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Project Summary

A collaborative project to continue our studies of the effect of fracture surface
interference on the driving force for shear crack growth is proposed. Specifically, we will use in
situ, phase shifted speckle interferometry techniques to measure the displacement field around a
Mode I fatigue pre-crack loaded in shear as a function of load. The effective Mode II stress
intensity factor and the induced Mode I stress intensity factor will be determined by fitting the
displacement fields to near tip analytical expressions. The crack face shear and normal traction
distribution will be estimated by using the experimentally observed crack face displacement as
boundary conditions to boundary element and finite element models of the specimen.

These methods will be used to evaluate the effect of crack length, yield strength, and
mode mixity on both the driving force for crack growth and on the crack face traction
distribution as a function of applied Mode II stress intensity factor for several tempers of 4340
steel and of 7075 aluminum. The evolution of crack face displacements and tractions will be
analyzed to generate a nonlinear, macroscopic spring model of the fracture surface interaction
that will be correlated to statistical descriptions of the fracture surface profile. This mode] could
then be used to predict the crack face displacements and tractions for any loading and crack
geometry in the same material. This nonlinear contact interaction will be incorporated into an
element designed for use in conventional FEM and BEM codes to make our results accessible to
those who want to predict crack growth under-shear-and mixed mode loading in which the crack
faces are either partially or entirely in contact.




I. Introduction

There is an increasing interest in the effect of fracture surface interaction in shear and
mixed-mode loading situations as evidenced by Refs. [Li and Sakai, Reardon, Tong 1995, Tong
1995, Shang, Li 1995, Egami, Tanaka, Tschegg], all by other researchers and all published
during the last project period. The important, and as yet not fully understood, role of fracture
surface interaction in each of these studies is clearly brought out, and some of our previous work
is cited in Refs. [Li and Sakai, Reardon]. We are therefore even more dedicated to the goal of
our research, which is to characterize and model the effect of fracture surface interference on the
driving force for shear modes of crack growth. Our recent efforts lead us to believe that we can
provide unique and detailed information that will help to understand and describe this complex
phenomenon.

Since fracture surfaces are microscopically rough, they interact as they are displaced in
shear. The interdigitated fracture surface asperities must either ride up on one another and/or
smear over one another. Both of these processes depend. on the magnitude and spatial
distribution of the contact stress normal to the fracture surface caused by the elastic hinge of the
remaining ligament. The two primary effects of this interaction are that the crack tip is shielded
from the applied shear and a Mode [ stress field is induced {Mendelsohn, Gross, and Zhang
1995. Gross 1995, Goulet]. We have previously predicted that the magnitude of the resistance is
much greater for interlocked' asperities that ride up on one another than for smeared asperities,
[Gross 1988, Gross 1989]. The specific goal of our research during the current project period
was to characterize the effect of yield strength and elastic modulus on the nature and magnitude
of the fracture surface interaction.

Our initial thinking was that the normal stress would be linearly proportional to elastic
modulus for a given opening displacement. Therefore, the normal contact stress and, hence the
shielding, would be greater for materials with higher elastic modulus. However, as we analyzed
our results and thought more carefully, we realized that. for a given Mode I stress intensity
factor, the crack face shear displacements are also proportional to elastic modulus. The crack
would open less for a given applied Mode II and generate less resistance. So, one might expect
to find offsetting effects and that the shielding would not depend on modulus. In fact, we found
that the interaction is more complex.

The effect of yield strength was expected to manifest itself in two ways. First, the
maximum contact stress near the tip must be limited by the yield strength. Therefore, at the tip,
where the shielding is expected to be the greatest, the magnitude of the shielding should be
roughly proportional to the yield strength. Second, the transition from asperity locking to
asperity smearing is expected to be proportional to yield strength. Again, however, this
transition depends on the magnitude of the normal contact stress for a given combination of
opening and shear displacements, both of which are proportional to elastic modulus. So, the
transition should also be affected by the effective driving force as well as yield strength.




