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ABSTRACT: The modeling and experimental work to defermine the effect of fracture surface
interference on the driving force for shear crack growih is reviewed,

Introduction

Shear and mixed modes of crack growth are a significant component in multiaxial
fatigue crack growth, fracture of tough materials, fracture of composiulas and other
anisotropic materials, failure of turbogenerator shafts, and rolling contact fatigue to name a
few. There is question as to whether the success of linear elastic fracture mechanics in
predicting Mode I crack can be applied to Mode II and Mode III crack growth. It is thought
that the interference of the opposing fracture surface asperities shield the crack tip from the
applied stresses. The resistance to applied shear is related to the normal force that results

from the crack faces being wedged open as the asperities are displaced relative to one
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another in shear. If this effect is significant, the success of fracture mechanics for
prediction of shear crack growth depends on incorporation of the effect of fracture surface
interference in the expressions for the driving force for shear crack growth.

The following is a summary of our view of the state of understanding of the effect of
fracture surface interference on shear crack growth. First, we present a physical picture of
how crack faceé might interact. Then, we briefly describe the effect simplifying
assumptions have on the predictions of the models of crack face interactions. Following
that, a brief summary of the experimental evidence of crack tip shielding by fracture surface
interference is presented. Finally, we present recent estimates of crack face tractions during

shear obtained using a hybrid analytical-experimental approach.

Fig. 1 Schematic representation of the single point contact (1eft) and distributed contact (right)

interaction in a semi-infinite edge crack under remote shear load T with resulting resistance and

normal loads, F,, N, or F, N, are resolved to the asperity plane or the macroscopic crack plane,
respectively.
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The basic questions

There is little disagreement that fracture sutfaces are at least microscopically rough.
Depending on how the crack grows, the asperities may or may not be interdigitated on the
micrometer or finer scale, but are definitely matching and interlocked on a sub-millimeter
and above scale. Therefore, as the opposing crack faces are displaced relative to one
another in shear, the asperitics can either ride up on one another, can smear one another, or
they can deform in compression. If the asperities ride up on one another, the opening is
resisted by the elastic hinge of the remaining ligament resulting in a normal traction on the
opposing asperities. If they deform or smear, then there is some roughly constant opening
that results in a constant normal traction, The questions are:

s What are the magnitudes of the shear and normal tractions?
* How are they related to one another?
¢ At what normal and/or shear stress do the asperities smear or deform?

¢  How do the tractions depend on applied load?

Modeling

The simplest picture of the crack face interaction is that deduced from analysis of an
interlocking sawtooth shown in Figure 1. Ballarini and Plesha (1) and Mendelsohn and
Gross {2) both used Coulomb friction applied across an inclined asperity and then resolved
the resultant forces parallel to and perpendicutar to the macroscopic crack plane to calculate
the shear and opening tractions. Evans and Hutchinson (3) took a similar approach for a
kinked crack at a bimaterial interface. The macroscopic resistance to the applied shear

stress, F, is related to the normal contact stresses, N, through;

F, =N,
_ p+ttana
T 1-ptana
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where I' is the crack face interaction parameter and is a function of the angle of inclination
of the asperity, o, and the coefficient of friction, |1. This approach assumes that the opening
and shear tractions are coupled.

Linear elastic fraclure mechanics atlows the superposition of the applied and
resistance stress intensity factors to calculate the effective stress intensity factor. If one
knows the pressure distribution, o(r), on the crack faces, Rice(4) has shown that lhe stress

intensity factor can be calculated from;

K, = JE acg(r)dr
I’

(2)

where a is the crack lenglh, r is the distance from the crack tip, o¢ is the normal contact
stress distribution, Gy is the resistance shear stress distribution.

If one assumes single point contact, then the resistance siress intensity factor can be
calculated assuming o(r) is a Dirac delia function. The normal force al r,, the contact point,
is a function of the opening, uy(r.). Assuming that the opening displacements follow a
classical ¥r displacement law and that the Trwin plastic zone model describes crack tip

displacements, the resistance stress intensity factor can be estimated from;

Ee uop(rc) 2n

Ko =
IR 41-v3) N, +r,
3
_ KP?ing ©)
Y oy,

where Oy, is the yield stress, ry is the plastic zone radius, E is the elastic modulus, Kiina 18
the induced Mode I stress intensity factor, and v is Poisson's ratio. This approach was
applied to estimate the resistance stress intensity factor for an actual Mode I fatigue crack
profile (5) The upper and lower faces of a digitized profile were shifted 10 generatc an
effective Mode 1I stress intensity factor. The Mode II resistance SHF (Equation 3) was

calculated from the normat force required to open the crack faces so that they were
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contacting at a single point. The shifted profiles are shown in Figure 2 and the applied

Maode II SIF required to generate an effective Mode 11 SIF is shown in Figure 3.

