deformed material.

There have been some accounts of small crack growth rate data
merging with long crack data at crack lengths approximately coinciding
with the original notch plastic zone size [44,45]. The present analysis
predicts that crack opening levels are still quite transient at crack
lengths considerably greater than either the reversed or maximum notch
plastic zone size at all load levels studied (Fig. 18). In Fig., 17, at
higher stress amplitudes, note that opening levels had stabilized at
crack lengths within the maximum notch plastic zone size for R = 0
loading under plane stress conditions. The observed behavior of the
growth rates of small fatigue cracks and‘the size of the original notch
plastic zone cannot then be directly related if plasticity induced crack
closure is thought to be the sole controlling phenomenon behind the
'small crack effect'. Qther factors contribute to the end result.

Incorporation of crack opening levels into the calculation of crack

growth rate correlating parameters has accounted for the effects of the
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stress ratio, R, in experimental observations [43]. Certainly, the
data shown in Fig. 16 reveals substantial differences in opening Tlevels
(piane stress) for a particular stress amplitude as a function of stress
ratio whfch, evidently, accounts for the differences in observed crack.
growth rates. The level of the compressive stresses developed in the
wake and at the tip of the crack at S = Spyp for the two R-ratios
accounts for the differences in the subsequent opening ievels attained
[27].

The notch is as much a stress riser in compression as it is in
tension for R = -1 loading after full crack face contact has been
made. During unloading the presence of the notch tends to increase the
ratio aw/w for shorter crack lengths embedded in the notch plastic zane
(Fig. 19). This is not the case for R = 0 loading for the range of
stress levels considered because in many cases full crack face contact
has not been attained at § = Syi,. Therefore, in the R = 0 cases, the
influence of the notch on crack closure is confined to smaller crack
sizes.

The dependence of aw/w on stress level is depicted in Fig. 19. The
higher aw/w ratios result in lower values of Sopen/Smax (see
Figs. 16,22-24,27-28,30 and 32.) predominantly for R = -1 loading. The
rate of decline of Sopen/Smax with increasing stress Tlevels 1is far
greater for R = -1 loading than it is for R = 0.

Closure levels become lower than opening levels rapidly at higher
stresses for a given R-ratio (especially R = -1). Implications of this
phenomenon were pointed out by McClung and Sehitoglu [4]. Application
of an overload in the high strain regime provides an acceleration

effect.
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Cpening and closure behavior has been shown to change with the two
stress states (plane stress and plane strain) considered in this

study. At lower stresses (S /co < 0.6), a general statement can be

max
made that plane stress opening levels are greater than plane strain
levels. The ana]ysjs showed this trend to reverse at high stresses but
it would be rather unrealistic to expect the constraints associated with
plane strain conditions to prevail at such high stress levels. EPFE
techniques are a valuable tool in the study of bonstraint effects on
crack closure since experimental observations of these effects are quite
difficult to perform [13-15]. McClung And Sehitoglu [4] present crack
growth rate correlations where state of stress was incorporated into the
crack growth relation.

Relatively few research efforts have been directed at determining
the effects of material parameters on closure behavior. The influence
of basic material parameters such as elastic modulus, yield strength,
and strain hardening rate have not been fully studied. The simulations
of fatigue crack closure performed in this study provided a qualitative
look at the effects of varying the degree of strain hardening on crack
opening levels (Figs. 30-33).

Under plane stress conditions, where plastic flow is not
constrained, there exists a large degree of difference in the amount of
deformation existing between the materials exhibiting the two different
strain hardening characteristics. The material with Jower strain
hardening {C/E = 0.01) experienced a higher crack tip plastic strain
range at a given stress Tevel than the higher strain hardening material
(C/E = 0.07). Lower crack opening stresses for C/E = 0.0l than for
C/E = 0.07 resulted.
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In contrast, the same comparison under conditions of plane strain
resulted in 1little or no difference in crack opening stresses
(Fig. 32).  Apparently, the strong constraint on yielding in plane
strain résu]ted in deformations  where the sensitivity to elastic-
plastic behavior was less pronounced than for plane stress.

A few comment§ on the drawbacks of EPFE techniques in the study of
fatigue crack closure here would be instructive. The single wmost
important consideration being a high degree of near crack mesh
refinement to insure as accurate results as possible. Newman [27]
indicates that crack openihg and closure levels can differ quite
significantly from one mesh to another depending on the ratio of
incremental crack extenston {crack tip element side length) to current
crack tip plastic zone size, w. This ratio should be kept as small as
possible to insure accuracy. This is a difficult objective to achieve
especialiy at low stress amplitudes under plane strain conditions and at
high R-ratios where reversed crack tip plastic zone sizes are extremely
small. In the present work an attempt was made to use higher order
elements (4-noded isoparametric rather than constant strain triangular)
to reduce the significance of mesh refinement. However, as yet no
comparisons of results have been made with similar case studies
incorporating triangular elements. A problem inherent with the wuse of
isoparametric elements at a crack tip is that they must be refined
enough so that the yield 1imit is exceeded at least at the inner
integration point(s).

Throughout this work both mesh A (Fig. 4) and mesh B were used to

insure that reported opening levels were not being falsely influenced by
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lack of proper mesh refinement. Differences in opening levels between

max/
below this stress level, mesh B results were more dependable. The

the two meshes were negligible at high stress Jevels (S > 0.6) and

%
largest discrepancies resuited for the plane strain, low stress level, R
= 0 case studies. Under these circumstances, opening levels for mesh A
were Jower than mesh B by more than 10 percent and neither mesh was
thought to provide adequate results. Further sensitivify studies on
this issue are required.

Other drawbacks of the method are the lack of a good physical crack
extension criteria (and knowledge of its subsequent effect on predicted
closure behavior) and the large amount of computational time and memory

required to perform the anaiyses.
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5. CONCLUSIONS

1.) Experimental crack opening and closure levels of cracks growing from
a notch were predicted accurately with the EPFE technique developed.

2.) The ratio Sopen/smax decreased with increasing applied stress levels
for both plane stress and plane strain states. This ratio decreased
more rapidly for a state of plane stress than for plane strain, and more
rapidly under R = -1 loading than R = 0 loading.

3.) The difference between crack opening and crack closure levels
becomes more significant at high applied stress levels.

4.) Stress state has an important influence on crack closure behavior
and crack tip stress strain fields and EPFE techniques seem to quantify
these effects.

5.) Closure behavior as influenced by stress ratio is linked to reversed
yielding during unloading in the material in the vicinity of the crack
tip.

6.) Crack opening levels increase to a stabilized value as the crack
length increases. This 1s especially evident in crack growth from
notches under completely reversed, R = -1, Toading.

7.) Transient changés in opening and closure levels occur at crack
lengths well past both the maximum and the reversed plastic zone size of
the notch.

8.) Crack tip displacements for a fatigue crack were consistently lower
than for an ideal crack subjected to the same applied stress range.

9.) Llower strain hardening characteristics in a material tend to

decrease the fatigue crack opening stress levels in plane stress. In
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plane strain the influence of strain hardening appears small for the
cases considered.

10.) The crack opening and closure levels were lowered when the plastic
wake of ﬁhe crack growing from the notch was removed. The asymptotic
opening level for a crack with limited wake is lower than the same crack

length with full wake.
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