II. Summary of Previous Work

The following sections describe what we have done to answer these questions during the
previous contract period. We were able to infer the spatial dependence of the crack face
tractions resulting from fracture surface interference using a hybrid analytical-experimental
approach that utilizes unique, interferometric measurements of displacement fields around cracks
loaded in shear in conjunction with a boundary element model of the specimen. The magnitude
of the shielding and the induced Mode I stress intensity factor was determined as a function of
applied Mode II stress intensity factor for two tempers of 7075 Al and for three different strength
steels by fitting the displacement fields to the near tip field expressions. This study necessitated
the re-analysis of the impact of boundary conditions on the loads applied by the asymmetric four
point bend specimen.

II. A. Estimation of Crack Face Traction Distribution from Crack Face Displacement
Fields

Figure 1 compares the experimentally obtained crack face shear and opening
displacement fields with what was expected from the applied loading acting on a flat, smooth
crack. For this specimen, the crack position was such that the applied loads held the crack faces
in contact near the crack tip. Note that the observed shear displacements are less than the applied
and that opening is observed where the applied opening is zero.
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Figure 1 — Comparison of predicted and observed crack face opening and shear displacement
profiles.
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Figure 2 shows the analytical predictions of the crack face tractions that are necessary to

‘generate the observed displacement field with the applied loading. The interaction parameter

= / is shown in F1gure 3. Besides a small region near the tip (r=0 to 1=0.25 mm) where

the crack faces are pinched out of contact, the crack is in contact to r=6 mm. The shear tractions
are maximum at the closest contact point to the tip and monotonically decrease with distance
from the tip. In contrast, the normal tractions are nearly zero at the tip, reach a maximum at 2-4
mm from the tip, and then decrease with distance. The plot of the interaction parameter shows
the “strength” of the interaction decreases with increasing distance from the tip.
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If the asperities are-smeared or no longer interdigitated, then the proportionality constant
becomes simply the Coulomb friction coefficient, 1. For a given friction coefficient, the
resistance from interlocking is much greater than that for friction alone. If either of these
situations were correct, then the shear and normal tractions in Figure 2 would be proportional to
one another over the entire crack face. Both of these situations must be at least approximately
correct on a local basis. The error is assuming that the interaction occurs everywhere and in the
same way over the entire macroscopic crack. This assumption is common to much of the contact,
wear and friction literature. It is only recently that researchers have begun to investigate the
variable local nature of the frictional interaction across a rough surface [Bogy, Dally]. The
proportional interaction neglects the fact that the crack tends to remain flat as it opens up - it
does not curve to conform and remain in proportional contact. This nearly planar crack face
opening can be clearly seen in both the analytical predictions and the experimental observations
Figure I.




So, what do the tractions in Figure 2 mean? Near the tip, the shear tractions are large
indicating that the crack faces are interlocked. The peaking of the normal tractions coupled with
the diminution of the shear tractions strongly suggests that the asperities have smeared in the 2-4
mm range from the tip. Furthermore, the peak in the normal tractions coupled with the fact that
the crack cannot substantially bend to conform indicates that the crack faces are riding on this
high point and attempting to lift off both at the tip and the mouth. If the crack faces conformed,
as assumed in most models, then the normal tractions would be greatest at the tip. The fact that
the normal compressive tractions at the tip are less than that predicted from the applied loading
further supports the contention that the crack faces are lifting off of one another at the tip. This
observation represents a major change in the way we must think about crack face interaction
under shear loading.

I1. B. Analysis of the Asymmetric Four-Point-Bend Specimen

The asymmetric four point bend specimen
is shown in Figure 4. All of the calculations made
in the analysis of the experimental results
discussed above, including the analysis of the
applied problem without the interaction, were
made possible by extensive studies of the effects
of specimen geometry and load point boundary i

|

conditions [Mendelsohn 1997, Chen, Mendelsohn bt b2 !

and Gross 1995]. The original design of the HEE :
specimen and its previous use and calibration D&
were based on expectations of the crack plane ~p-c Iw

stresses found from a strength of materials q—F '
approximation which is valid only in the limit of

small ratio of the width to the load span. When }

this approximation is violated. it results in an i
additional normal stress component on the crack !
plane that increases in magnitude with the
increase in the relative width. This tends to warp ‘
the crack plane resulting in an increased COD

and, if the crack is open at the tip, an increased o

Mode I stress intensity factor as well.