Crack conlact, sliding and cpening conligurations
at various values of Kji, for Lhe digilized aluminum
fraclure surface
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Fig. 2 Shilted digitized fracture surface proliles for subjected to KIleff where the profiles
opened so that there was single point contact.
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Fig.3 Resistance stress intensity factor vs effective stress intensity factor assuming single point
contact for steel.
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Cleatly, the resistance is extremely high (>100 MPa¥m) and the assumptions of the model
make il too stiff to be consistent with the experimental observations of Mode II and Mode
III fatigue crack growth. However, the high resistance does explain why Mode II and Mode
III crack growth are not typically observed. The normal and shear forces are more than
sufficient to cause compressive yielding of the asperities which would reduce the normal
and therefore the resistance forces. The primary question that cannot be definitively
. answered by modeling is, how much do the asperities yield and/or smear?

Distributed contact over the entire crack face is the opposite extreme to point contact.
Ballarinni and Plesha (1} assumed that the opening displacements are proportional to the
shear displacements through the sawtooth asperity angle and that the frictional resistance is
proportional to the normal contact stress through the interaction coefficient, I. For no crack
tip yielding, this approach yields a resistance that is linearly proportional to the applied
Mode II or Mode III stress intensity factor.

In an attempt to simulate smearing and include crack tip plasticity, Gross and
Mendelsohn (6) proposed that the interlocking and sliding applies only up to a maximum
shear displacement, A, and that, for greater shear displacements, I' = p, the friction
coefficient. This transition resulls in an order of magnitude decrease in resistance for a
given opening, In addition, the normal contact stresses were not allowed to exceed the yield
strength. When the displacements over the entire crack face were less than A, the resistance
was proportional Lo the applied shear just as for Ballarini and Plesha. The rate of increase
in resistance with applied shear decreased as the portion of the crack face that exceeded Ac
approached the tip. A large decrease in resistance resulls when the crack face
displacements are all greater than A.. The magnitude of the resistance was shown to increase
with increasing crack length, coefficient of friction, asperity angle, and yield strength.
Asperity amplitudes of 50 pm or less produced resistance stress intensity factors that were a
substantial fraction of the applied stress intensity factor.

For reasonable materials propertics and range of fracture surface roughness, the‘
modeling indicates that fracture surface interference can substantially shield the crack tip
from the applied shear loading. The major uncertainty is how much of the crack face is in

contact and how much and when the asperities deform.
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Experimental evidence

The strongest experimental evidence that the fracture surface asperities interfere is
from the fractographic observation of Mode III monotonic and fatigue fracture surfaces (7).
The circumferentially notched cylindrical specimens are typically precracked in Mode I
cyclic compression. The Mode III portion of the fracture surface inevitably exhibits
smeared or fractured asperities. A “factory roof” fracture surface consisting of
approximately millimeter amplitude, radially oriented, alternately inclined facets, is often
observed for fatigue crack growth in steel to greater fractions of the diameter. An example

of these features can be seen in Figure 4,

Compression Fatigue
Pre Crack

Final Fraclure

FG0um

Fig.4 Scanning electron fractography showing the precrack region, Mode III fracture surface
and final fracture regions.

Aside from the fact that shear modes of crack growth are rarely observed, Mode 11
and Mode TII crack initiation and growth is usually observed only at higher siresses. It is
proposed that this occurs because the interlocking component of the fracture surface
interference is only overcome by the applied shear when there is some smearing or
compressive deformation of the short wavelength asperities. Crack initiation under cyclic
torsion was observed to occur on the planes of maximum cyclic shear only for higher stress

amplitudes. The cracks initiated normal to the principal stress direction for lower siress
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amplitudes (8,9). Another observation that supports the notion (hat the asperities must be
smeared for shear crack growth to occur is that most observations of Mode II crack growth
occur for growth rates exceeding micrometers per cycle (9). These high crack growth rates
usually correspond to moderately high stresses.

