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CHAPTER ONE:
INTRODUCTION

1.1 Background

A desrable objective in the desgn of arcraft components is to minimize the
weight. A lighter arcraft operates more efficiently. A hdicopter’s trangmisson
system is one example where design is focused on weight minimization. A
transmisson system utilizes various types of gears, such as sour gears and spira beve
gears. Because spur gear geomelry is reaively smple, optimizing the design of these
geas usng numericd methods has been researched dggnificantly. However, the
geometry of spird bevel gears is much more complex, and less research has focused
on using numerica methods to evaduate their design and sefety.

One obvious method to minimize the weight of a gear is to reduce the amount
of materid. However, removing materid can sacrifice the strength of the gear. In
addition, fatigue cracks in gears are a design concern because of the cydlica loading
on a gear tooth. Research shows that the sSize of a spur gear’s rim with respect to its
tooth height determines the crack trgectories [Lewicki et al. 1997a, 1997b]. This
knowledge is critica because it alows the designer to predict failure modes based on
geometry.

Two common falure modes of a gear are rim fracture and tooth fracture. Rim
fracture, shown in Figure 1.1 [Albrecht 1988], can be catastrophic and lead to the loss
of the arcraft and lives. On the other hand, Figure 1.2 is an example of a tooth
fracture [Alban 1985]. Tooth fracture is the benign fallure mode because it is most
often detected prior to catastrophic fallure. Knowing how crack trgectories are
affected by design changes is important with respect to these two failure modes.

" Figure 1.1: Spirdl bevel gear rim failure [Albrecht1988].
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: Spird bevel gear tooth failure [Alban 1985].

In generd, gears in rotorcraft gpplications are designed for infinite life; the
gears ae dedgned to prevent any type of falure from occurring. Developing a
damage tolerant design approach could reduce cost and increase effectiveness of the
gear. Lewicki et al.’s work on determining the effect of gear rim thickness on crack
trgectories is a good example of how damage tolerance can be applied to gears.
Knowing how the gear's geometry affects the fallure mode dlows a desgner to sdlect
a geometry such that, if a crack were to develop, the failure mode would be benign.
Other examples of damage tolerant desgn can be found in arcraft sructures [Swift
1984] [Rudd 1984] [Miller et al. 1999], helicopter rotor heads [Irving et al. 1999], and
train rails [Jeong et al. 1997].

Damage tolerance involves desgning under the assumption that flaws exig in
the structure [Rudd 1984]. The initid desgn then focuses on meking the dructure
aufficiently tolerant to the flaws such that the dructurd integrity is not lost. Damage
tolerant design dlows for multiple load peths to prevent the sructure from falling
within a specified time after one dement fals. In this regard, gears would be designed
for the benign falure mode, tooth falure, as opposed to rim failure, which could be
catastrophic.

Current American Gear Manufacturers Association (AGMA) sandards use
tables and indices to gpproximate the strength characteristics of gears [AGMA 1996].
The finite dement method (FEM) and boundary eement method (BEM) are becoming
more useful and common agpproaches to study gear designs. A primary reason for this
is the tremendous increase in computing power. Section 1.2 summarizes recent
rescarch related to modding gears numericaly.

Limited work has focused on predicting crack trgjectories in spiral bevel gears.
This is mogt likely because a spird bevel gear’s geometry is complex and requires a
three dimensiond representation. Structures with uncomplicated geometries, such as
spur gears, can be modeed in two dimensions. Modding an object in three
dimensons requires a crack to dso be modded in three dimensons. Three
dimensond crack representations introduce unique challenges that do not arise when
modding in two dimensons.

A three dimensona crack modd conssts of a continuous crack front. When a
smpler geometry dlows for a two dimensond smplification, a crack front is now

Figure 1.
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represented by a single point, the crack tip. At a crack tip there are only two modes of
displacement; in three dimensgona modds, however, there is a didribution of three
modes of displacement dong the crack front. Propagating a crack in two dimensions
is completely defined by a single angle and extenson length. On the other hand, aong
the crack front there is a distribution of angles and lengths.

Codes developed by the Corndl Fracture Group at Corndl Universty, such as
Object Solid Modeler (OSM) and FRacture ANalysis Code -~ 3D (FRANC3D), have
been developed to handle three dimensond fracture problems. FRANC3D explictly
models cracks and predicts crack trgectories under gatic loads. The crack growth
models are based on accepted fatigue crack growth and linear eadtic fracture
mechanics (LEFM) mixed mode theories.

Because gears operate a high loading frequencies, the actud time from crack
initiation to failure is limited. As a reault, crack trgectories and preventing
catagtrophic failure modes are the primary concern in gear design. Crack growth rates
are not as important. The god of this research is to invedtigate issues related to
predicting three dimensond fatigue crack growth in spird beve gears. A smulation
that alows for arbitrarily shaped curved crack fronts and crack trgectories will be
most accurate. In addition, the loading on a tooth as a function of time, position, and
magnitude should be considered.

1.2 Numerical Analyses of Gears

Computationa fracture mechanics gpplied to gear design is a rdatively nove
resserch area As a result, the maority of work has been limited to two dimensona
andyses. In three dimensions, very little work has predicted crack trgectories in
gears. This section summarizes some pertinent developments in gpplying numerica
methods and fracture mechanics to gear design.

The complexity of two dimensond gear andyses has evolved. Albrecht
[1988] used the FEM to investigate gear tooth stresses, gear resonance, and
transmisson noise. Individud gear teeth were modded in two dimensons and the
increese in accuracy when usng the FEM over AGMA dandard indices for
caculating gear tooth root stresses was demongtrated. Blarasin et al. [1997] used the
FEM and weight function technique to evduae dress intendty factors (SIFs) in
goecimens Smilar to spur gear teeth. Cracks with varying depths were introduced in
two dimensiond models and a constant single point load was applied. The SIFs were
determined as a function of crack depth. Fatigue lives were caculated, but predictions
of the crack trgectory were never performed. Flasker et al. [1993] used two
dimensona FEM to andyze fatigue crack growth in a gear of a car gearbox. The
andyses conddered highest point of dngle tooth contact (HPSTC), but variable
loading a tha point. Resduad sresses from the case and core were smulated with
themd loading Based on a given load history, the crack was incrementaly
propagated. Lewicki et al. [1997a, 1997b] combined FEM and LEFM to invedtigate
crack trgectories in thin rimmed spur gears. The work successfully matched crack
trgectory predictions to experiments.

Limited three dimensond crack andyses of gears have been achieved. The
work most often concerns simple geometries and loading conditions. Pehan et al.
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[ 1997] used the FEM to look at two and three dimensiona spur gear models. Residud
sresses due to case hardening were modeled as nodd thermd loads. Two different
szed modds were andyzed: one tooth including the arc length of the gear rim directly
below the tooth and three teeth with the corresponding gear rim arc length. To
determine the new crack front, they used a criterion such that the SIFs dong the new
front should be congtant. Paris modd was used to caculate the fatigue lives based on
the SIFs near the midpoint of the crack front. A congtant load location with constant
magnitude and smple spur gear geometry alowed Pehan et a. to condder only crack
opening (mode 1) effects Ther method for determining the new crack fronts is
computationdly intendve and limited dnce three dimensond effects ae not
accommodated.

Lewicki et al. [1998] performed three dimensonad crack propagation studies
usng the FEM and BEM to investigate fracture characteristics of a split tooth gear
configuration. The geometry of the split tooth configuration is Smilar to a spur gear.
The analyses used sngle load locations and explored propagation paths for various
crack locations. The strong point of this work is that three dimensond smulations of
crack trgectories were performed in addition to calculating fatigue crack growth rates.

Vey little work, in addition to Lewicki et al.’s research, has used the BEM to
andyze gears. Sfakiotakis [1997] performed two dimensond BEM andyses of gear
teeth conddering mechanicad and thermd loads. Rather than peform trgectory
predictions, they caculated SIFs for different Sze initid cracks with various loading
conditions and crack locations. Fatigue loading was not considered. Fu et al. [1995]
a0 usad the BEM for dress andlyss relaed to optimizing the forging die of spird
bevel gears.

The progresson of research related to computer analyss of gears has led to the
investigation of crack growth in spird bevd gears. FEM models of spird beve gears
can be created from Handschuh et al.’s [1991] computer program that models the
cutting process of spiral bevel gears to determine tooth surface coordinates in three
dimendons.  Litvin et al. [1996] utilized this program, in conjunction with tooth
contact andlyss [Litvin et al. 1991], to determine how bearing (contact between
mating gear teeth) changes with different spird beve gear tooth surface desgns.
Trangmisson eror curves were generaied that gave an indication of the efficiency of
the gear.

Along with Litvin et gl.’s work [1991], tooth contact analysis of mating gears
has been explored by Bibd et al. [1995 and 1996], Savage et al. [1989], and Bingyuan
et al. [1991]. Bibd et al. successfully modeled multi-tooth spird bevel gears with
deformable contact using the FEM. They conducted a stress analyss of mating spird
bevd gears and andyticdly modded, usng gagp dements from generd purpose finite
element codes, the rolling contact between the gear teeth. Bibd et 4l.’s work can be
used to investigate how changes in gear geometry affect tooth deflections. Variations
in tooth deflections can dter the contact zone between gear teeth. Savage et al.
developed anayticd methods to predict, usng tooth contact andyss the shift in
contact dlipses due to eadtic deflections of a spira bevel gear’s shafts and bearings
under loads. Savage et al. and Bibd et al.’s work was related to spiral bevel gears,
however, they did not incorporate fracture mechanics. On the other hand, Bingyuan et
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al. approximated the geometry of gears in contact as a pair of disk rollers compressed
together. The linear dadtic stresses in the disks could be written in closed form. The
SIFs were cdculated usng the closed form expressons. Bingyuan et al.’s primary
focus was to cdculate surface fatigue life and compute crack growth rates. No
trgectory predictions were made.

The mgority of the aforementioned research on spird beve gears is unrdated
to falure, but rather associated with design and efficiency; methods have been
developed to create numericd models of spird bevel gears and predict contact aress.
Crack trgectories have been predicted in gears with smpler geometry that can be
represented by two dimensond modds  This thess is a naurd extenson of the
rescarch to date. The next step is to computationdly model fatigue crack trgectories
in spird bevel gears.

1.3 Overview of Chapters

This thess is divided into eight chepters. The firg and last chepters are
overview and summary. The remaining chapters each build upon one another and
propose, apply, and evauate methods for predicting fatigue crack growth in spird
bevel gears.

Chapter Two contains background information on gears, with particular
atention to spira bevel gears. The objective is to define vocabulary and concepts
related to spird beved gears that will be used throughout the thesis In addition, the
work of the thess is further motivated by examples of gear falures and the current
design objectives for gears.

A focus of this thess is to demondrate that computational fracture mechanics
can be used to andyze complex gear geometries under redistic loading conditions.
LEFM and fatigue theories that are utilized to accomplish this task are presented in
Chapter Three. Methods that are currently implemented in two and three dimensions
to compute crack trgectories are demonstrated through examples.

Chapter Four explores the sgnificance of compression loading on calculated
crack growth rates. The magnitude of compressive stresses in a gear’s tooth root is a
function of the rim thickness. If faigue crack growth rates are highly sendtive to this
compression, then growth rates may warrant more atention in desgning gears. The
concept of fatigue crack closure is used to investigate fatigue crack propagation rates
in AISI 9310, a common gear ed. Fird, the concept of fatigue crack closure is
discussed. A materid-independent method is presented for obtaining fatigue crack
growth rate data that do not vary with stress ratio. The method is demonstrated using
data a various stress ratios for pressure vessel stedl. Next, the concepts are applied to
AlS 9310 ded data to obtain an intringc fatigue crack growth model. This modd is
used to investigate the effect of low diress ratios on fatigue crack growth in AISI 9310.

Chapter Five is an initid invedigaion into predicting three dimensond
fatigue crack trgectories in a spird bevel pinion under a moving load. Fird, a
boundary eement model of a pinion is developed. A method to represent the moving
contact area on a gear tooth is discussed, Next, studies are conducted to determine the
snalest modd that gill accuratdly represents the operating conditions of the pinion.
Once the model is defined, a crack is introduced into the model, and the initid stress
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intengty factor history under the moving load is cdculated. A method to predict
fatigue crack trgectories under the moving load is proposed. The method is then
goplied to predict fatigue crack growth trgectories and rates in a spird beve pinion.

Faigue crack growth results from a spird beve pinion in operation ae
necessary to vdidate the predictions. The sponsor of the research efforts of this thess,
NASA-Glenn Research Center (NASA/GRC), provided a pinion that was tested in
their gear test fixture. Notches were fabricated into severd of the teeth’s roots prior to
beginning the test. The test data and crack growth results are presented in Chapter 6.
In addition, in an effort to obtain crack front shgpe and crack growth rate information,
the fracture surfaces are observed with a scanning eectron microscope, and the results
are given in the chapter.

The crack trgectory and fatigue life results from the smulation and the tested
pinion are compared in Chapter Seven. To gain ingdght into the discrepancies between
the prediction and test, the influence of modd parameter assumptions and loading
amplifications on crack trgectories and calculated fatigue crack growth rates are
sudied. Next, the necessty of the moving, non-proportiond load crack growth
method is evaduated by comparing the results to predictions that assume proportiona
loading.

Findly, Chapter Eight summarizes the accomplishments of the work in the
previous chapters. Implications of the research conducted and suggestions for future
work are given.
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CHAPTER TWO:
GEAR GEOMETRY AND MODELING

2.1 Introduction

Chapter Two covers the basic terms and geometry aspects of a spiral bevel gear.
This terminology and background is essentid to motivate the numerica smulations of
this thess. A gear’'s desgn and geomelry can be quite complex; however, only the
fundamentas are explained in this chapter.

2.2 Basics of Spiral Bevel Gear Geometry

Gears are used in machinery to transmit motion. Gears operate in pairs. The
two mating gears have smilar shgpes. The samdler of the mating gears is cdled the
pinion, and the larger the gear. Motion is trandferred from one gear to another by
successvely engaging  teeth.

There are various types of gears. The shape of the teeth and the angle a which
the mating gears are mounted are a few of the distinguishing characteristics between
the gear types. Gears with intersecting shafts are cdled bevel gears. The most
common angle to mount bevel gearsis 8 = 90" , dthough any intersecting angle could
be used. A beve gear's form is conical. For comparison, as illusirated in Figure 2.1,
spour gears are cylindrica, and the shafts of the gears are paralel. The geometry of a
sour gear can be dmog fully illustrated in two dimensons. However, the conicd
shape of a bevd gear requires a three dimensond illudration. This two and three
dimengond difference is where the complexity of the work contained in this thess
lies.

" Axes of gears run
parallel to each other

Gear

a) Spur gears operate with pardlel axes
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b) Bevel gears operate with intersecting axes
Figure 2.1: Schematics of spur (8) and bevel (b) gears.

The cone defined by the angle between a bevel gear’'s axis and the line of
tangency with the maing gear is cdled the pitch cone. In Figure 2.1b, 6, and 6,
define the pitch cones. The gear ratio is the ratio of the angular frequencies of the
mating gears, @,/ @;, which dso equas the ratio of sn(&) to sin(6;), or, due to
geometry, the raio of the number of gear teeth to the number of pinion teeth.

a) Straght beve gear
Figure 2.2: Bevel gear drawings [Coy et al. 1988].

Two common bevel gears are the draight bevel gear and the spira beve gear.
The main difference between these two gears is the shape of ther teeth. The teeth of
the dtraight bevel gear are draight, and the teeth of the spird beve gear are curved.
Figure 2.2 illugrates this difference. When looking aong the axis of a spird beve
gear, the teeth will ether curve counterclockwise or clockwise, depending on whether
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the gear is left- or right-handed, respectively. So that the teeth can fit together, or
mesh, a spird bevel gear and pinion will dways have opposte hands. The thickness
and heignt of a spird bevel gear tooth varies dong the cone. The larger end of the
tooth is the hed, and the smdler the toe. The curvature of the tooth creates concave
and convex tooth surfaces on opposite sides of the tooth, Figure 2.3.