Figure 4 — Schematic of asymmetric four
point bending setup.

Both normal and tangential interaction conditions between the load pins and the specimen
were studied as well. We found that the load pins cause an observable indentation that prevents
slip between the load pin and the specimen during loading. Therefore, the contact is modeled as
a no-slip linear elastic spring acting tangent to the specimen at the load pin contact point. When
al] four load points are modeled this way, the lateral restraint induces compression on the crack
plane which reaches a maximum at the limit of zero tangential motion. The resulting crack
closure effect is most prevalent in the middle of the specimen near the crack tip. Only moderate
values of the spring stiffness are sufficient to close cracks that would otherwise be open at the




tip. There is also an increase in the warping of the crack plane with lateral restraint. In order to
minimize these complications, a load apparatus was designed to have very small tangential
stiffness. Once fabricated the measured stiffness of the load apparatus was used in the
calculations and found to induce almost no compression. This small stiffness value was used
throughout the remainder of the calculations. '

It was also found that the lateral restraint had no effect on the Mode II response if the
specimen is allowed to rotate. However, if it is prevented from rotating, lateral restraint can
cause up t0 a 30% reduction in the Mode II response. Inmterestingly though, the constraint
provided by the load frame necessary to prevent rotation also relieves some of the lateral
restraint induced compression. Since we feel that allowing the rotation is more realistic, this is
the condition used in all of the calculations that followed.

IL. C. Effect of Yield Strength and Elastic Modulus on Shielding and Induced Opening

We investigated the effect of elastic modulus by comparing 7075-T6 Al and 8642 hot
rolled steel which have nearly the same strength level. In addition, two stronger tempers of 4340
steel were studied and softer. annealed 7075-O aluminum was studied. The yield strength range
in this study.was 105 MPa to 1325 MPa. The modulus of aluminum is 1/3 that of steel (70.3
GPa and 210 GPa). Mode mixity was an additional variable in this study by variation of the
position of the crack plane with respect to the loading axis. Experiments were conducted where
a compressive load was applied to the crack faces and compared to those where a Mode I load
was applied or was zero. The displacement fields were collected for decreasing loads and for
multiple cycles, as well [Goulet 1997, Gross, Goulet, and Mendelsohn 1996]. These results are
currently being analyzed and will not be discussed in this proposal.

The dependence of the resistance stress intensity factor, Kgr, on the applied stress
intensity factor, Kiapp, is shown in Figure 5 on the next page. In the higher strength alloys, the
Kir is equal to the Kypp up to a critical value (5-6 MPavm for Al and 10-12 MPaVm for the
steel). After this point, the K is roughly constant with increasing Kmpp,- The crack faces are
locked at the lower Kigp. In contrast. the lower strength alloys exhibit no locking, the Kir
increases with increasing Kiyppp but is of significantly lower magnitude. Lower strength alloys
exhibit considerably less shielding.
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Figure 5 — Resistance stress intensity factor vs. Mode II applied stress intensity factor.

The plots of King vS. Kiapp are shown in Figure 6 below. For the higher strength of each
metal, the induced opening is suppressed until the crack faces slide past one another. The fact
that the induced opening continues to increase without a concomitant increase in resistance
suggests that the crack face interaction is in transition from a steep slope, short wavelength
asperity interaction to a shallow slope, longer wavelength interaction. '
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Between the inference of the crack face traction distribution from the experimentally
measured crack face displacements and the calculation of the effective Mode II and induced
Mode 1 stress intensity factors, we have developed a powerful set of tools to study fracture
surface interaction. These tools have been automated so that we can analyze large amounts of
data in 1/10™ the amount of time it took at the beginning of this project. We have uncovered a
considerable amount of unique information that changes the way we must think about the way
fracture surface interaction affects mixed mode crack growth. However, we have just scratched
the surface and there are some key variables that need to be explored before we can say we
understand the effect of fracture surface interference in shear. The next section summarizes our
approach for the next funding period.