In the early 1980's, Mode IIi crack growth from torsionally loaded, circumferentially
notched specimens received considerable attention especially by author #3. Several papers
showed that the Mode I1I fatigue crack growth rate decreased with increasing crack length
even though the applied Mode 111 stress intensity factor (or plastic strain intensity, I'yy) was
held constant (10-12). This violation of similitude was attributed to interference of the
fracture surface asperities and was termed, sliding crack closure. An example of this
behavior is shown in Figure 5. Assuming similitude does apply for shear crack growth, the
“interference free” Paris law constants can be estimated by extrapolating this data to zero
crack length. Figure 6 shows the crack length dependence of the resistance stress intensity
factor, AKg, implied by the daa in Figure 5 assuming da/dN = C(AK,py - 2AKR)™. The
resistance is roughly linearly dependent on crack length. Tt increases with increasing Kittapp
(with the exception of the 60 MPaV¥m data which violates the small scale yielding criteria
for this sample). Although this effect has weaker experimental support because only three
data points were used to determine C and m in the Paris law. The fracture surfaces in these
specimens were inevitably smeared even with a superimposed Mode I loading.

Frictional resistance is always proportional to the normal force whether it is sliding
or sliding and interlocking. For shear cracks, the normal force is proposed to originate from
the elastic “hinge” of the remaining ligament. For the “hinge” to exert a force, it mnust be
opened. Therefore, any fracture surface resistance must be accompanied by crack face
opening. Several instances of induced crack face opening under remote, pure shear loading
have been reported in the literature. Figure 7 shows an extreme case for a wood composites
(Parallam, particle board, and solid wood) in which the crack mouth opening displacements
are in excess of Vmi]limeters (13). For metals, the crack mouth opening displacements have
been observed to be on the order of tens of micrometers for 10-20 mm cracks [14]. The
opening displacements persist to or near the tip as long as there are crack face shear
displacements. So, crack face opening induced by asperity interference during shear is an

experimentally documented fact.
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Fig. 5 Mode III fatigue crack growth rate as a function of crack length at constant applied
AKIIL. Note the violation of similitude.
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Fig. 6 Resistance stress intensity factor implied by the reduction of da/dN in Figure 6
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Fig. 7 Mode I crack opening as a consequence of the rough crack surface (no external mode 1
load),

The resistance stress intensily factor, Kg, can be determined from the difference
between the applied and effective stress intensity factors. Goulet (15) estimated the
effective Mode Il stress intensity factor, Ky, and induced Mode II stress intensity factor,
Kiing» from interferometric measurements of the crack displacemnent field. He studied the
effect of yield strength and elastic modulus on the dependence of Kg on Ky, for two steels
and 7075 Al. The data is shown in Figure 8 and 9. In both the aluminum and the steel, the
lower strenglh material exhibited low Ky (~2 MPa¥m) that was roughly constant. In
contrast the higher strength materials exhibited locking for Ky < 6-8 MPav¥m. After
overcoming the initial locking, the Kr was roughly constant at 6-8 MPav¥m or slightly
decreasing for the 7075-T6 aluminum. The Kg continued Lo increase wilh Ky, to 10-12
MPavm for the 4340 steel. Goulet suggested that the Kinpp at breakaway and the magnitude
of the roughly constant resistance after breakaway both increase with increasing yield

strength-to-modulus ratio.
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Fig. 8 Resistance stress intensity factor vs applied stress intensity factor for two aluminum
alloys. Note the lower strength has less resistance.
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Fig. 9 Resistance stress intensity factor vs applied stress intensity factor for two steel alloys,
Note the lower strength has less resistance.
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The crack face tractions were deduced by using the experimentally obtained crack
face shear and opening displacenent field as a crack face boundacy condition in a lincar
elastic with Dugdale strip yielding, boundary element model of the specimen. Figure 10
shows the shear and normal tractions as a function of distance from the tip for a 4340 steel
(R, =45). The normal stresses are roughly constant for a distance of 2-4 mm from the tip of
the 12 mm long crack. Near the tip and for r > 6 mm, the crack faces are not in contact.
The ratio of the shear resistance to the normal contact stress, T, in Figure 12 shows that the
state of contact changes as a function of distance from the tip. The regions of higher I" near
the tip are attributed to interlocking. Further out, it is proposed that the short wavelength

asperities have smeared and the crack faces are riding up long wavelength, shallow slope

asperilies.
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Fig. 10 Contact stress distributions inferred from experimentally ohserved crack face shear
and opening displacement profiles.
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Summary

Fracture surface interference clearly has an effect on the rate and driving force for
shear crack growth. That the crack faces are wedged open as they are displaced in shear is
an experimentally established fact. The yield strength to elastic modulus ratio affects the
Kiapp at which the transition from locking to sliding occurs. A hybrid experimental-
analytical estimate of the crack face tractions suggest a changing state of contact along the

crack face where large portions of the crack are not in contact.
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