Concave side

™

Tooth root..

Figure 2.3: Schematic of a sngle spird fwel gear tooth.

The tooth profile, as shown in Figure 2.4, is one side of the cross section of a
gear tooth. The fillet curve is & the bottom of the tooth profile where it joins the space
between the teeth. The region of the tooth near the fillet is the bottom land, and the
area near the top of the profile is the top land.

Top Land

Tooth Profile

Fillet Curve

Bottom Land
Figure 2.4: Schematic of cross section of a gear tooth.

The advantage of the spiral bevel gear’s curved teeth is to dlow for more than
one tooth to be in contact a a time. This makes it ggnificantly stronger than a draight
bevd gear of equa size. Consequently, spird bevel gears are commonly found in
high speed and high force gpplications. One such application, which is the focus of
this thess is in hdicopter trangmisson sysems. The mating spird bevel gears in the
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transmisson system convert the power from the horizonta engine shaft to the verticd
shaft of the main rotor. Gears in this gpplication typicaly operate a rotationd speeds
of 6000 rpm and transmit on the order of 300 hp of power.

Many pardld axis gears, such as spur gears, have involute tooth profiles. As
sketched in Figure 25, the involute curve can be visudized by unwrapping thread
from a spool while keeping the thread taut. The path traced by the end of the string is
an involute curve. The spoal is the evolute curve.  All involute gear geometries are
generated from circle evolute curves. The involute curve then becomes a spur gear
tooth's profile. A closed form solution for the coordinates dong the curve exigs for
this type of geometry. As a result, the tooth’s surface coordinates can be caculated
with relative ease. However, the geometry of a spird beve tooth is much more
complex, and there is no closed form solution to describe the surface coordinates.
Handschuh et al. [1991] developed a program to numericdly cdculate the surface
coordinates of a spird bevel gear tooth. The program modes the kinetics of the
cutting process in creating the gear, dong with the basic gear geometry. The program
calculates the coordinates of a spird bevel gear tooth in three dimensons for use as
input to a finite dement mode. The numericd modds in this thess were dl created
using the tooth geometry coordinates as defined by Handschuh et al.’ s program.

Involute  Curve

Evolute Curve:.
Base Circle

Figure 2.5 Generation of an involute curve.
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Tooth
fractures

Figure 2.6: OH-58 spird bevel pinion with two fractured teeth.

A spird bevel gear st is used in the main rotor transmisson of the U.S.
Army’s OH-58 Kiowa Helicopter. An OH-58 spiral bevel pinion that exhibited tooth
fracture during an experiment is shown in Figure 2.6.

The geometry of the OH-58 gear set will be used throughout this thess. In the
s, a 19 tooth spird beve pinion meshes with a 71 tooth spird bevel gear. The
pinion’s shafts are supported by bal bearings. The input torque is gpplied a the end

of the pinion's large shaft. The gpproximate dimensons of a pinion tooth are given
schemdticaly in Figure 2.7.

0.0557',

1.534"

0.299" ‘

0.0381"
0.347" ’

<
-«

\ A%

0.227"
Figure 2.7: Approximate dimensons of OH-58 spird beve pinion tooth.

2.3 Teeth Contact and L oading of a Gear Tooth

According to the theory of gears, there is a point of contact between a spira
beved gear and pinion a any indant in time where ther surfaces share a common
norma vector. In redlity, the tooth surfaces deform eadtically under the contact. The
deformation spreads the point of contact over a larger area. The larger area has
treditionally been agpproximated usng Hertzian contact theory. This contact is
conventiondly idedized to spread over an dlipticd area [Johnson 1985]. The center
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of the dlipse is the mean contact point, which determines the contact dlipse’s location
on the tooth surface. The orientations of the dlipse's minor and mgor axes are
defined by the tooth surface’'s geometry, curvature, and the dignment between the
gear and pinion. The length of the axes is a function of the load. It can be shown that

the ratio of the axes lengths is constant and is not a function of the load. The form of

the equations for the length of the dlipse's semi-mgjor and semi-minor axes, a and b,
respectivey, is [Johnson 1985] [Timoshenko et al. 1970]:

1
a= [Bﬂjlr (2.12)

3 V5
b=g 1 (2.1b)

where f and g are functions defined by the geometry. The magnitude of force, P,
exerted on the tooth is proportiond to the input torque level and gear geometry.

The meshing of the mating gear teeth is a continuous process. The podtion of
the area of contact and magnitude of the force exerted between the teeth varies with
time as the gear rotates. Figure 2.8 illudtrates schematicdly the progresson of the
contact area dong a tooth of a left-handed spird beve pinion. In the schematic, the
continuous process has been discretized into a series of dliptica contact patches, or
load step increments. The darkened arrow demondtrates the direction the load moves.
The actud tooth contact pattern during operation is a function of the dignment of the
gear and pinion.

, Heel
Single tooth

contact

Double tooth v N
contact \7\\ \\ < T"e
T 7

Figure 2.8: Schematic of tooth contact shape and direction during one load cycle of a
left-handed spiral beve pinion tooth.

Overlap in tooth contact between adjacent teeth results in two modes of contact:
sngle tooth contact and double tooth contact. At the beginning of a meshing cycle for
one tooth, two teeth of the pinion are in contact with the gear. As the pinion rotates,
the adjoining tooth loses contact with the gear and only one pinion tooth receives al of
the force. As the pinion continues to rotate, the load moves further up the pinion
tooth, and the next pinion tooth comes into contact with the gear; the force on a pinion
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tooth is once again reduced due to the double tooth contact. The contact area will
differ for dangle tooth and double tooth contact. The change in area of the contact is
schematicdly illustrated in Figures 2.8 and 2.9.

Time Step Tooth 1 e Tooth- 2

Hgure 2.9: Schemdtic of load progression on adjacent pinion teeth.
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In Figure 2.9, tooth 1 and 2 are two adjacent teeth of a spird bevel pinion. The
elipses represent “sngp shot” areas of contact between a gear and a pinion’s tooth.
The darkened dlipse is the area that is currently in contact with the gear at a particular
indant in time. Similar to Figure 2.8, the larger dlipses represent single tooth contact,
and the smdler are areas of double tooth contact. The first row in Figure 2.9 begins
with tooth 1 a the last moment of single tooth contact. After a discrete time step, the
load on tooth 1 has progressed up the tooth and tooth 2 has come into contact near the
root, as depicted in row two. In the fina row, or time step, tooth 1 loses contact and
tooth 2 advances into the stage of single tooth contact.

It is seen in Figures 2.8 and 2.9 that the contact area between mating spird
bevel gear teeth moves in three spatid dimensions during one load cycle. Mogt of the
previous research into numericadly cdculating crack trgectories in gears has been
performed on spur gears with two dimensond analyses and has not incorporated the
moving load discussed above. Instead, a single load location on the spur gear tooth
that produces the maximum stresses in the tooth root during the load cycle has been
used to andlyze the gear. This load postion corresponds to the highest point of single
tooth contact (HPSTC). Contact between spur gear teeth only moves in two
directions, and, therefore, this smplification to investigate a spur gear under a fixed
load a the HPSTC has proven successful [Lewicki 1995] [Lewicki et al. 1997a].
However, since the contact area between mating spiral bevel gear teeth moves in three
dimengons, the crack front trgectories could be sgnificantly influenced by this three
dimensond effect. As a result, trgectories under the moving load should be predicted
firsg and compared to trgectories consdering only a fixed loading location & HPSTC.
This gpproach is detailed in Chapters 5 and 7.

It has been implicitly assumed in the above discusson that the traction, or
force over the contact areg, is normd to the surface. Dike [1978] points out that this
assumption is vdid if there are no frictiond forces in the contact area. He dso dates
that is the case with gears dnce a lubricant is dways used. The lubricant will make
the magnitude of the frictiond forces smal compared to the normd forces. This
assumption will be utilized in the numericd smuldions.

In the same paper, Dike dso asserts that there are two main aress in a gear
tooth where the bending stresses may cause damage. The firgt is the location of
maximum tendle dresses at the fillet of the tooth on the same Sde as the load. The
second is a the fillet of the tooth on the sSde opposite the load, where the maximum
compressive stresses occur.

This can be visuadized by drawing an andogy between a cantilever beam and a
gear tooth, Figure 2.10. Basic beam theory predicts that the maximum tensle dtress
occurs a the beam/wal connection on the outer most fibers on the same sde as the
gpplied load. The maximum compressve dress occurs a the same verticad location,
on the sde oppodte the load. Smilarly, as a gear tooth is loaded, it crestes tensle
stresses in the tooth root of the loaded sde. In the root of the side opposite the load,
there are compressive dresses. These compressive stresses might also extend into the
fillet and root of the next tooth.
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Figure 2.10: Stresses in cantilever beam (@) are analogous to gear tooth root (b).

The compressive stresses are noteworthy because Lewicki et al. [1997b]
showed that the magnitude of the compressive stress increases as a gear’s rim thickness
decreases. The compressive dtress could affect the crack propagation trgectories and
crack growth rates. However, it is demongrated in Chapter 4 that low stress ratios, i.e.
large compressve dresses compared to tendle dresses, do not have a sgnificant
influence on crack predictions.

Up to this paint, only frictiona loads and traction norma to the tooth’s surface
have been discussed. The normd loads are the only loading conditions to be
consdered in this thesis. However, additional sources do produce forces on the gesr.
Some of these additiond loads include dynamic effects, centrifugd forces, and
resdua stresses due to the case hardening of the gear. In addition, since a lubricant is
adways used when gears are in operation, lubricant could get insde a crack and cregte
hydraulic pressure.
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2.4 Gear Materials

As discussed in Section 2.2, spird bevel gears are commonly used in helicopter
tranamisson sysgems. In this gpplication, the gear’s materid impacts the life and
performance of the gear. Mogt often a high hardenable iron or sted dloy is used. The
traditiona materia for the OH-58 spird bevel gear is AlIS 9310 sted (AMS 6265 or
AMS 6260). Some other aircraft quality gear steels are VASCO X-2, CBS 600, CBS
1000, Super Nitrodloy, and EX-53. The choice of materia is dependent on operating
vaiables such as temperature, loads, Iubricant, and cost. The materid characteristics
most important for gears are surface fatigue life, hardenability, fracture toughness, and
yield strength. Table 2.1 shows the chemical composition of AlSI 9310 [AMS 1996].
Table 2.2 contains relevant materid properties.

Table 2.1: Chemica compostion of AISI 93 10 by weight percent [AMS 1996].
C|Mn| P|S i [Cu [Ni |Cr |B |Mo |Fe

Minimum| 0.07]0.40 | -- -- [015] -- |3.00] 1.00] -- 0.08 P5.30
Maximum| 0.13]0.70 | 0.015|0.015 | 0.35 | 0.35 [ 3.50 |1.40 |0.001 |0.15 |93.39

Most gears are case hardened. Case hardening increases the wear life of the gear.
In generd, the gears are vacuum carburized to an effective case depth’ of 0.032 in =
0.040 in (0.813 mm = 1.016 mm). The case hardness specification is 60 - 63 Rockwell
C (RC), and the core hardnessis 3 1 - 41 RC[AGMA 1983].

Table 2.2: Materid properties of AISI 9310.

Tendle Srrength 185 x10° ps

Yidd Strength' I 160x 10" ps

Young's Modulus 30 x10° ps

Poisson's Rétio 0.3

Fracture Toughness’ 85 ksi*in®’ |
Average Grain Size* AS;M 0%%.224orm1;|ner

2.5 Motivation to Model Gear Failures

Gear falures can be categorized into severa falure modes. Tooth bending,
pitting, spdling, and themd faigue can dl be placed in the category of fatigue
falures. Examples of impact type of fallures are tooth shear, tooth chipping, and case
crushing. Wear and dress rupture are two additiona modes of failure. According to
[Dudley 1986], the three most common failures are tooth bending fatigue, tooth
bending impact, and abrasive tooth wear. He gives examples of a variety of falures
from tooth bending fatigue to spdling to ralling contact fatigue in both spur and soird
bevel gears.

' The effective case depth is defined as the depth to reach 50 RC.
'[Coy er al. 1995]

?[Townsend et al. 1991]

3 [AMS 19961
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The focus of this theds is on tooth bending faigue falure because this is one
of the mogt common falures. In generd, tooth bending fatigue crack growth can lead
to two types of failures. In rotorcraft gpplications, the type of falure could be ether
benign or catasirophic. Crack propagation that leads to the loss of one or more
individud teeth will mogt likedy be a benign type of falure. The remaning gear teeth
will gill be able to sustain load, and the fallure should be detected due to excessve
vibration and noise. On the other hand, a crack that propagates into and through the
rim of the gear leaves the gear inoperable. The gear will no longer be able to carry
any load, and will mogt likely lead to loss of arcraft and life.

Alban [1985, 1986] proposes a “classic tooth-bending fatigue” scenario. He
suggedts five conditions that characterize the “classic” falure:

1. The origin of the fracture is on the concave side in the root.

2. The origin is midway between the hed and the toe.

3. The crack propagates first dowly toward the zero-stress point in the root.
As the crack grows, the location of the zero-stress point moves toward a
point under the root of the convex sde. The crack then progresses outward
through the remaining ligament toward the convex Sde's root.

4. As the crack propagates, the tooth deflection increases only up to a point
when the deflection is large enough that the load is picked up
smultaneoudy by the next tooth. Since the load on the firg tooth is
relieved, the rate of increase in the crack growth rate decreases.

5. No materid flaws are present.

Alban presents results from a photodlastic study of mating spur gear teeth. The
sudy demondirates the shift in the zero-stress point. The zero-stress point is where the
tensle stresses in the root of loaded side of the tooth shift to compressive stresses on
the load free sde. Figure 2.11 shows stress contours for two mating spur gear teeth.
In the bottom gear, one of the teeth is cracked and another tooth has already fractured
off. The teeth of the top gear are not flawed. By comparing contours between the
mating cracked and uncracked teeth, it is easy to pick out the zero-stress location shift
toward the root of the load free side. The shift of the zero-stress location demongtrates
the changing dress dtate in the tooth. This changing stress state drives the crack to
turn. The point in the two dimensond cross section where the crack turns is actualy
a ridge when the third spatid dimendgion, the length of the tooth, is consdered. This
classc tooth falure scenario will be used as a guiddine when evduating the
prediction and experimental results in the following chapters.
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Figure 2.11: Photodastic results from mating spur gear teeth (stress contour
photograph from [Alban 1985]).

2.5.1 Gear Failures
Gears in rotorcraft gpplications are currently designed for infinite life.

Therefore, gear falures are not common. However, falures do occur primarily as a
rellt from menufecturing flaws, metdlurgical flaws and misalignment.

Dudley [1996] gives an overview of the various factors affecting a gear's life.
Some of the more common metdlurgica flaws liged are case depth too thin or too
thick, grinding burns on the case, core hardness too low, inhomogendties in the
materid microdructure, compogtion of the ded not within specification limits, and
guenching cracks. In addition, examples of surface durability problems, such as
pitting, are presented. A pitting flaw could develop into a darter crack for a fatigue
falure.

Pepi [1996] examined a faled spird beve gear in an Army cargo helicopter.
A grinding burn was determined as the origin of the fatigue crack. In addition, it was
learned tha the carburized case was deeper than acceptable limits in the area of the
crack origin, which contributed to crack growth. Roth et al. [1992] determined a
microdructure inhomogeneity, introduced during the remdting process, to be the
cause of a fatigue crack in a carburized AlSI 9310 spird bevel gear. Both of these
falures could be dassfied as manufacturing flaws.