III. Proposed Work
III. A. Experimental Studies

In our previous work, we developed accurate techniques to measure the displacement
field around a crack loaded in shear, as a function of applied load. The full displacement fields
were analyzed to estimate the effective Mode I and induced Mode I stress intensity factors. The
crack face displacement fields were analyzed to estimate the crack face tractions. This method
was utilized to show that both elastic modulus and yield strength have a significant and
measurable effect on crack tip shielding and crack face interaction for selected materials for
approximately 10-12 mm long cracks. While our previous results were informative, much work
must be done before our understanding of crack face interactions has broad application and
significance. Specifically, the effect of crack length must be studied. It is necessary to
understand the effect of mode mixity if we expect to be able to model multiaxial fatigue crack
growth, where we know fracture surface interference plays a role. Obtaining a more detailed
understanding of the effect of yield strength is very important too. Relating fractographic
information to macroscopic behavior is necessary to correlate micromechanisms of interaction to
the applied driving force. Finally, our measurements suggest that low strength materials have
little resistance to the applied shear. We will attempt to grow Mode II fatigue cracks for low
strength materials.

Effect of Crack Length: The effect of crack length is a variable that has not yet been
explored in our studies. Other investigators have shown that the Mode IHI fatigue crack growth
rate at constant AKjpp decreases one to two orders of magnitude as the crack length increases
from 0.5 mm to 3 mm. The estimate of crack face tractions shows that most of the crack face
interaction occurs between 2-4 mm from the tip. This suggests that the shielding will be crack
length dependent for crack lengths less than 5 mm. We will investigate the crack length
dependence of the shielding for cracks in the 1-5 mm range for a “low” strength and a “high”
strength aluminum and steel. This data will be used to formulate the crack length dependence of
the constitutive law describing the shielding.

Mode Mixity Studies: ‘Figure 5 and 6 contain data that was obtained at different degrees
of mode mixity ranging from compressive loads on the crack faces to a positive Mode I. The
results do not exhibit a clear and consistent trend. There are two possible reasons for this. First,
the data is fairly sparse at a given strength level. Second, we need to make sure that our
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alignment methods are precise enough. We will refine the alignment technique and will then
study the effect of positive and negative mode mixity for low and high strength steel. The data
will be obtained for multiple specimens to evaluate repeatability. .

More detail on yield strength effects: As previously mentioned, the amount of shielding
decreases with a decrease in yield strength. Also, little or no locking is observed for “low” yield
strengths while locking persists to a Kyppp of 6 MPaVm for “high” strength aluminum and to 10-
12 MPaVm for higher strength steels. This transition seems to depend on the ratio of yield
strength to elastic modulus rather than the actual value of the yield strength. However, we do not
currently have enough data to determine if the transition is distinct or gradual and if it occurs at
the same yield strength-to-modulus ratio for both aluminum and steels. We propese to answer
these questions by extending our measurements on 4340 steel and 7075 aluminum to a denser
range of yield strength.

Fractographic Studies: To date, we have concentrated our efforts on the amalysis of the
displacement fields to estimate the effective Mode II and induced Mode I stress infensity factors
and to estimate the crack face tractions. It has been a comsuming, difficult, but extremely
rewarding task. The crack face tractions suggest that the interaction changes from interlocking
near the tip to smearing and/or compressive deformation of the asperities further away. This
transition should be evident in the fracture surface by the appearance of abrasion and flattening
of the asperities at some distance from the tip. We will conduct fractographic studies on all
specimens to detect evidence of a transition in the nature of the crack face interaction. Sections
through the fracture surface will be analyzed to detect flattening of asperities from the increased
presence of reentrant features. Fracture surface matching studies will be performed on selected
samples. The information from these studies will provide a bridge relating the macroscopic
driving force to the microscopic asperity interactions.

Mode II Fatigue Crack Growth: We found that the resistance to the applied Mode II
was small for low yield strength metals. This strongly suggests that Mode II fatigue crack
growth in low strength metals cannot be suppressed by fracture surface interaction. B. Gross of
NASA-Lewis Research Center communicated to us that he observed Mode II fatigue crack
growth in an unspecified. but low strength aluminum alloy. Qian et. al. reported that they were
unable to get Mode II cracks to extend in the Mode II orientation, but they studied austenitic
stainless steel with yield strength of 310 MPa. The Mode H fatigue growth studies cited in
Qian’s review section typically invelves complex specimens where the stress state may or may
not be what the investigators expected. Shang was able to grow shear cracks in solder which is
clearly a low strength material. We will attempt to grow Mode I fatigue cracks from Mode I
fatigue precracks for the low strength tempers of the 4340 and an annealed 7075 aluminum using
our well-characterized asymmetric four point testing jig. If Mode I fatigue cracks cannor be
grown, then we know that Mode [ fatigue crack growth is preferred for some other reason than
suppression of Mode I or Mode III fatigue crack growth by fractare surface interaction.
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IIL. B. Analytical Studies

The calculation of the crack face traction distribution has only been completed for one
sample at one load. At this point, the process is very slow and tedious because we must
iteratively determine where the crack face is in contact and we must arbitrarily smooth the data.
To analyze the displacement data from even one sample would be prohibitive at present, so we
propose to automate the process. The resulting sets of crack face tractions and displacements
will be fitted to interaction relationships which track the transition from interlocking at low loads
to sliding on worn surfaces. Once the different materials in the experiments have been
characterized in this way, the interaction relationships can be used in predictive calculations,
knowing only the applied loading and geometry, elastic modulus, yield strength, and a minimum
of statistical information about typical roughness profiles for that material. To do this, we will
develop general element and solution algorithms incorporating these interaction relationships in
standard FEM or BEM codes. This will make our results accessible to those who intend to
model multiaxial crack growth.

Automation of Traction Estimation from Experimental Displacements: As Fig. 1
shows, there is noise in the experimental data for the crack face displacements (CFDs). If the
actual data were input into a BEM or FEM model for the specimen and loading, the resulting
crack face tractions (CFTs) would have unrealistically large peak magnitudes and first, second,
and even higher derivatives. Therefore, smooth fits of the experimental CFDs are used instead.
Even then, there are still several obstacles to overcome in obtaining "realistic” and "smooth"”
crack face traction distributions. First, we must deal with the region near the tip where small
changes in the input CFDs near the tip cause very large changes in the CFTs. Another sensitive
region is the contact/no-contact boundary. Small changes in the location of the boundary and the
distribution of the CFDs there can cause large changes in the CFTs.

An additional problem is the fact that the crack face data collected so far does not extend
all the way to the mouth, necessitating "guessing” what the CFDs are past the range of the data.
This is further complicated by the fact that, for some of the samples, the contac¥/no-contact
boundary is in the vicinity of where the data stops. Therefore all future measurements will
include the entire crack face.

Fett, et al. (1994) and Fett (1995) has used a similar inverse procedure to estimate Mode I
crack face tractions due to whisker bridging. But. we are the first to apply this method to a
mixed mode frictional setting where the state of contact or interaction is uncertain. It is
important to note that the solutions obtained by Fett and by us are non-unique as a result of the
uncertainties in measurement and knowledge of the crack face compliance relationships.

An automated iterative process (similar to the manual one used to obtain Figs. 1 and 2)
for inputting "smoothly” corrected CFTs or CFDs and calculating CFDs or CFTs is proposed. At
each step, the candidate distributions will be subjected to several constraints and conditions.
First, there can-only be compression (no tension) on the crack faces and the shear traction can
only resist the relative sliding motion of the crack faces. Second, the tractions must satisfy
certain well-known generic smoothness conditions at the contact/no-contact boundary. Namely,
provided that the displacements are smooth. both tractions must have small second and third
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derivatives and the shear traction must come into the boundary with zero slope. Similar

" conditions at the crack tip have also been used, but the primary problem has been unrealistically

large first derivatives of the shear traction. .