Albrecht [1988] gives an example of a series of falures in the Boeing Chinook
helicopter, which were caused by gear resonance with insufficient damping. Couchon
et al. [ 1993] gives an example of a gear falure resulting from excessve misdignment.
The excessve misdignment was due to a faled bearing that supported the pinion.
The misdignment led to a fatigue crack on the loaded sde of the tooth. An andyss of
an input spird beve pinion fatigue crack failure in a Royd Audrdian Navy helicopter
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is given by McFadden [ 1985]. These examples demondrate that gear falures do
occur in service.

Gear experts are researching ways to make gears quieter and lighter through
changes in the geometry. However, a the same time there is a tradeoff between
weight, noise, and reliability. Geometry changes could have negative effects on the
srength and crack trgectory characteristics of the gear. A design tool to predict the
performance of proposed gear designs and changes, such as discussed by Lewicki
[ 1995], would be extremdy useful. Savage et al. [1992] used an optimization
procedure to design spira bevel gears using gear tooth bending strength and contact
parameters as congraints. Including effects of geometry changes on the strength and
failure modes could contribute grestly to his procedures.

252 OH-58 Spiral Bevel Gear Design Objectives

In rotorcraft applications, a primary source of vibration of the gear box is
produced by the spird bevel gears [Coy et al. 1987] [Lewicki et al. 1993]. In tun, the
vibration of the gear box accounts for the mgority of the interior cabin noise. As a
result, recent design has focused on modifying the gear’'s geometry to reduce the
vibration and noise. In addition, due to the application of the gear, a continuous
design objective is to make the gear lighter and more rdiable.

Adjugting the geometry of the gear, however, may jeopardize the gear's
srength characteristics. Lewicki et al. [1997a] showed that the falure mode in spur
gears is closdy related to the gear’s rim thickness. It was demondrated that if an
initid flaw exigs in the root of a tooth, the crack would propagate either through the
rim or through the tooth for a thin rimmed and thick rimmed gear respectively. As a
result, a tool to evauate the strength and fatigue life characteristics of proposed gear
designs would be useful.

Albrecht [1988] demonstrated that AGMA standards to determine gear stresses
and life were insufficient. He aso showed the advantages of a numericd smulation
method, such as the FEM, over the currently accepted AGMA standards at that time.
The work of this thesis is an extenson of the numerical gpproaches to determine gear
stresses and life.

2.6 Chapter Summary

This chepter covered basc terminology and geometry aspects of gears.
Concepts related to spird bevel gears were the primary focus. In addition, methods to
visudize and modd the contact between mating spird bevel gears were presented.
Characterigtics of a common gear sed, AISI 9310, were summarized. These
materids properties will be used in the numericd smulaions. Fndly, some
examples of gear fallures and gear desgn objectives were discussed to motivate the
ggnificance of modding gear falures numericdly.
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CHAPTER THREE:
COMPUTATIONAL FRACTURE MECHANICS

3.1 Introduction

This chapter discusses areas of computational fracture mechanics relevant to
the work of this thess. The areas of focus are LEFM, fatigue, and the BEM. The
BEM is used in a fashion amilar to the more common FEM. The primary difference
between the methods in three dimensond dadicity problems is that with the BEM
only the surfaces, or boundaries, are meshed, as opposed to the volume that is meshed
in the FEM. In computationd LEFM, the displacement and/or stress results from a
numerical analyss are used to cdculate the SIFs. The SIFs are in turn used to predict
how and where a crack may grow.

The andyses of this work are conducted using a suite of computational fracture
mechanics programs developed by the Cornell Fracture Group. OSM s used to create
a geometry mode of the OH-58 spira beve pinion. FRANC3D is used as a pre- and
post-processor to the boundary element solver program, BES. FRANC3D has huilt in
features to compute SIFs usng the displacement correlation technique.

3.2 Fracture Mechanics and Fatigue

Westergaard [ 1939], Irwin [ 1957], and Williams [ 1957] were the first to write
closed form solutions for the dress didribution near a flaw. Ther solutions were
limited to very specific geometries and loading conditions. Their results, in the form
of a series solution, showed that the stress a distance » from a crack tip varied as r /2.
It can be shown that, under linear eagtic conditions, the first term of the series solution
for the dtress near a flaw in any body, under mode I, or opening, loading is given by:

0 _ K{ () fa) 3.1
o, o £,6) (3.1)
where » and 6 are polar coordinates as defined in Figure 3.1, f;; isafunction of 6 that is
dependent on the mode of loading, and K; is the mode | dress intendty factor. The
sub- and super-scripts (1) denote mode | loading. Similarly, two other modes of
loading can be defined as in-plane shear, mode I, and out-of-plane shear, mode III.
The dress solutions for mode 11 and 111 loading are identical in form to Equation (3.1),
but with al of the sub- and super-scripts I replaced with I or I11.
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Figure 3.1: Coordinate system at a crack tip.

A dggnificant feeture of Equation (3.1) is that as r goes to zero, or as one
approaches the crack tip, this firg term of the series solution agpproaches infinity.
However, the higher order terms of the series will reman finite. For this reason, a
large portion of LEFM focuses on this firs term of the series expanson only. In
redity, the stresses do not gpproach infinity at the crack tip. There is a zone around
the tip where linear eagtic conditions do not hold and plastic deformation takes place.
This zone is cdled the plagtic zone and results in blunting of the sharp crack tip.
LEFM holds when the plagtic zone is smdl in relation to the length scale of the crack.

The SIF is a convenient way to describe the dress and displacement
digributions near a flaw in linear dadtic bodies. The SIF for any mode is a function of
geometry, crack length, and loading. The generd equation for a SIF is

K = foma (3.2)

B is a dimensionless factor that depends on geometry, 2a is the crack length, and ¢ is
the far fidd dress. It can be seen from Equation (3.2) that the units of K are
stress Jlength_.

For a crack to propagate, the energy supplied to the sysem must be greater
than or egua to the energy necessary for new surface formation. When supplying
energy to the sysem, the energy can primarily go into plasic deformation or new
surface formation. LEFM assumes that dl of the energy supplied goes into forming
new surfaces. As a result, LEFM predicts the materiad a a crack tip will fall when the
mode | SIF, K, reeches a criticd intendty cdled the fracture toughness, K. Fracture
toughness is a materid propety and by definition is not dependent on geometry.
Therefore, the criterion for fracture, or crack propagation, under LEFM, in mode I, is
K, 2K . Standard tests can be performed to measure vaues of fracture toughness

[ASTM 1997]. The tests subject a standard specimen to pure mode | loading. The
crack growth direction under pure mode | loading is sdf-amilar. In other words, the
crack tip in Figure 3.1 under only mode | loading will extend dong the x-axis.
However, it is rare that a crack is subjected to pure mode | loading. More
redidicdly, the loading will be a combinatiion of dl the modes. The mixed mode
loading affects the fracture criterion and crack trgectory. For example, Mode I
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loading will turn, or kink, the crack away from sdf-amilar crack propagation. There
are severd proposed methods to predict the direction of crack growth under mode |
and Il loading. The most widely accepted methods are the maximum principd dress
theory [Erdogan et al. 1963], the maximum energy release rate theory [Nuismer 1975],
and the minimum strain energy density theory [Sih 1974]. Due to ease of
implementation and demongrated accuracy, the maximum principad stress theory will
be used in this thess. The method is based on two assumptions, Fird, the crack will
propageate radialy from the crack tip. The second is that the crack will propagate in a
direction that is perpendicular to the maximum tangentid dress. In other words, the
crack will kink a an angle 6,, where 0gy is a maximum. For mode | and 1l loading,

assuming plane drain conditions, Ogg IS

1 6 20 3 .
Oy — ﬁcosa[ K, cos?: ———2—1('” s1n9} (3.3)

The direction of crack growth can aso be shown to correspond to the principa stress
direction. Setting the partid derivative of 0y With respect to 6 equd to zero, the angle
6, will be that which satisfies the equation
K, sin@+K,(3cosf —1)=0 (3.4)

From Equation (3.4), it is seen that if K, equals zero, i.e. pure mode | loading,
then the crack will propagae a an angle equd to zero. Figure 3.2 illudtrates
schematicadly the angle of crack trgjectory, 6, with respect to the crack front
coordinate system.

y A

Sdf-amilar crack propagation
K;>0;K;=0;6,=0

m

, ol

~o x
<
Sso Om
\\

Mixed mode crack trajecW 2

Kl>0; KH¢0; 9777#0 .
Figure 3.2: Angle of crack trgectory with respect to crack tip.

3.21 Fatigue

Cracks have been known to grow when the mode | SIF is less than Kic. | n
these ingances, the flaw has been subjected to cyclic loading. Cyclic loading can
produce faigue crack growth at loads sgnificantly smadler than the fracture toughness
of the materid. Figure 3.3 illugtrates how cyclic loading is characterized by the tengle
load range, AS, and theload ratio, R. R isdefined asthe ratio of minimum stress, Spin,
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to maximum gress, S, Which, due to dmilitude, is equd to the ratio of minimum
mode | SIF, Kyin, to maximum mode | SIF, K,
S . K
R — min — nin 3.5
i (3.5)

Cydlic load higtories can dso\be classfied as proportionad or non-proportional. When
the ratio of Ky to K; is congant during the loading cycle, the loading is proportiond.
Non-proportiond is the case when this ratio varies with time.

Stress or SIF
S max ? K max 4

AK

S min » Kmin

Time
Figure 3.3: Cyclic load cycle.

There are three regimes of faigue crack growth as demondtrated in Figure 3.4.
Regime | is rdated to crack initiation and smal crack effects. As noted on the plot,
there is a threshold vaue, AK,,, bdlow which fatigue crack growth will not occur. For
AlSI 9310 stedl, values for AK; are reported to range from approximately 3.5 ksi*in®”
~ 12 ksi*in®® [Binder et al. 1980], [For-man et al. 19841, [Proprietary source 1998].
As the dtress ratio goes from positive to negative, the threshold value increases.

Regime Il is commonly referred to as the Paris regime. The work of this thesis
will only focus on crack growth in regime Il. Crack initiation, smal crack effects, and
unstable crack growth (regime III) will be ignored. A semind devedopment in
predicting fatigue crack growth was from [Paris et al. 1961] and [Paris et al. 1963].
They discovered that a crack grows in fatigue at a rate that is a function of AK;. They
proposed that the nature of the curve in regime 11 could be described by:

da "

v = ClaK,) (3.6)
where N is the number of cycles, and C and n were proposed as material constants.
Equation (3.6) is commonly referred to as the Paris model. When the crack growth
rate in regime |l is plotted on a log-log scde as a function of AK, the dope of the
curve is n. If the curve is extrgpolated to the verticd axis, the intercept is C.
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In regime 111, the crack growth is ungable. A crack can grow in fatiigue only
when K, < K,~ . Asaresult, regime I is bounded on the right by AKjc.

100( da ) A
o
dN I II I

Paris Regime

S U N

! >
p AKie — log(aAk,)
Figure 3.4: Typicd shape of a fatigue crack growth rate plot.

Crack growth in regime II creates driations on the fracture surface in certain
materids under appropriate loading conditions. It has been shown that the spacing
between driations is roughly equal to the macroscopic crack growth rate da/dN
[Forsyth 1962]. In generd, ductile dloys, eg. duminum dloys form the most wdl
developed driations. The materid of interest in this thesis, AlSI 9310 ded, is capable
of forming drigions [Bhatacharyya et al. 1979] [Au et al. 1981] [McElvily et al.
1996]. Au et al. successfully correlated fatigue crack growth retes to fetigue driations
in AlSl 9310 gted.

Paris first proposed C as a materia property. However, experimenta research
has found that C varies as a function of the dress ratio. The crack growth rate
increases as the dress ratio increases. Fatigue crack growth data in regime Il from
tests conducted at different stress ratios, plots as shown in the left graph of Figure 3.5.
The soread in the curves is explaned by fatigue crack closure [Elber 1971]. In
generd, it has been found that a crack will prematurdly close prior to the tendle load
being entirdy removed. The levd of dress @ which this premature closing occurs is
Sop (Or, due to smilitude, K,,). Incorporating fatigue crack closure phenomenon into
Paris modd should collapse the curves into a single line (the right greph of Figure
3.5). This is accomplished by plotting on the abstissa AK.¢ (AK, = K —Kop ),

rather than AK. This single curve is referred to as the “intrindc” fatigue crack growth
rate. More details of fatigue crack closure will be discussed in Chapter 4.

max
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log(AK ;) log(AK ej_’f)
Figure 3.5: Schematic of fatigue crack growth rate data in Paris regime a different
dress raios collgpsng into a single “intrindc”’ curve.

Using Paris model, the amount of crack growth per cycle for a given cracked
object and load hitory can be predicted from the SIFs. In computationd fracture
mechanics, the FEM or BEM is used to caculae the SIFs. Severa ways to cadculae
SIFs usng numerical methods include the displacement corrdation method [Chan et
al. 19701, diffness derivative [Parks 1974], Jintegrd [Rice 1968], and the universa
crack closure integra [Singh et al. 1998]. The displacement corrdaion technique is
used in this work because it relies only on displacement information on the boundary
near the crack tip and because the method is computationaly efficient. The numerical
andyses of the spird bevel pinion are conducted using the boundary eement method,
which solves for digplacement information only on the boundaries. The displacement
corrdaion method is computationdly efficient snce only a sngle numerica andyss
is adequate to caculate the SIFs, unlike some of the other techniques that require two.
Additiondly, the mode I, I, and Ill SIFs are dl caculated by the same method.

The digplacement corrdation method utilizes the fact that the displacements
near a crack tip are proportiona to the SIFs. Under pure mode | loading, the opening
displacement, u,, is given by [Owen et al. 1983]

K, |r . (0 . (36
=—— [—| @2k +1 — |—sin| — )
T 27?[( )Sm(Z) (2)] 7
3-v
where K = = fOr plane stress
| + v

x = 3 = 4v for plane drain
M is the shear modulus of the materid, v is Poisson's ratio, and 19 is the angle between
the location of the displacement and the norma to the crack tip. Equation (3.7) can be
rearranged to solve for K, = f (u , ) . Along the crack front 6 = 180" . Knowing the
material properties (E (dlagtic modulus) and v), and the crack opening displacement
uy, & agiven digance 1” from the crack front, K; can be caculated.

_uE 2
Ki = 8(1—v2)\/1" G®
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Smilarly, equations for Kj; and Ky can be written as a function of u,, the digplacement
due to in plane shear, and u., the displacement due to out of plane shear, respectively.
It is important to note that as - approaches zero, the accuracy of the SIFs will decrease
when usng the displacement corrdation method if the crack front dements are not
capable of representing the singularities at the crack tip.

Crack growth rates are cdculated from the SIF information and experimentaly
determined fatigue crack growth model parameters. The SIF information is dso used
to calculate the angle of propagation, e.g. Equation (3.4).

322 Example Two dimensonal, mode | dominant fatigue crack growth

smulation with atic, proportional loading
The purpose of this example is to demongrate how fatigue crack predictions

can be performed on a smple two dimensona modd. The modd assumptions are:

1. The location of applied load is not changing. This will be referred to as
getic loading.

2. The loading is proportiond.

3. The crack growth can primarily be attributed to mode | opening. In
other words, K; >> K,. Thiswill be referred to as mode | dominant.

4. Crack closure effects will be ignored.
5. LEFM holds.

The method to predict crack trgectories in two dimensions is incremental. A
series of finite dement andyses are run which incrementdly increase the crack length
by a dgnificant amount in reaion to the mode’s geometry. For a given increase in
crack length, the number of cycles to achieve that amount of growth can be caculated.
For a given propagation step i, there are N; load cycles associated with it.

The amount of crack growth for one cycle is cdculated as a function of the
maximum gress in the load cycle. Because it is assumed the loading is proportiond, it
is sraghtforward to caculate the direction the crack will grow during the cyde usng
the maximum principd dress theory. However, there is no proposed method to
cdculate the find amount and direction of crack growth during one load cycle if the
ratio Ki/K; varies during the cycle, i.e. non-proportiona loading.
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finite element model

Define attributes
*Material properties
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Propagate crack Solve equations
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Load cycles. N, = ZN, Post-process
*Compute SIFs
———— | *Compute da;
*Compute N;
*Compute angle

Figure 3.6: Flow chart of process to predict fatigue crack trgectory.

As outlined in Figure 3.6, the process begins with a geometry modd. The
geometry modd is then discretized into a finite dement mesh. Figure 3.7 shows the
finite element mesh for an arbitrary geometry model that will be used for
demondrative purposes. This paticular initid mesh condgs entirdy of quedrdic
eight-noded eements.

Modd attributes must be defined next. The materid properties are specified
within the finite dement program as a Young's Modulus of 29,000 ks and Poisson’s
ratio of 0.25. The thickness of the modd is taken to be 1 inch. Boundary conditions
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mus dso be defined. A cyclic loading higory like that shown in Figure 3.3 is
assumed. The minimum gpplied traction is assumed to be zero, and the maximum
applied traction is S,,,, = 100 ks . A tendle traction is applied norma to the top edge.
All of the nodes dong the bottom edge are restrained in the vertica direction, and the
far right comer node is resrained in the horizontad direction. If desred, a this stage
the finite eement solver could be run to caculate displacements, dtrains, and stresses
in the uncracked geometry.

Figure 3.7: Two dimensond finite eement modd.

Next, a crack is introduced into the geometry modd. With the change in
geometry, the modd must be remeshed. However, the damage to the mesh modd is
locdized, and, therefore, only a smadl region around the crack must be remeshed. The
mesh around the crack tip is a rosette of eight triangular, sSx-noded quarter point
edements, Fgure 3.8a. The remaning area is meshed with quadratic Sx-noded
eements. Figure 3.8b shows the initid edge crack and locdly remeshed region. The
boundary conditions, material properties, and loads were defined earlier and do not
need to be redefined. At this point, displacements, strains, and stresses are solved for
in the cracked geometry.

A method, such as the displacement correation technique, is used to compute
the dress intengity factors at the crack tip based on the reative displacements of the
crack faces. Once the SIFs are calculated, Paris mode (Equation (3.6)) can be used
to caculate the amount of crack growth for one load cycle, da/dN. A method, eg.
maximum principal dress (Equation (3.4)), is used to determine the direction of crack
growth from the caculated SIFs. In most cases, the amount of crack growth for one
load cycle will be on the order of 10° . 10* inches Since this is sgnificantly smédler
than the geometry features of the gear, it would be inefficient to update the geometry
mode for every load cycle. Consequently, a number of load cycles is assumed, eg.
N,; = 2,000 cydes. Findly, the crack in the geometry mode is extended by an amount
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da; = (da /dN),* N, , a an angle 6,, with respect to the self-amilar crack trgectory
(Figure 3.2). Again, the modd must be remeshed locally, and the process is repeated.

SN
\]

a) Initid crack and quarter point dement b) Finite dement mesh after adding initia
rosette crack
Figure 3.8: Initid edge crack in modd.

T T

. |

F————

Figure 3.9: Predicted crack trgectory for model in Figure 3.8.

Figure 3.9 is a picture of the predicted crack trgectory for the finite dement
mode in Figure 3.8. The crack has been incrementdly advanced from the initid
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length and orientation through five propagation steps. For the assumed maerid
properties and loading in this example, the caculated number of load cycles to grow
the crack from the initid length in Figure 3.8 to that in Figure 3.9 is 4,900 cycles.

3.2.3 Example Three dimensional, mode | dominant fatigue crack growth
smulation with gatic, proportional loading

The assumptions of the two dimensond example will gpply to this three
dimensond example. In three dimensons, the procedure to predict fatigue crack
trgectories is very dmilar to that in two dimendgons. As in two dimensons, the
geometry mode must be defined, the mesh crested, and the mode ttributes assigned.
The main complexity with three dimendond crack growth smulations is that there is
not a single crack tip, but rather a three dimensond crack front. For a given three
dimensiona crack, there is no longer a single vaue for the SIF in each mode, but
rather a SIF digtribution dong the crack front for each mode. In addition, the crack
length might dso vary dong the crack front.

In this theds, dl of the three dimensonad modds ae boundary dement
models. In the boundary éement method, the primary variables are load and
displacement. Strains and stresses are secondary variables. The BEM is based on an
integrd  equation formulation. An advantage of the method is that the number of
unknowns in the equations is proportiond to the surface discretization. This is in
contrast to the FEM where the number of unknowns is proportiona to the volume
discretization. In computationd fracture mechanics when predicting crack trgectories
and remeshing are necessary, an advantage of the BEM is that only the surfaces near
the crack need to be remeshed, as opposed to the entire volume which must be
remeshed when using the FEM. Volume meshing with cracks can be rather difficult;
whereas, surface meshes are sraightforward with and without cracks.

crack face

crack face

Figure 3.10: Schematic of three dimensond crack front.
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There are no closed form solutions to caculate SIF digtributions dong the
crack front for arbitrary three dimensond cracks. As a result, a conventiona
approach to calculate the SIF didribution is to discretize the front into a series of two
dimensiond crack tips. For example, the finite plate modd presented in Section 3.2.2,
in redity, has a finite width. Therefore, the crack mugt have a finite width. The crack
front shape might be tha shown in Figure 3.10. In this example, the crack width is
equa to the plate thickness.

Discretized three dimensiond crack front Two dimensiona crack tip
Figure 3.11: Discrete crack front points trested as two dimensiond problems.

Next, the crack front is discretized, as shown by the lines intersecting the crack
front in Figure 3.11. Once the crack front is discretized, each point is trested as a two
dimensond problem. The two dimensond methods to cadculate SIFs are applied a
each discrete point. The discrete point is propagated by an amount and a an angle
uniquely defined by the SIFs associated with that point. Once each discrete crack
front point is propagated individudly, a leest squares curve fit is performed through
the new discrete crack front points, Figure 3.12.

A potentid difference in the three dimensiona approach, as opposed to the two
dimensond method, is that sngular crack front eements might not be used aong the
crack front. Since the BEM is implemented in this thess the volume of the three
dimensona modd is not meshed; only the surfaces are meshed. Therefore, eements
that represent the crack tip singularity are not avalable adong the crack front. The
main drawback of this is that some SIF accuracy aong the crack front is sacrificed.
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curve fit

New discrete crack
| front points

Figure 3.12: Least squares curve fit through new discrete crack front points.

3.3 Fracture Mechanics Software

A auite of fracture mechanics software developed by the Cornel Fracture
Group is usad in this thesis [FRANC3D 1999a, 1999b]. The codes were developed to
handle the complexities of three dimensona crack trgectory predictions. OSM is
used to define a three dimensond solid geometry modd of an object. The program is
based on defining the surfaces of the modd explicitly in Catesan space. The
boundary of a solid is generated by adjacent surfaces, or faces. Each face of the
boundary element modd has a three dimensond loca coordinate system associated
with it. In order to define a closed olid, dl of the locad face normds must point away
from the interior of the solid. The locd coordinate sysem might adso be of
dgnificance when defining boundary conditions.

The geometry moded is then read into FRANC3D. With FRANC3D, a user
can cregte a finite dement or boundary element mesh based on the geometry modd.
Displacement or forceltraction boundary conditions must be defined for al the faces
of the solid. The conditions must be specified in dl three Catesan directions with
respect to ether the loca or the globa coordinate syssem. Materid properties are aso
assigned to regions of the modd usng FRANC3D.

Cracks are added to the solid by explicitly defining the vertices, edges, and
faces that model the cracks. A crack has two distinct faces that must be meshed
identically.

As mentioned in Section 3.2.3, a crack front must be discretized prior to
cdculating SIFs and to propagatirg the crack. Within FRANC3D, there are three
options to discretize the crack front. The discrete points can be defined by the mesh
nodes, the midpoints of the eements sides along the crack, or a a user defined number
of equaly spaced points dong the crack front. The built in festure in FRANC3D to
cadculate SIFs uses the displacement correlaion technique. The most accurate results
are obtained when a row of four sided eements is used dong the crack front. This
will give a set of equally spaced points behind the crack front where the SIFs can be
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evaduated. Additiondly, to improve the performance of the crack front dements, the
ratio of the dements width to length should be close to one [FRANC3D 1999c].

When a crack is propagated, the geometry model changes. However, the
geometry changes only near the crack. Therefore, only the mesh model near the new
crack is damaged and requires remeshing. The remainder of the geometry and mesh
modd is left unchanged. This is a diginct advantage of FRANC3D.

The program BES is used to solve for the displacements and stresses using the
boundary dement technique. FRANC3D is used as a post-processor to view the
deformed shape, stress contours, and extract noda information.

FRANC3D uses the same functiond form to interpolate the geometry and field
vaiable varialions over an dement. The form is given by the associated ement type.
In dl of the modds, only isoparametric three- and four-noded eements are used.
Quadratic ements are available; however, based on the work in [FRANC3D 1999c¢],
the gain in accuracy does not judtify the significant increase in computationa time.

3.4 Chapter Summary
This chapter covered theories of LEFM and fatigue pertinent to modeling crack

growth numericaly. Of primary importance is how crack growth rates and trgectory
angles are cdculated from SIFs. The maximum principa gtress theory will be used to
cdculae trgectories under mixed mode loading. In addition, the displacement
correlation method was introduced as a technique to evaluate SIFs. Two dimensond
and three dimensond examples demondgrated how the theories are applied in
numericad smulations. Some features of the software programs FRANC3D, OSM,
and BES tha will be used in the smulaions were covered. The background provided
in Chapter 2 and this chapter will be utilized in the work of Chapters 4, 5, and 6. The
dudies in those chepters cover issues related to predicting three dimensond fatigue
crack trgjectories in a spird bevel gear.
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CHAPTER FOUR:
FATIGUE CRACK GROWTH RATES

4.1 Introduction

The god of this chapter is to determine how highly negative dress ratios affect
the fatigue crack growth rate in a common gear sted, AISI 9310. This is of interest in
the context of gears because the magnitude of compressive stresses in a gear’s tooth
root is a function of the rim thickness. If fatigue crack growth raies are highly
sendtive to compresson, then crack growth rates may warrant more attention in
designing gears. On the other hand, if the compressive stresses do not dter the fatigue
crack growth rate predictions greetly, than the loading cycle for a gear tooth can be
amplified by ignoring the compressive portion of the cyce.

In Section 4.2, the concept of fatigue crack closure is discussed. This section
shows that crack closure provides a convenient framework within which to understand
the factors that control fatigue crack growth. A materid-independent method is
presented for obtainirg fatigue crack growth rate data that does not vary with stress
ratio, R. The crack closure gpproach is extended beyond duminum aloys, considered
by Elber [1971] and Newman [ 1981] and discussed in Section 4.2, to stedls. Next,
Section 4.3 applies the concepts to AlISI 9310 data to obtain an intrinsc fatigue crack
growth model. Section 4.4 demondrates that in the range of negative R, the effective
dress range, and likewise the crack growth rate, is not highly sendtive to the
magnitude of R.

4.2 Fatigue Crack Closure Concept

Due to the cyclica loading on a gear’s tooth, fatigue crack propagetion might
occur. The load range, AS, or dtress intengty factor range, AK, dong with the load
ratio, R, characterizes cydlic loading. Recdl, R is defined as the ratio of minimum
stress, Swmins 10 maximum sress, Sy.y, Which, due to similitude, is equd to the ratio of
minimum mode | SF, K,;,, to maximum mode | SIF, K,,,. (Equetion 3.5).

Lewicki et al. [1997b] found that spur gear teeth can have R-vaues as low as
-3.0. They dso found that the magnitude of R in spur gears is a function of the gear
geometry. As the rim thickness decreases, R becomes more negative due to the
increased bending of the gear rim.

A generd interpretation of the crack closure approach is that damage only
occurs during the portion of the load cycle when the crack faces are not in contact.
The mgority of the literature's discusson of crack closure covers its effect on crack
growth rates. Since gears have such high load frequencies, crack growth rates are
commonly of secondary interest in the context of gears. The time from detectable
flavw to falure is usudly indgnificant. However, if the crack growth rate is highly
sengtive to the magnitude of the compressive portion of the load cycle, then crack
growth rates may warrant more attention. On the other hand, if, for negative values of
R, the crack growth rate is rdatively insengdtive to the magnitude of R, then the effect
of geometry on R need not be the primary concern in gear design. This demongtration

NASA/CR-2000-2 10062 35



is ggnificant in the context of the overdl god of this thess which is to sudy aspects
of gear geometry that affect damage tolerance.

It is assumed initidly in this chepter that the stresses induced in a gear tooth
under podtive (tensle) and negative (compressve) pats of the load cycle ae
“proportional.” In other words, the shape of the dress intendty factor distribution
adong the crack front is the same under both tensile and compressive loading. In two
dimensond andyses, this is not a concern because the crack only conssts of a tip,
where the deformation can be tensile only or compressive only, not a combination of
the two. In three dimensons, however, the didribution of the loading (deformation)
aong the crack front might be different in the compressive and tensile load cases. In
the end, whether the positive and negative parts of the load cycle are proportiond is
not of mgor concern. As will be shown in the remaining sections, damage occurs
only during the tendle portion of the load cycle.

Elber [1971] observed that during unloading a crack actualy closes prior to the
goplied load being entirdly removed. This phenomenon has been cdled fatigue crack
closure. Fatigue crack closure dso explains why, for a given AK, fatigue tests show
the crack growth rate increasing as R increases. Figure 4.1 shows typica fatigue crack
growth rate data as a function of SIF range [Kurihara et al. 1986]. Kurihara et al.
conducted fatigue tests with 500 MPa class C-Mn ged, which is used in pressure
vesss. The tests covered a wide range of stress ratios from -5.0 to 0.8. Figure 4.1
was obtained by sdecting two data points off Kurihara et al.’s plots for each vaue of
R The horizontal scatter in the curves is a result of the different R-values. Note that
as R increases, the curves shift to the left, producing an increese in fatigue crack

growth rate for a given AK.
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Figure4.1: Fatigue crack growth rate data for pressure vessdl sted at various R-values
(data taken from [Kurihara et al. 19861).
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Crack closure can be dtributed to a number of factors. During the opening
portion of a load cycle, the materid a the crack tip plagticdly deforms. As the cycles
repeat, a wake of plagtic deformation remains as the crack propagates through the
body. The plagtic deformation wake results in a mismatch between the crack faces.
Although not considered here, crack closure can aso occur due to differences in the
surface roughness of the crack faces, due to mixed mode loading, or oxidation of the
crack surfaces.

Elber modified Paris modd to account for crack closure. The modification
adlows crack propagation to occur only while the crack tip is open. He introduced S,
as the dress level where the crack first opens during the tensile part of the load cycle.
His equation for the crack propagation rate is:

da
“— =C(AK )" =C(UAK)" 4.1
N (AK ;) ( ) 4.1)
where U, the effective stress range ratio, is defined as
-S =S
= Sﬂl(l.\‘ op 1 A,““ (4.2)
S,..=S 1-R

max min =

Figure 4.2 illudtrates the rdationships among various K vdues. S,, (K,p) is difficult to
measure experimentdly. In addition, the vaue varies with loading conditions. As a
result, Elber developed an empiricd reaionship between U and R. Fom this
relationship, S, (Kop) could be backed out.

'/ \ 7 ‘\ /,
! \ /
{ \ / /
’ \ / ,/ \\ \—R—/ //
Kminl + \\ / \ I

Kmin.’. \\ \\ / ! \ \2/ /

Kmiuj‘

Figure 4.2: Congtant AK .4 for different stress ratios.