As mentioned, the process has been manual up to now involving polynomial fits of hand
drawn sets of smoothed candidate distributions. In order to automate this we need to first
quantify all smoothness conditions and establish a "goodness of fit" criterion when fitting the
experimental CFDs. We will use local polynomial fitting or cubic splines to automate the
creation of families of candidate CFT or CFD distributions where the local features are required
to change in a specified smooth fashion (i.e. 2D morphing). We expect that the development of
the algorithm and the analysis of the large amount of experimental runs to be a significant
portion of the entire proposed computational effort.

Characterization, Interaction Modeling and Element Development: One of our goals
has been to develop a micromechanical model which would be able to characterize and predict
the surface interaction from basic physical principles and the microstructural geometry, knowing
only the modulus, yield strength. and some statistical or fractal measure of the roughness, slope
and curvature profiles of a typical fracture surface of the material. Based on our own attempts to
do this, and on discussions with members of the wear and tribology community, we now feel that
this is an elusive goal, see e.g. a recent review of metallic sliding friction and wear [Black]. We
turn instead to a macroscopic and phenomenological approach which recognizes that the
measurable features of the interaction occur mostly on the same scale as the crack length and
the features of the roughness with wavelengths at approximately this scale.

The same, very general, model framework will be used for three tasks. The first task is to
characterize the interaction using the sets of estimated tractions and experimental displacements.
The second task is to use the resulting fleshed out models to predict the results in other
situations. The third task is to develop an element for this type of model for use in FEM and
BEM codes.

The general principle for the incremental interaction model is that, increments in the
normal contact pressure and the resistance shear stress, are related to increments in the COD and
CSD through independent, nonlinear springs. The focus of this stage of the research will be on
the first cycle of loading during which the major interaction transition discussed above occurs,
followed by sliding back on the worn surface. We propose that for a given material the
compliances of the interaction springs at a given point along the contact are functions of the
material properties, the displacement history at a given point, and the point's position along the
contact relative to the nearest asperity peak. Simple functional forms for the stiffnesses based on
previous concepts from tribology and on our own observations from the experiments have
already been developed. For a given point in contact, the constants for the independent stiffness
functions will be fitted by tracking the estimated ratios of normal contact pressure to COD and
resistance: shear stress to CSD. This will give us a map of the interaction behavior along the
crack surface which evolves from the initial strong resistance of the interlocked asperities
through the transition to smeared surfaces.
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It is expected that the maps will correlate to the predominant wavelength of the intact
- surface roughness in the millimeter range. The maps will reflect the extent of smearing through
the change in interaction. We will use the model in forward predictive calculations of the
tractions and displacements assuming a similar wavelength of roughness but different load
and/or geometry. These forward computations necessitate the development of a general nonlinear
interaction element. '

While many contact and interface elements exist, there are none which account for the
complex interaction and history dependence that we will surely end up with based on the
knowledge gained so far. The interface models and elements closest to our needs have been
developed for rock or concrete interfaces under compression which exhibit shear strain softening
as they degrade, Navayaogarajah, et al. (1992), Yang, et al. (1996). While we too expect shear
strain softening as the opposing metallic surfaces wear, the existing elements involve constants
which will be very difficult to determine from our experiments. We also don't know how these
elements will work'near or at the crack tip. We feel that developing our own model and element
designed for use in a crack setting and based on our results is more efficient than adapting one of
the previous models. The element, unlike all standard contact elements, must also allow for the
wedging effect of asperities riding up on one another, which results in a positive COD and crack
face contact at the same time. Also, an iterative algorithm will be developed, using the
constraints mentioned above governing rough frictional contact, for determining whether a point
is in contact or not, and, if in contact, whether or not the contact tractions are admissible.
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