When da/dN is plotted as a function of AK.4, the scattered curves (due to
different R-vaues) collapse into a single, “intrinsc” crack growth rate curve. In
crack-closure-based fatigue models, da/dN is a function of AK. This implies that
crack growth occurs only while the crack tip is open. If Ky is kept constant between
various tests with different R-vaues, then K., must change. If it can be shown that
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AK . remains nearly condant for various negaive R-vaues, then the portion of the
load cycle when X, < K,, does not contribute to crack growth. Therefore, all

negative R-value cases could be trested in the same manner. The sendtivity of AKz
will be investigated in Section 44. Figure 4.2 illustrates how AK.s could reman
congtant as Ki» decreases.

Elber paformed a series of experimenta fatigue tests with sheets of 2024-T3
duminum dloy. The dtressratio range was = 0.1 £ R< 0.7 . Fom the tests, he
developed the empiricd reationship

UR = 05+ 04R when —=0.1<R<0.7 (4.3)

Elber's U(R) rddionship is vdid only for 2024-T3 duminum dloy over the
range of R-vaues for which he had experimentd data His work inspired many to
develop empiricd relationships between U/ and R for a variety of materids and ranges
of R Schijve [1988] summarizes severd of these empirica reationships for different
dloys and ranges of R However, it is expensve to develop this rdationship
empiricdly every time one wants to modd crack closure in a new materid. This led
to attempts to numericaly modd crack closure [Newman 1976, 1981], [Fleck et al.
1988], [McClung et al. 1989], and [Blom et al. 1985]. Through the thirty plus years
of research related to crack closure, it has been found that the amount of crack closure
is dependent on many variables. Specimen Sze, specimen geomelry, crack length,
aoplied dress sate, and prior loading conditions al affect the magnitude of S,,.
Newman's work attempts to incorporate al of these factors.

Newman developed and applied a hybrid andytica/numerical crack closure

mode tha smulated plane dran and plane dress conditions. He  successfully
matched crack growth rates under congtant-amplitude loading from his anayticd
modd to experimentd data The maerid he focused on initidly was 2219-T851
auminum ahoy. The modd has since been gpplied to a variety of metas. Newman's
model is the most comprehensve and has been successfully vdidated againgt
expeariments. As a result, his modd will be utilized in this thess.
All vaidbles in Equation (4.2) ae defined immediady from the loading conditions
with the exception of S,. To find an expresson for S,,/S,., Newman [1984] fit
equations to his numerical results for 2043-T3 duminum dloy over a large range of R-
vaues and load levels. He worked in terms of applied loads, but due to smilitude, §
in his expressons can be replaced with K, gving:

Kop 2 3
=A,+AR+AR +AR for R20 (4.4a)

Kma.\-

KO

K" = A+ AR for —1<R<0 (4.4b)
when K, 2 K, . The coefficients Ay —A; are!

1
2 ﬂ:Sma\‘ /C
A, = (0.825-0.34x +0.05k )| cos| —er (4.5)
20,
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A= (0.415K —0.071kc* ) me
GO

A, =1-4A, -A, -A,

A =24,+A -1
x is a congraint factor taking on a lower bound of 1 for plane stress conditions and an
upper bound vaue of 3 to smulate plane strain conditions. The flow dress, 0y, is the
average between the uniaxid yidd dress and the uniaxid ultimate tendle srength of
the materid.

Because Newman's moded for K, is a function of materid congants (0o), R
and k, it is gpplicable for any fatigue crack where LEFM holds and the loading
conditions and materid properties are known. Figure 4.3 is an example of how the
curves in Fgure 4.1 collgpse into an intringc curve when crack closure is taken into
account. Equations (4.4) and (4.5) are used to caculate AK,,. U is cdculaed usng
Equation (4.2).”

.OOE-02 +
2*da JdN (R=0 .
R0 “ da /dN (R =0)
1.OOE-08 - \ :Ilti
0 / 0.5%da AN (R=0) _,_Rer
g - R=-1
E L.OOE-04 5 /4 - R=05
§ . -+ R=-0.33
3 —+ R=0
1.00E-05 - —R=05
~—R=0.67
- R=0.8
| . 0 GE—o6+64L —
1 10 100 1000
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Figure 4.3: Intringc fatigue crack growth rate data for pressure vessd sted using
Newman's equations for AK,s; « = 1 (using data taken from [Kurihara et al. 19861).

The crack tip condition in the fatigue test specimen Kurihara et al. used, a thin
plate with a center crack, is best described by plane sress. Therefore, a vaue of
x = 1 was sdected for the preiminary graphs. k was then increased, and the amount

5 Note that Newman claims Equation (4.4b) is valid for negative R-values greater than or equal to -1.
However, Kurihara et ¢/.’s data extends to -5.0. Equation{4.4b) was used for the cases when R = -5.0,
-3.0, and -2.0. Figure 4.3 illustrates, at least for this case, the equation can also hold for these low R-

values.
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of correation between the curves was visudly ingpected. As k increased, the curves
became more scattered, vdidating the choice of x = 1.
The equaiion of a line in Figure 4.3 is given by:

Iog( %} n’ log(AK , )+ log(C”) (4.6)

In Figures 4.1 and 4.3, the-dope for a given curve (R-vaue) is uniquely defined by the
data points. According to the crack growth models, al of the curves should have the
same dope. Idedly, this would be the case for the plots in Figure 4.3. The reatively
gmall scatter in the magnitude of the dopes at different R-values is attributed to scatter
in the experimenta results.

Figure 4.3 includes the intrindc curve predicted by the intrinsc R = 0 data
This curve fdls roughly in the middle of the predicted curves. To give an idea of the
scatter in the curves, the figure dso includes lines corresponding to one haf and two
times the crack growth rate for R = 0. All of the predicted intringc curves fdl into
this envdlope. As a result, it is concluded that the AK,; equations produce good
correlaion.

These results with 500 MPa pressure vessel sted demondtrate that an intringc
fatigue crack growth rate curve can be obtained usng Newman's materia-independent
model to account for crack closure. It is dso shown that a possibility exigts to extend
the modd beyond the range of R > -1. Consequently, in Section 4.3 the mode will
be applied to AISI 9310 dted to determine how negative R-vaues influence crack
propagation rates.

4.3 Application of Newman’s Model to AlSlI 9310 Steel

An open literature search for fatigue crack growth rate data for AlSI 9310 sted
a various R-vaues reveded little published information. A report by Au e al. [1981]
contains the mog information. Au et al. peformed tests in different environments at
various R-vaues and frequencies for carburized and noncarburized AISI 9310 sted.
Because they were investigating the corrdation between fatigue driations and crack
growth rates, only two tests were peformed on noncarburized sedl in the same
environment and a the same load frequency but at different R-values. The load levels
used in the tests were not reported. When their measured fatigue crack growth rates at
R =0.05and 0.5 are plotted against AKX, there is very little scatter in the curves This
suggests that the crack growth rate is not senstive to R or that the applied loads were

high enough such that K,, < K,,;,,- Since the objective of this study is to correlate

faigue crack growth rate data at different R-vaues, incuding the negative R regime,
Au &t ¢l.’s data is inadequate.

Additiona fatigue test data for AISI 9310 was provided by a helicopter
manufacturer on the condition that the data's source not be identified. Data points are
extracted from the fatigue crack growth rate curves obtaned from teds in two
different environments. Figure 4.4 shows growth rates for AlS 9310 sted in room
temperature air for R = -1, 0.05, and 0.5. The curves in Figure 4.5 are obtained by
extracting data points from fatigue crack growth rate tests in 250" oil for R= -1, 0.01,
and 0.5. Table 4.1 summarizes the dopes and intercepts for the various curves.
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Figure 4.4: Fatigue crack growth rate data for AISI 93 10 sted in room temperature air.
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Figure 4.5: Fatigue crack growth rate data for AlSI 9310 sted in 250° ail.
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Table 4.1: Slope and intercept of curves in Figures 4.4 and 4.5.

C

Test n [(infeycle)(ksi*in® )]
R=-1 (Ain 33 64012
R= 0.05 (Air) 35 73e-11
R =0.5 (Air) 3.9 5.3e-11
R=-1 (O 3.2 [ell
R = 0.01 (Oil 3.2 9.9¢-11
R=0.5 (Qil) 3.8 7.9e-11

For a given R, the n vaues are amilar between the two environments. The
effect of the environment can be see in the variaions of C. C is conggently larger in
the hested oil environment. A larger C will result in faster growth rates. However, the
environment effect will not be congdered in this investigation.

Smilar to the pressure vessd sted andlyses, da/dN versus AK.z plots are
generated using Equations (4.2), (4.4), and (4.5). A vaue of k¥ = 1 best describes the
condition a the crack tip in the test specimen. Figures 46 and 4.7 illudrate the
various curves collgpsng into an intrindc fatigue crack growth rate curve.

1.00E-03 3
1.00E-04 g

.OOE-05 +

da /dN [in/cycle]

1.00E-06 -

|OOE-07 -

1n=3.63
/ C*=4 26E-10

——R=-1
-+R=0.05
—+R=0.5

-Linear Curve Fit

1.00E-08
1

10
AK g [ksi*in®]

100

Figure 4.6: Intrindc fatigue crack growth rate for AISI 93 10 in room temperature air,

K=1.

Figures 4.4 through 4.7 demondrate that Newman's crack closure model
accounts for the scatter in fatigue crack growth rates at different stress ratios in AlS|
9310 ged. Table 4.2 contains the dopes and verticd intercepts from the lines in the
figures. In addition, a linear least squares curve is fit through the data in Figures 4.6
and 4.7. The dope and verticd intercept from each curve fit are dso included in the
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table. These curve fit vaues will be used in the crack growth rate modds for the
numericd andyses. Crack closure concepts will now be extended to invedtigate the
sengtivity of fatigue crack growth rates to low R-vaues.

1.00E-03

.0OE-04 1

1
1

1.00E-05

dafdN [in/cycle]

|
|.OOE-06 %1
1.00E-07 -

1.00E-08

n=3.36
C*=7.44E-10

——R=-1

-+ R=0.01

~4- R=0.5

-Linear Curve Fit

10

Ak [ksi*in™)

100

Figure 4.7: Intringc fatigue crack growth rate for AIS 9310 in 250" ail; k¥ = 1.

Table 4.2: Intringc and non-intringc fatigue crack growth rate parameters.

Test C. s 0.50 Cu s 0.5
[(in/cycle)/(ksi*in”")"]  [(inlcycle)/(ksi*in"" )]
R = -1 (Air) 33 6.4e-12 6.30e-10
R=0.05(Air) 35 7.3e-11 8.80e-10
R =05 (Air) 39 5.3e-11 1.98e-10
R=-1 (Qil) 3.2 lle-11 8.52e-10
R=0.01 (Qil) 3.2 9.9e-11 1.09e-9
R=05 (Qil) 3.8 7.9e-11 2.87e-10
Curve Fit Air 3.6 NA® 4.26e-10
Curve Fit Oil 3.4 NA’ 7.44e-10
® Not Applicable
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4.4 Senditivity of Growth Rateto Low R
Table 4.3 contains results from caculations of AK 5 a different R-vaues usng
Equations (4.1), (4.2), (4.4), and (4.5). Congtant values for Ky, kK, and Sna/0o are

assumed.

Table 4.3: Cdculdions to find AK,; over arange of R-values for a constant Kyua; SIF
units are ksi*in®’.

R K S max/ Op Kmax Kmin AK U AKeff
0.705 | 1.000 | 0.100 | 10.000 | 7.050 | 2.950 | 0.825 | 2.434
0.700 | 1.000 | 0.100 | 10.000 | 7.000 | 3.000 | 0.822 | 2.467
0.505 | 1.000 | 0.100 | 10.000 | 5.050 | 4.950 | 0.716 | 3.542
0.500 | 1.000 | 0.100 | 10.000 | 5.000 | 5.000 | 0.713 | 3.565
0.255 | 1.000 | 0.100 | 10.000 | 2.550 | 7.450 | 0.589 | 4.388
0.250 | 1.000 | 0.100 | 10.000 | 2.500 | 7.500 | 0.587 | 4.399
0.005 | 1.000 | 0.100 | 10.000 | 0.050 | 9.950 | 0474 | 4.714
0.000 | 1.000 | 0.100 | 10.000 | 0.000 | 10.000 | 0472 | 4.716
-0.495 | 1.000 | 0.100 | 10.000 | -4.950 | 14.950 | 0.327 | 4.886
-0.500 | 1.000 | 0.100 | 10.000 | -5.00 | 15.000 | 0.326 | 4.888
-0.955 | 1.000 | 0.100 | 10.000 | -9.950 | 19.950 | 0.254 | 5.058
-1.000 | 1.000 | 0.100 | 10.000 | -10.000 | 20.000 | 0.253 | 5.060
-1.995 | 1.000 | 0.100 | 10.000 | -19.950 | 29.950 | 0.180 | 5.402
-2.000 | 1.000 | 0.100 | 10.000 | -20.000 | 30.000 | 0.180 | 35.404
-2.995 | 1.000 | 0.100 | 10.000 | -29.950 | 39.950 | 0.144 | 5.746
-3.000 | 1.000 | 0.100 | 10.000 | -30.000 | 40.000 | 0.144 | 5.748

The crack growth rate is caculated in Table 4.4 based on the effective SIF data
in Table 43. C and n are assumed to be 7.44e-10 (in/cycle)/(ksi*in™*)" and 3.4,
respectively. These vadues are taken from the curve fit to the intringc growth rate deta
for the AISI 9310 gted tests conducted in heated oil. da/dN as a function of R is
plotted in Figure 4.8.

The curve in Figure 4.8 shows that the crack growth rate in the negative R
regime is less sendtive to varidions in R compared to the positive R regime. Between
R equa to zero and -3.00, the crack growth rate varies by a factor of 1.96. In a fatigue
context, a difference of this order of magnitude is acceptable. As a result, one can
conclude that when modding faigue crack growth, AK,s or likewise K,, or da/dN,
does not change sgnificantly for R < 0. Therefore, the magnitude of R is not a useful
parameter to characterize damage evolution in gears. In the context of designing gear
geometry to be damage tolerant, a primary concern need not be how aspects of gear

geometry affect R
It has been shown that when crack closure is taken into account there is not a

sgnificant change in the crack growth raes for negative R-vaues. This result will be
utilized in the numerica andyses discussed in Chapters 5 and 7. The load ratio will
be taken as R = 0 under the assumption that, if R < O, the generd results and
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conclusons would 4ill be vdid. This is a amplification to the loading cycde and
method.

Table 4.4: Crack growth rate calculations for a wide range of R-values taking into
account crack closure effects. The percent change in da/dN is due to AR =0.005.

R, AK,y da/dN % Change
[ksi*in>’] (infcycle x daldN
107)

0.705 2.434 0.153 -
0.700 2.467 0.160 4.446
0.505 3.542 0.549 -
0.500 3.565 0.561 2.135
0.255 4.388 1.136 --
0.250 | 4.399 1.146 0.873
0.005 4.714 1.1449 -
0.000 | 4716 1.451 0.130
0495 | 4.886 1.637 -
0.300 | 4.888 1.639 0.120
-U. 999 9.U00 1.041 ==
-1.000  5.060 1.844 0.116
-1.995 | 5.402 2.303 -
-2.000 | 5.404 2.306 0.108
-2.995 | 5.746 2.841 -
-3.000 |  5.748 2.844 0.102

da/dN 3.00E-07 -

2.50E-07 A

2.00E-07 -

| .OOE-07

5.00E-08

O-005400
\saviv) v v v f + R

350  -300  -250 200  -150  -1.00 050 0.0 0.50 .00
Figure 4.8: da/dN as afunction of AK .
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4.5 Chapter Summary
Highlights of this chapter can be summarized as follows:

e The crack closure concept and Newman's modd were presented. It was shown
that the modd predicts that fatigue damage occurs only during the portion of the
load cycle when the crack faces are not in contact.

e Newman's crack closure model was applied to empiricd data for crack growth
rates of a pressure vessdl gted. It was shown that crack closure explains wdl the
apparent dependence of crack growth rates on R In fact, the materid has an
intrindc crack growth rate. R is a parameter that determines during what portion
of the load range the crack faces are not in contact. This range is cdled the
effective dress intengty factor range.

e Newman's mode was applied to AlSI 9310 ded, a typica sted used for gears.
There was much less crack growth data available for this sted as compared to the
pressure vessel ded. Neverthdess, it was shown that the crack closure mode
works for this small data st.

e |t was demondrated thet, in the regime of negative R-values, the mode predicts
that the crack growth rates as a function of the effective dress intendity factors are
only a wesk function of the magnitude of R

e The observation made in this chapter that crack growth rates are not highly
sendtive to R in the negative R-regime will be used in Chapter 5 when modding
the load higtory.
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CHAPTER FIVE:
PREDICTING FATIGUE CRACK GROWTH
TRAJECTORIES IN THREE DIMENSIONS UNDER
MOVING, NON-PROPORTIONAL LOADS

5.1 Introduction

Chapter 5 covers numericd modeling issues related to predicting fatigue crack
growth trgectories in three dimensons in a spird beve pinion. The god of this
chapter is to mode crack growth under redistic operating conditions. As covered in
Section 1.2, most previous work in the area of predicting crack trgectories in gears
assumed one fixed load locetion. The location was usudly the HPSTC. However, in
operaion, spird beve gears are subjected to a load moving in three dimensions. The
fixed location loading, therefore, could lead to incorrect three dimensiond trgjectories.

A boundary dement modd of the OH-58 spird beve pinion is presented in
Section 5.2. The tooth coordinates and a dimensoned drawing of the pinion were
provided by NASA/GRC, dong with the coordinaes for discrete dliptica contact
aress dong a spird bevel gear tooth.  OSM/FRANC3D is used to create the model
from these data Studies are conducted to determine the smdlest mode that ill
achieves accurate SIF results. Once this modd is defined, initid andyses for the
discrete load cases are conducted. The SIF history for an initial crack subjected to the
moving load is presented in Section 5.3.

Section 54 deveops a method to predict three dimensond fatigue crack
growth trgectories under a moving load. The method increments a s&t of discrete
points dong the crack front for each step in the load cycle to find the totd amount of
extendon and find angle of growth after fifteen load seps (1 load cycle). The
propagetion path for each point is then gpproximated with a straight line. A number of
cycles are specified, and the crack front is advanced an amount equa to the crack
extenson for one cycle times the number of assumed cycles and a the angle
cdculated for one cycle. Next, a curve is fit through the new crack tip locations to
define the new crack front. The FRANC3D geometry modd is updated, and the
process is repeated.

Findly, in Section 5.5 the proposed moving load crack propagation method is
implemented to predict fatigue crack growth trgectories in the OH-58 spird beve
pinion.

5.2 BEM Model

A boundary dement mode of the OH-58 spird bevel pinion was built with
OSM/FRANC3D. The Cartesan coordinates for a tooth surface, tooth profile, and
fillet curve were provided by NASA/GRC. The data were generated automatically
from a program that models the gear cutting process adong with the gear kinematics.
All points on the generated tooth surface are points of tangency to the cutter surface
during the manufacturing process [Litvin 1991]. A primary motivation for developing
the tooth geometry program was to generate data for a three dimendond finite
edement anadlyss. This program’'s output was adapted to develop a boundary eement
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modd for this thess The remainder of the pinion solid modd was built from a
drawing of the pinion. The basic shape of the shafts and gear rim were modeled.
Some subtle details of the pinion drawing were ignored in cases where the geometry
would complicate the geometry mode and have negligible effects on the computed
SIFs. The surfaces of the solid modd were meshed using three- and four-noded
edements. Figure 5.1 contains three views of a typica boundary eement modd (recall

that the meshes shown in the figures are surface meshes). The volume of the gear is

not meshed. The conical shape of the gear rim and the cylindrica shepe of the shafts
are seen best in Figure 5.1b. As seen in Figures 5.1a and 5.1c, three of the nineteen
teeth of the pinion are modded explicitly. Section 5.2.2 discusses studies to verify the
accuracy of the three teeth model.

Fixed displacement
aboundary. conditions

a) Ovedl view of full modd

[ Tooth

Short shaft

T

=
-/

(.

A
Gear rim

b) Section A-A from (a): profile of shaft
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c) Close up view of teeth
Figure 5.1: Typicd boundary dement modd of OH-58 pinion.

In operation, the input torque is applied a the end of the pinion’s long shaft.
The smdl shaft Sts on roller bearings. When the torque is applied, the gear rotates
and the teeth of the pinion successvely contact the gear’s teeth. When contact occurs,
load is trandferred across the teeth. The boundary conditions shown in Figure 5.1a
mode these operatirg conditions. This modd will be referred to as the full modd.
The face paches a the end of the long shaft are fixed in dl directions The
displacements on the surfaces of the smdler shaft are restrained in the locd norma
direction. Though not explicitly shown in Figure 5.1, contact areas are modded as
diginct face patches on the middle tooth. Traction normd to the paich is defined
which equds the load that is trandferred across the contacting teeth for a given input
torque and rotation angle. More detail on how these contact patches are defined is
given in the next section.

5.2.1 Loading Simplifications

The meshing of the gear and pinion is a continuous process. The magnitude of
force between the gear teeth varies during the meshing as adjacent teeth come into and
out of contact. Figure 2.8 is a schematic of the continuous process that has been
discretized into fifteen load steps.

In order to peform numerica crack propagation studies of the pinion, the
continuous contact between the teeth is discretized into fifteen contact patches, or load
seps four double tooth contact patches, seven single tooth contact patches, followed
by four more double tooth contact patches. Each load step is a unique face paich in
the boundary dement modd. The load steps will be referred to as numbers one
through fifteen, corresponding to the patches from the gear root to the top land,
respectively. This is condgtent with the progresson of contact area dong a pinion
tooth from the root toward the top. One progresson through the fifteen load steps is
one load cycle on the tooth. One rotation of the gear results in one load cycle on each
tooth.
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The location and sze of the fifteen discrete contact patches were provided by
NASA/GRC. The data were determined numericaly by a procedure smilar to that
described by Litvin e al. [1991]. The mean point of contact between the gears is
taken as the center of the dlipse. Hertzian contact theory dong with the applied
torque leve is used to determine the width of the dlipse. The patches were caculated
for operating conditions of 300 horsepower, 6060 rotations per minutes, and 3120 in-

Ib torque. These conditions are gpproximeting the 100% design load condition, which
is defined as 3099 in-Ib torque.
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In the BEM modd, the shape of a contact dlipse is gpproximated by draight
lines connecting the axes end points. The graight line gpproximetion is vaid because
Sant Venant's principle holds, as long as the totd applied forces and resulting
moments are kept congtant, the eliptica shape of the traction can be approximated by
a patch with graight sdes without atering the sress didribution dong the crack front.
Frictiond forces are neglected, and, consequently, the traction is congant over the
patch. Each patch has a unique magnitude of traction.

The four figures in Figure 5.2 demondrate how the traction patches are built
into the model geometry. The purpose of the modds is to cdculate SIFs from dl
fifteen datic load cases. The combination of al fifteen SIF didributions represents
one load cycle on the tooth. Figure 52 shows how a sngle BEM modd can
incorporate multiple load cases. Not dl of the contact dlipses can be modded in one
BEM modd because there is overlap between the dlipses. The multiple load case
feature minimizes the computationd time. For example, the boundary dement modd
for load cases one, five, eght, and thirteen is virtudly identicd. The only difference
between them is the boundary conditions. Hence, with the multiple load case fegture,
the two most computationdly expensve steps of the boundary eement solver, setting
up the boundary integra equations and factoring the gtiffness matrix, occur only once.
The different boundary conditions are then gpplied individualy, and the corresponding
equations are solved for the unknown displacements and tractions for each load case.

5.2.2 Influence of Model Size on SIF Accuracy

The fewer the number of dements or unknowns, in a bounday eement
modd, the less computationdly intensve the modd is. Minimizing the number of
dements can primaily be accomplished by 1) usng a coassr mesh with larger
eements or 2) by modding less of the geometry of the solid. A disadvantage of the
first option is the accuracy of the solution is sacrificed. The dements used in dl of the
dudies in this thess ae linear. Therefore, only linear variaions in digplacement
across an eement can be represented. Likewise, the geometry is approximated by a
series of liner ssgments.  Because the geometry of the pinion is complex with
dgnificant amounts of curvaure, larger dements do not represent the geometry
adequately. As a result, this option is disregarded, and the second option, smplifying
the modd, is considered.

Smplifying the modd dso has drawbacks. The smdler the portion of the
pinion modeled, the less accurate the representation of the boundary conditions. Three
amplified modds ae invedigated. The firsd amplification, Figure 5.3, is to ignore the
long shaft in the full modd. The new faces that are crested when the long shaft is
disregarded are restrained in al directions. Secondly, the smaler shaft is removed,
Figure 5.4. The boundary conditions on the hed end are the same as smplification
one, and the new faces on the toe end are st to traction free. The final smplification
is to cut the rim of the pinion in haf, Figure 55. The boundary conditions for this
modd are the same as the second smplification, with the addition of roller boundary
conditions (displacement in the direction of the loca norma set to zero) gpplied to the
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new faces. The boundary conditions for each modd are chosen because they most
closely match those of the full modd (Figure 5.1 a).

rollers

Figure 5.3: Smplified mode 1: ignore long shéft.

In each of the amplified modds, the flexibility of the pinion changes. When
an identical crack is introduced into dl of the modds, the SIFs might vary from modd
to modd. To determine whether a samplified modd is vdid, the SIFs from the
amplified modds are compared to the full modd’s SIFs for identicad cracks. It is
assumed that the full modd most accurately represents the operating conditions and

loading paths.
e
free 1 fixed
\
==
Figure 54: Smplified modd 2: ignore both shafts.
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rollers
Figure 5.5: Smplified modd 3: ignore both shafts and haf of gear rim.

A sami-dliptical crack is introduced in the root of the middle tooth in each
modd. The crack is 0.64 inches long and 0.14 inches degp. A smplified load is
gpplied to the middle tooth over the middle third of the tooth length and tooth height.
The shape of the traction patch is rectangular, and the traction across the patch is
constant. The shgpe and location of the traction patch is different from those
described in Section 5.2.1. However, the difference is not important because the intent
is to andyze differences in SIFs between modes after changing one vaiable and
keeping dl the rest of the model parameters constant. To achieve consstency between
al the modds, the mesh in the region of the crack and load patch is identica.

The SIFs increase on average by 7%, 8%, and 11% with respect to the full
mode’s SIFs for smplification one, two, and three, respectively. In a fatigue growth
rate context, changes of this magnitude are sgnificant. Recall that the crack growth
rate is proportiond to K; raised to a power (Equation (3.6)). For AISI 9310, the
magnitude of the exponent is gpproximately 34. Consequently, seemingly smal
changes in the SIFs have dramatic effects on the crack growth rate predictions. It is
concluded from this sudy that the full mode should be used for dl trgectory
predictions.

To verify tha only explicitly modding three teeth yidds accurae results a
nine testh modd is andyzed. If the SIFs between the three teeth and nine teeth
modds are smilar, then it can be concluded that not al of the nineteen teeth of the
pinion need to be modeed.

An edge crack is introduced in the three and nine teeth models, in the middle
of the tooth length, in the root of the concave sde of the middle tooth. The crack
shape is sami-dliptica, and is 0.125 inches long and 0.05 inches deep. An effort is
made to keep the meshes between the two models identical.

The difference in SIF digtribution under load steps 1, 5, and 8 is investigated.
As shown in Figure 5.6, the percent difference in K; between the two modes for dl
three load cases is below 5%. The absolute magnitude of K for both models and dll
load cases is dgnificantly smdler than K;. Consequently, a smdl variaion in Ky
appears as a large percent difference between the models. Instead of percent
differences, Figure 5.7 shows the absolute K; vadues for dl the loads and models. It is
evident from the figures that the three teeth and nine testh models yidd smilar results,
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leading to the concluson tha the three teeth modd is sufficient for the trgectory
prediction analyses.

8 N

6 Load 8

4
.dé) O .\\.\\.:K.\l T T T T T T T g»vf—/l‘.'/.(. 1
£ 1 2 3 4 5 6 15 16 17 18 19
2 29 /s Crack front position
& Load 5 (Orientation: hedl to tog)

4+

6

-8 B

-10

Figure 5.6 Percent difference in K; between three teeth and nine teeth models for load
cases one, five, and eight. Crack front position one corresponds to the hed end of the
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K digribution for three teeth and nine teeth models for load cases one,
five, and eight.

SIF History Under Moving L oad

To sgmulate the moving load during one load cycle on a pinion's tooth, fifteen
datic BEM andyses are peformed. Each andysis represents one of the fifteen
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discrete time steps as the contact area moves up the pinion tooth, as discussed in
Section 5.2.1. Recdl these contact dlipses are defined for a full design load input
torque of 3120 in-lb. The full pinion boundary element modd is used, Figure 5.1. A
semi-eliptical edge crack is introduced into the root of the middle tooth on the
concave sde. The crack is located approximately in the middle of the tooth length.
The dimensons are 0.125 inches long by 0.050 inches deep. The crack is oriented
approximately norma to the surface.

Each load step produces a unique SIF digribution adong the crack front. The
SIF digribution changes between load steps because the load position and magnitude
vaies from sep to step. Figure 5.8 shows the mode | SIF didribution for the first
eleven load geps, the initid four double tooth contact load steps followed by the seven
sngle tooth contact load steps. The second stage of double tooth contact, load steps
twdve through fifteen, are omitted from the figure to smplify it. Modes Il and Il
SIFs are plotted smilarly in Appendix A.

The four bottom curves in Figure 5.8 are the SIFs under double tooth contact.
The remaining seven curves are the SIFs under the single tooth contact load steps.
The bottom most of the seven curves corresponds to load five. The topmost curve is
the result from load eeven, the last single tooth contact step. The tota applied force
for each gngle tooth contact load step is roughly equivdent. However, as the load
sep number increases, the SIF curves shift up. This is explained by the fact that the
locations of the contact patches are progressing up the pinion tooth. The change in
location creates a grester moment arm. As a reault, the displacements, and likewise
STFs, in the tooth root will thus increase,

18000 .

16000 J

—— Load 1
— Load 2
-4 Load 3
*Load 4
- Load 5
—e— Load 6
—-Load 7
-Load 8
-Load 9
—e—Load 10
—=-Load 11

1 6 11 6 2 26 31 36 41 46 51 5% 61
Crack front position
(Orientation: heel to toe)

Figure 5.8: Mode | SIF digtribution for load steps one through eeven.
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Another gpproach to examine the data is to plot the SIF history for each point
adong the crack front. Figure 5.9 shows the SIF higory for point 29 in Figure 5.8
(roughly the midpoint of the crack front). The magnitude of X;, Ky, and Ky is plotted
as a function of time, or load step. The figure aso includes K,,, which was caculated
usng Newman's crack closure equations described by Equations (4.1), (4.2), (4.4),
and (4.5).
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]

K [psi*in®]
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-2000

-4000 ]
Figure 5.9: Typicd SIF higtory for one load cycle for one point on crack front.

When the individud points in Figure 59 are connected with draght lines, the
plots represent the loading cycle on the tooth. The minimum load has been taken to be
zero. In actudity, the minimum load in the tooth root might be compressve. When a
tooth is loaded, compressve sresses could result in the root of the convex sde
Depending on the magnitude of these stresses, they may extend into the concave root
of the adjacent tooth. However, Chapter 4 demonstrated that the crack growth rates do
not vary dgnificantly for negeative R-vaues when crack closure is taken into account.
Therefore, the load cycle is modeled as R equds zero, i.e. Ky, = K jpin = Kjpmin = 0.

The difference in the sngle tooth and double tooth contact loads is evident in
the mode | SIFs. The plateaus in the curve correspond to the two contact stages. K is
sgnificantly larger during single tooth contact (load steps 5-11) compared to the
double tooth contact stages (load steps -4 and 12-15). The magnitudes of K; are
sgnificantly greater than Ki. As a reault, it will be assumed that mode 11l does not
contribute to the crack growth.

Based on gear theory, the curves in Figure 59 should be continuous and

smooth. The continuous curves would most likely show a large increase in dope as
the loading progresses from double tooth contact to single tooth contact. One can
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imagine that as the number of discrete load steps increases, the curves in Figure 5.9
will become smoother. However, due to transmisson eror and noisg, it is known that
the curves in redity are ndther continuous nor smooth. Therefore, it is assumed that
the fifteen load Seps are sufficient to gpproximate the true loading conditions.

The moving load on the pinion’s tooth is non-proportiond; the ratio of Ky to K;
changes during the load cycle, Figure 5.10. Consequently, the method to propagate a
three dimensional crack described in Section 3.2.3 can not be used. That method
assumed proportional loading, which results in a congtant kink angle for the load
cycle. Since the ratio is changing in the spird-bevel gear tooth, the predicted angle of
propagation during the load cycle changes. A method to determine how a crack would
grow under this type of loading is required and is proposed in Section 5.4.

021
0 T T T 7 7 T T T T T “”‘?

14 15
Load Step

KylK,

Fgure 5.10: Typicd Kj; to K; ratio under moving load.

The Kj to K; rdio dso indicaes which loading mode is driving the crack
growth. Mode | dominant fatigue crack growth is associated with smdler ratios. Qian
et al. [1996] studied mixed mode | and Il crack growth in four point bend specimens.
They sdected the test specimen geometries from FEM andyses that consdered
various crack lengths and orientations to achieve different Ky to K; raios. From the
andyses, they sdected five different geometries with K;/K; vaues of 0, 0.262, 0.701,
1.8 12, and 16.725. The ratios covered crack growth mechanisms of pure mode I,
mode | dominant, balanced mode | and Il effects, mode 11 dominant, and highly mode
[l dominant, respectively. Using these ratios as guiddines, the gear Stuation can be
characterized as balanced mode | and 11 effects during the earlier stages of the cycle to
mode | dominant crack growth during the later Stages of the cycle. However, it will be
assumed that the fatigue crack growth is driven by mode I.
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5.4 Method for Three Dimensional Fatigue Crack Growth Predictions

Under Non-Proportional Loading

As shown in Section 5.3, a crack in a spiral beve pinion tooth is subjected to
non-proportional loading. As a result, conventiona methods to predict crack growth
trgectories in three dimensons are not adequate. A literature review of non-
proportiona fatigue crack growth reveded only a few methods that were gpplicable to
the gear model; Section 54.1 is a summary of relevant work. A method to predict
three dimengdona fatigue crack trgectories under non-proportional loads is proposed
in Section 5.4.2. Section 5.4.3 summarizes the gpproximations of the method.

54.1 Literature Review
In the literature related to non-proportiona fatigue crack growth, the magjority

of the work is experimentd. The limited amount of numerical work is reaed to
predicting crack growth rates and faigue life. The numericad work is dso largey
confined to two dimensond andyses. Schijve [1996] gives an overview of methods
and research related to predicting fatigue life and crack growth. There is no mention
of predicting crack trgectories in non-proportiond loading scenarios.  Crack
trgectories are of primary importance in the context of gears because the trgectory
determines whether the fallure mode will be catastrophic. The number of cycles to
falure is of secondary importance because the high loading frequency on a gear's
tooth results in very short times from crack initiation to tooth or rim failure.

Bold et al. [1992] is the most extensve report covering fatigue crack growth in
deds under mixed mode | and Il loading. They give experimenta results from non-
proportiond mode | and Il tests, and compare the maximum tangential stress theory
(pure mode 1) and maximum shear dress (pure mode 1) theory for predicting kink
agles to experimenta results  However, ther work contains no theoretica
predictions for mixed mode. Bower et al. [1994] conddered brittle fracture under a
moving contact load. They incrementaly advanced the load and evauaed the SE a
each stage of contact. If the SIFs met their fracture criterion, then the crack was
propagated based on the mode | and Il SIFs for that load pogtion usng the maximum
principad dress criterion. Their gpproach incorporates non-proportiona loading in an
incremental manner; however, the work is limited to brittle fracture, does not include
fatigue, and does not include three dimendond effects.

Hourlier et al.’s [1985] focus was to determine which of three theories
predicted trgectories closest to experimental data for non-proportional loading. They
worked in terms of &;, which is the mode | dress intendty factor for a smal advance of
the crack at an angle 6. The three theories investigated were 1) direction in which &; is
a maximum, 2) direction where A%; is a maximum, and 3) direction of maximum
faigue growth rate da/dN. The rate is caculated assuming a mode | dominant growth
mechaniam and is a function of ky,.(6) and Ak (6). Their work found that 1) was the
most inaccurate method. In generd, the maximum da/dN method was found to best
match experimental results. Hourlier et al.’s work is not practical for the purposes of
this thes's primarily because it requires one to express the moving load and 4; in closed
forms as functions of time and @ in order to find the angle corresponding to the
maximum  da/dN.
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Three dimensond finite dement andyses have been pearformed to smulate the
whed pogtion over a railroad track containing a crack [Olzak et al. 1993]. The ral
mode is andyzed for consecutive stages of whed pogtion and the SIFs are caculated
for each stage. However, Olzak et al. did not propagate the crack. Their primary god
was to determine what happens to the crack displacement and contact shape when the
load is directly over the crack. In the case of the spird bevel gear, the load will most
likely never be directly over the crack and their findings are not gpplicable.

The most ggnificant work was done by Panasyuk et al. [1995]. They
numerically modeled and propagated a two dimensional edge crack under a moving
contact load. The maximum principal stress theory was used, and growth rates were
caculated by Paris modd. The trandation and location of the contact are expressed
as functions of it, the distance from the load to the crack. To caculate the kink angle,
firs the vaues of A that correspond to an extremum of K = FIK, (L), Kiu(A), &A)] are
found. Next 6, K;, and Kj; a these A are cdculaed, from which the growth rate is
cdculated. Finaly, it is assumed that the crack propagates for N cycles a that growth
rate and angle, and the crack in the numericd mode is updated and the process is
repeated. Panasyuk et al. assumed that their geometry was an éagtic hdf plane, and,
therefore, they could set up closed form equations and solve andyticdly for K, K,
and 6. Once again, their method can not be directly applied to gear mode because
neither the traction nor the geometry can be expressed in closed form. The method
aso does not directly take into account the non-proportional loading and assumes a
congtant kink angle for the entire load cycle. However, their method is extended and a
amilar incrementa approach is developed in the next section.

5.4.2 Proposed M ethod

Compared to a two dimensond datic problem, the problem a hand is
continuous in time and in a third space dimenson. Methods have been presented in
previous chapters and sections to discretize both of these dimensons. With the
discretizations, two dimensond crack propagation theories can be applied. In
summary, the proposed method discretizes the continuous loading in time into a series
of dliptical contact patches, or load increments. Two dimensond fatigue crack
propagation theories are then used to propagate incrementadly a series of discrete
points from the three dimensona crack front. The remainder of this section outlines a
proposed method to predict fatigue crack trgectories in three dimensions teking into

account time varying SIFs.

Method
1. Discretize tooth contact path into 15 load steps (Section 5.2.1).

2. Cdculate by the digplacement correlation method, using a feeture built in to
FRANC3D/BES, the mode I, I, and 1l SIFs (K}, Ky, Kni'y), where i is a
discrete point along the crack front (i=1-num_points) and j is the load case
(7=0-=M). In generd, the nodes of the first row of mesh nodes behind the crack
front are taken as the discrete points. Figure 5.9 is a typicd plot of the SIFs for a
gngle point i aong the crack front for the entire loading cycle.
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3. The god of this gep is to cdculae for a given point { the amount of crack
extension, dd'(.1, j, during a load step from j-1 to j. 8 ‘¢, j is the angle for the
extenson during a load step from j-1 to j. It is assumed tha the crack grows
incrementaly during a load cycle. In addition, propagation a point ; only takes
place when the change in mode | SIF between load steps is positive,
(K,;'; = K;'1y) > 0, and only when K;/; is greater than the opening SIF a that
point, K,,. This implies that growth will only teke place during the loading
portion of the cycle.

To caculate most accurately the total amount of crack growth over one cycle,
crack closure is taken into account. The amount of extenson during one load
cycle predicted by a modified Paris modd, adjusted to incorporate crack closure,
is

da'=C(AK )" (5.1)
where AKeﬁ‘ —KI max "'Kop - U*Klma\ Uis glven by Equalon (4 2) Kop is found
usng Equations (4.4) and (4.5). Figure 5.9 shows that the loading is characterized
by R=0.

In order to calculate U, S,... the far fidd dress in a Griffith crack problem, is
required. Figure 511 shows the Griffith crack geometry [Griffith 1921]. The
gear’'s geometry is obvioudy different from a Griffith crack problem. Therefore,
an equwdent Smax Must be caculated for the gear. First, K/ may is found in step 2.

Smax 1S then found by solving Equation (3.2) for Sy

i [ K Ima\
Sma\'I zo-ma\" = (52)
" B
Ladlly, it is assumed that, a a given point, the amount of extenson between
load steps is proportiond to the ratio of the change in mode | SIF to the effective
SIF. The amount of crack growth for each load increment is given by:
K, =K, -
da' (1. = — (ZKW'II 2 da (5.3)
The angle of crack growth associate with each load increment is found from the
maximum principa gress theory using the current load steps SIFs as.

. 2

' 1K, » 1K,

€'y =2tan”| - =L 4 Ko, (5. 4)
4K, 4WK,/»
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2a

c
Fgure 5.11. Griffith crack problem: Straight, through thickness crack in an infinite
plate subjected to uniform tensle dresses [Griffith 1921].

4. Repeat step 3 for every load step of the cycle to get the find coordinates and angle
for the trgectory during one load cycle. The find crack trgectory is gpproximated
by a draght line from the initid crack tip location to the find crack growth
location. Based on sSmple geometry, the find length, da;, and find angle, 6,
after one load cycle are cdculated in the following manner:

P =T 0 (55)
; h'
6 I‘—-‘t - e
f an (11 ) (56)
M
where 2 d' (- ;,>cos( 0'- 1._,‘)) (5.7)
M .
z du—l‘ﬂSin(@'u—l.j)) (5.8)

Figure 512 illusrates this sep schemdicdly, assuming the load cycle has
been discretized into four steps, i.e. M = 4. Note that the arc length, which is the
sum of the da(,l j» Is equa to the amount of growth predicted by the crack-
closuremodified Paris modd, Equation (5.1). The arc length is given
mathematicaly by

M .
da’ = Zda’(_,--w (5.9)
=0
5. Repeat steps 3 and 4 for every point dong the crack front.
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6.

Determine the number of cycles, N, necessary to achieve a Sgnificant amount of
crack growth in relaion to the pinion's geometry. This step is necessary because
the amount of crack growth over one load cycle is too smdl to update the
geometry model. Therefore, it is necessary to assume that a series of load cycles
has occurred prior to changing the geometry. Because each point along the crack
front has a unique growth rate associated with it, the crack front will not grow
uniformly. Each point will grow by an amount dag,-
d aﬁnall = N * daTI (510)

In generd, N is chosen such that dajine/ > 0.01 inches.

7. Update the FRANC3D geometry mode with the new crack that has grown by an

8.

amount of dagn,/. To accomplish this a leest squares curve fit is performed
through the new discrete crack front points. A single polynomid curve may be fit
through dl of the points, or the points may be divided into a user-defined number
of sats and individud polynomid curves are fit to each set. After the crack
geometry is updated, it is necessary to locdly remesh the modd prior running the
BEM solver. Once again, dl load steps are andyzed with the new crack.

Repest process beginning at step 2.

Y A

Crack tip_g, - X

*

Figure 5.12: Schematic of crack extenson for one point dong the crack front after one

load cycle.
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54.3 Approximations of Method

The accuracy of the proposed method is limited by the accuracy of the BEM
results.  In addition, severd approximaions and smplifications in the loading
conditions and crack growth rate models could affect the accuracy. The shape of the
eliptical contact paiches is estimated by draght lines. When the agpplied traction is
far enough away from the crack front such that the deformation due to loca contact
stresses does not contribute to the crack tip fied, St. Venant's principle holds. In this
case, the shape of the traction area is inconsequential and the straight line
approximation is legitimate. However, if the crack trgectory is dgnificantly close to a
contact patch, then this assumption is no longer vaid. As a reault, the accuracy of the
SIFs could be comprised. Furthermore, the Sze and location of each of the fifteen
contact areas are kept constant throughout the crack propagation. In redity, the
change in flexibility of the tooth could change the contact areass and in turn affect the
SIF didribution in the later stages of propagation. This aspect will be investigated in
Chapter 7. However, if the same contact areas are used during the entire crack
propagetion smulation, the fatigue life predictions will mogt likdy be consarvative.
This is because the SIFs continuoudy increase as the crack advances when the loading
scenario is kept congtant and the crack length is increasing.

It is assumed that the crack front conditions are characterized by plane dtrain
dong the entire front. This is condgent with the maximum principal sress theory
equations implemented to cdculate the kink angle. However, shdlow cracks and
portions of edge cracks near the free surface are usudly characterized by plane stress,
not plane dran. Nevethdess, crack growth rates will be larger in plane dran
conditions than plane dress. This assumption ers on the conservaive sde and will
predict shorter fatigue lives. The Sze of the plagic zone in the gear is invedigated
more in Section 7.3.2.

An additiond gpproximation is introduced when incrementaly caculating the
amount of crack growth. The method assumes that crack growth only occurs during
the tendgle portion of the load cycle. However, it can not be experimentaly shown that
this is true. In fact, it is generdly accepted that crack growth occurs during the
opening and closing portion of the load cycle [Laird 1967]. The tensle portion creates
plagic deformation a the crack tip and causes it to blunt. During unloading, the
plastic deformation creates a wedging action a the crack tip that acts to advance the
crack.

The reasoning behind Equation (5.3) governing the crack growth rate is that, if
the loading were to become proportiona, the amount of crack extenson predicted
during one loading cycle would be equa to that predicted by the crack-closure-
modified Paris modd. An additiond assumption is that the method assumes mode |
dominant fatigue crack growth. If theratio of Ky to K;, and likewise the retio of Ky to
K;, were to become large enough, the mode Il (or mode 111) loading could contribute to
the crack growth. In this case, AK.s should be a function of Kj, Ky, and/or Ky The
models proposed for crack growth rates do not incorporate the mode Il and 111 effects.

For each propagetion step, a vaue for N is chosen that is large enough to
increase a maority of the crack front a sgnificant distance in relaion to the modd’s
geometry. It is assumed during the N loading cydes that the vaiaions in the
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displacements and dresses are negligible.  In redity, the crack is growing dowly
during the cycles and therefore the displacements and stresses a the crack front will
vary as the crack advances. If the vdue of N is too large, then the modd will not pick
up subtle changes in digplacements. Consequently, the predicted crack front shape
and trgectory will be inaccurate.

5.5 Smulation Results

Three dimensond fatigue crack trgectory smulations are performed usng the
method described for non-proportiona loading in Section 54.2. The full pinion
boundary dement modd is used and an initid crack is introduced into the modd as
described in Section 5.3. In order to vdidate the predictions, the dimensons and
shape of the crack are Smilar to a starter notch that was used in a tested pinion. The
experimentd results and data are reported in Chapter 6.

Thirteen crack propagetion steps are carried out, which model the crack at
thirteen distinct stages of growth. In each propagation step, the SIFs are evauated
usng the disgplacement corrdation method a the mesh nodes in the firg row of
dements dong the crack front. To reduce the computational time for each
propagation step, the second stage of double tooth contact, load steps twelve through
fifteen, are ignored. The method for propagation adopted here only dlows crack
growth during loading. The fina four load steps represent the unloading portion of the
load cycle and, therefore, do not contribute to crack growth in the smulations.

The Paris growth rate model modified to incorporate crack closure is used in
this study. The modd parameters are held congtant during the propagation steps.
Vaues for C and » are taken from a curve fit to AISl 9310 sted crack growth rate data
from 250° oil (Section 4.4). k is s&t equd to three (plane strain). To cdculae Sy,
which is a vaiable in the K,, cdculaion, S is set to one. The materid properties listed
in Table 2.2 are used.

A least squares curve fit to the predicted discrete crack front points is used to
determine a smooth crack front curve. The gpproach is to fit a polynomia curve of
second or third order to groups of points. To adlow unsymmetric crack front shapes,
the crack front points are divided into one, two, or three groups. A curve is then fit
independently through each group.

The tooth contact locations and magnitudes defined for the 100% design load
are used throughout the thirteen propagation steps. The loading smplifications for
these data were presented in Section 5.2.1.

Table 5.1 contains the crack geometry and growth rate data for each of the
propagation steps. N is rounded to the nearest 100 cycles. Figures 5.13 and 5.14 show
the initid and fina crack trgectories aong the tooth surface and the depth of the crack
into the gear rim. At the end of propagation step thirteen, the crack has propagated
neither entirdy through the tooth width nor through the rim. The analyses are stopped
a this step because the toe end of the crack has reached the top land. It was decided
that continuing the andyses would lead to no additiond insights because, as reported
in Chapter 7, the prediction differed from the experimenta results. Also, one can
imagine that if the smulaions were continued, since the trgectory has turned on both
the hed and toe end, this middle portion of the tooth will bresk away from the gear.
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Table 5.1: Crack propagation data from trgjectory prediction.

Propagation N Crack Front Depth Area
Step [cycles]  Length [i] [inx 107  [in x 107]

0 N.A. 0.200 5.00 0.579

1 15,000 0.233 5.53 0.743

2 20,200 0.258 5.58 0.837

3 38,200 0.237 5.17 0.933

4 56,200 0.453 5.88 1.69

5 66,500 0.506 6.32 2.19

6 76,800 0.595 6.85 2.77

7 94,900 0.774 8.10 4.27

8 121,000 0.940 9.50 5.76

9 147,200 1.11 11.4 7.77

10 187,400 1.15 12.9 10.1

11 227,000 1.19 14.9 12.5

12 274,000 1.29 16.9 15.7

13 311,000 1.42 18.8 18.6

N Total = 311,000

Initial notch \§\§;p/

a) Tooth surface

~——

/
\\_‘ /Z /Initial

b) Cross section of tooth at midpoint of crack
Figure 5.13: Initid crack; N = O cycles.

"The approximate location along the tooth length of theinitial crack’s midpoint is used to measure the
crack depth.
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a) Tooth surface

b) Cross section of tooth a midpoint of
initial  crack
Figure 5.14: Crack prediction after thirteen propagation steps; N = 3 11,000 cycles.

In the dmulation, the mgority of the crack front has progressed amost
hafway through the tooth width. A rough estimate of the totd life of the gear is made
by esimating the tooth width as 0.227 inches a the toe end and usng the average
growth rate from step thirteen. From these data, approximately 200,000 cycles are
necessary for the crack front to progress through the remaining ligament. Therefore,
the number of cydes to falure beginning from the initid notch is edimated to be
511,000. This number could be non-conservative since a congant X is used to
cdculae the remaning life On the other hand, the fatigue life prediction does not
take into account the cycles leading up to crack initiation. It assumes that the crack
begins propagating immediatdy after the introduction of the notch. It is mog likey
that in a red gear a number of cycles are atributed to initiation of the crack
propagation from the notch.

Figure 5.15 is a plot of the cdculated fatigue life. The location dong the tooth
length of the initid crack’'s midpoint is used to measure the crack depth, which is
plotted againgt totd number of cycdes. The crack face area as a function of tota
number of cycles is dso plotted for comparison since the crack depth varies aong the
crack length.
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Figure 5.15: Predicted crack depth and crack area versus number of cycles.

The accurecy of the crack trgectory and fatigue life predictions will be
evaduated in Chapter 7 by comparing the smulation results to experimental data. The
experimenta data is obtained from a spird beve pinion test that was carried out by
NASA/GRC.

5.6 Chapter Summary

In this chapter, a boundary eement modd of a spird beve pinion was
presented. Different sze modds were investigated to determine the smalest modd
which achieved accurate SIP results. An initia crack was introduced into the mode
and the SIP higtory aong the crack front under the moving load on the pinion tooth
was found. It was determined that the loading on the tooth was non-proportiond. As
a result, a method was developed to propagate the three dimensiona crack under the
non-proportional load. A crack trgectory prediction in the OH-58 spira bevel pinion
was peformed usng this method. In Chapter 7, the dmulation results will be
compared to experiment results, Chapter 6 presents the experimenta data. In addition,
in Chapter 7 parameters of the crack propagation method will be investigated to
determine the sengtivity of the growth rates and trgectories to varidions in the
method and crack growth rate model variables.
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CHAPTER SIX:
EXPERIMENTAL RESULTS

6.1 Introduction

Experimental results can be used to evauate the accuracy of the predictions
made in Chapter 5. Recordings of crack length and depth as a function of tota
number of cycles are necessary to confirm the fatigue life prediction. Knowing the
crack front shgpe during propagation would aso asss in verifying the predictions.

There is a limited amount of useful experimenta data for the OH-58 pinion to
vdidate the numericd results Test data from an OH-58 spird bevel pinion are
provided by NASA/GRC. The crack growth observations made during the test are
limited. As a result, the fracture surfaces of the tested pinion are observed under a
scanning eectron microscope (SEM).  The test data from NASA/GRC and the
fractography results are summarized in Section 6.2 and 6.3, respectively. A crack
growth scenario during the test is formulated from the SEM observations.

6.2 Test Results

A pinion that was tested by NASA/CRC in their spirad bevel gear test fixture
under a separate research project is used for comparison/vdidation. Table 6.1
contains the loading data from the tes. A notch was eectro-discharge machined
(EDM) into the root of a tooth’'s concave sde. The gear was run for six million cycles
beginning at 1550 in-Ib torque and progressing up to 4649 in-Ib torque at the end of
the x million cycles The test was not stopped until the completion of the sx million
cycles, a which time, there was no observable crack growth. As a result, eight more
notches of varying szes were fabricated into individud tooth roots of the pinion. The
pinion then ran continuoudy for an additiond 4.9 million cydes a increasng levels of
torque detailed in Table 6.1. At the completion of the 4.9 million cydes, five tegth
had fractured from the pinion.

Table 6.1; Pinion test data.

Time Speed Torque # of EDM
[cycled] [rpm] [in-1b] Notches
I million 6060 1550 |
I million 6060 2324 |
I million 6060 3099 |
I million 6060 3874 |
2 million 6060 4649 |
1 million 4848 2479 9
1 million 6060 3099 9
1 million 6060 3874 9

19 million 6060 4649 9

During the latter 4.9 million cycles, the test was never stiopped to observe the
crack growth. Therefore, the sequence of events for the tooth fractures and the exact
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number of cydes to falure are unknown. Some of the crack growth may have
occurred during the first million cycles a 2479 in-lb torque, or there may have been
no crack growth until the last 1.9 million cycles a 4649 in-lb torque. In addition,
snce no obsarvations of crack growth during the 4.9 million cycles were made, the
predicted fatigue life curve (Figure 5.15) can not be vdidated. The only quantitative
information is an upper bound of 4.9 million cycles on the totd number of cycles to

falure

Figure 6.1: Typicd tooth falure in tested pinion.
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Quditative information can be teken from the pinion tet to vdidae the
predictions. For example, dl five falures were tegth fractures. There was no
evidence of a rim type of falure. A macroscopic view of the crack trgectory can be
determined from the tested pinion. Figure 6.1 shows photographs of a typicd tooth
falure in the teted pinion. The rectangular EDM notch on the concave sde of the
tooth near the root is observable in dl of the pictures. The crack trgectory, which is
assumed to initiate from the EDM notch, is degper into the rim in the middle of the
tooth length than on the toe end. In addition, a ridge is observed where the crack
trgectory turned toward the root of the convex sde from the initid path into the rim.
All five of the fractured teeth had remaining portions of the tooth left intact at the hed
end. Furthermore, four of the notches were smal enough such that they do not appear
to have grown during the 4.9 million load cycles.

Crack growth rate data and crack front shape information during propagation
could both be used to vdidae the numericd andyses. Since this data was
unavailable, the tooth fractures were observed with a SEM. The SEM observations
are summarized in the next section.

6.3 Fractography

6.3.1 Overview

Three teeth that had fractured from the tested OH-58 pinion were examined
usng a SEM. Tooth #11 contained a “short” notch (-4 mm long X ~1mm deep), and
was the initid flav from which the numericd smulaions were based. Tooth #5
contained a longer and deeper starter notch (-18 mm x -1.7 mm deep). Pictures of
these teeth’s fracture surfaces are contained in this section. The dtarter notch of the
third tooth examined was amilar to tooth #11. No digtinguishing festures were found
on the tooth that were not seen on the other teeth.

There were several gods of the examinations. The primary objectives were to
determine how much of the crack growth occurred due to fatigue, where the
mechanian of falure might have changed, and, if it did change, to what type of
fracture mechanism. Additiondly, information on the rate of crack growth and the
crack front shape during propagation was desired. All of this information could verify
how wdl the numericad smulations predicted the actud crack evolution.

The sketch in Figure 6.2 shows a typica view of how the crack propagated
through a pinion tooth's cross section. The crack initiated from the EDM notch on the
sde of the tooth with the gpplied load. This sde is the loaded or concave sde. The
opposite sde of the tooth, where the crack ends, is the load free or convex sde. The
region where the crack deviates from the origind peth, into the rim, towards the fillet
on the convex side will be referred to as the ridge.

Figures 6.3 and 6.4 are of tooth #5 and #11, respectively. The fractured teeth
are lying on their sde with the tooth surface a the bottom of the figure and the ridge
a the top. As illugrated in Figure 6.2, the crack growth direction was from the bottom
of the photograph toward the ridge at the top of the photograph. The EDM notch is
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the rectangular region dong a portion of the tooth length near the bottom right corner
and is labeed A in the figures.

Concave side Convex side
---- Fatigue: rubbed
--— Fatigue: partialy rubbed
Tooth  surface =wa Ductile rupture
e | pt
Crack initiation
from EDM notch ———=»/, .
. Ridge

~

- 7
N Y,
L Y
BN 7

Figure 6.2: Sketch of crack propagation through typical pinion tooth’'s cross section.

4. &> 28,18 Ry

Figure 6.3: Low magnifiv(v:étion"'(4.6><)' view of tooth #5's fracture surface on concave
Sde.

The left sde of both Figures 6.3 and 6.4 is the toe end of the tooth length. This

is true for dl of the concave side pictures in this chapter. On the other hand, the right
sde of the photographs from the convex sde is the toe end of the tooth length. All of
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the photographs of the fracture surfaces designate the tooth number, the level of
magnification, and a length scde.

5, 3% 28.B kv 1™ %1l sBORE

Figure 6.4: Low magni‘f‘ié&ion (5.3%) view of tooth #1 1 ’s fracture surface on concave
side.

6.3.2 Resllts

The morphologies of teeth #5 and #11 ae very Smilar. Lines emanating
radialy from the starter notch are visble a low magnifications (4.6~ in Figure 6.3 and
5.3x in Fgure 6.4). Thesxe lines are indicative of fatigue crack growth.

On tooth #1 1, some fatigue striations can be seen near the EDM notch. Region
A in Figure 6.5a is the EDM notch. Figure 6.5b is a magnified view of the dSriated
region.® As expected, the striations are roughly pardlel to the edge of the EDM notch.
The crack growth direction was perpendicular to the driations and, as mentioned
above, from the bottom of the figure towards the top. In generd, however, most of the
surface near the notch was flat with no significant features or texture. This flat surface
leads to the concluson that sgnificant rubbing took place. The rubbing “polished” the
surface and removed dl features that would have indicated the mode of fracture, eg.
fatigue driations, dimples, etc. The rubbed surface was visble over approximetely
80% of the surface when moving away from the notch toward the ridge of the fracture.
Point B in Figure 6.3 is the gpproximate location where Figure 6.6 was taken. Figure
6.6 is an example of the typicd surface appearance in the rubbed region.” The

$ Figure B. 1in Appendix B also contains magnified views of the striated region.
’ Figure B.2 in Appendix B is another picture of the typical surface appearance in the rubbed region.
Point B in Figure 6.4 is the approximate location where Figure B.2 was taken.
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polishing might have resulted from rubbing of the crack faces while the gear was in
operation or rubbing agangt a pat of the gearbox after fracturing away from the
pinion. The extent and uniformity of the flat, polished surfaces support the former

hypothesis.

Lo -

0.0 ky

Figure 6.5: Fatigue strigtions near EDM notch on tooth #1 1 at 30x (a) and at 307x (b).

A trangtion from the flat, polished area to one with some texture combined
with flattened areas was obsarved further from the notch near the ridge (point C in
Figures 6.3 and 6.4). In Figures 6.3 and 6.4, this combination, or partialy rubbed,
type of surface was found adong the trangtion line from the darker region (flat,
polished areq) to the lighter region of the upper left corner. Recdl the light region in
both figures is near the toe end of the tooth. Figure 6.7, taken from region C in Figure
6.3, shows clearly the features of the partidly rubbed surface. The gppearance of the
rased aress is as if they have been flattened, while the lower lying regions have
morphology indicative of faigue. However, no well developed fatigue driaions are

observed.
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A B0k
Figure 6.6: Typicad picture of flat, polished area on tooth #5 (410x). Photograph was
taken near location B in Figure 6.3.

s B

§95x 20.0 ky T e : $0BE2

Figure 6.7: Typica picturé of partidly rubbed surface (695x). Photograph was taken
from location C in Figure 6.3.

The lighter region in the upper left comers of Figures 6.3 and 6.4 (point D)

shows little to no dgns of rubbing. The surface dso shows no obvious sgns of
fracture mode, eg. intergranular fracture, ductile rupture, dimpling. Although no
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driations were present on the surface, the fact that no other obvious sgns of falure
mode were observed, lead to the conclusion that the crack propageated by fatigue in

this region under an applied load range which was inadequate to produce driations.
The lack of rubbing dso suggests that the fracture surfaces were created in the later

stages of crack growth.

The combination type of surface was dso found over gpproximatey 90% of
the surface on the load free side of the tooth. Figure 6.8, of a partidly rubbed surface,
was taken from location A in Figure 6.9. Region B in Figure 6.9 is the tooth surface
on the load free Sde. Therefore, point A is gpproximately 0.75 mm from where the
crack ended on the tooth surface. In addition, there are fatigue driations evident in
Figure 6.8. Because this figure is from the convex sde of the tooth, the crack growth
direction was from the top of the figure to the bottom. This combination of evidence
leads to the concluson that the crack continued to grow in fatigue mode aong the
convex Sde of the tooth.

A light band can be seen in Region C of Figure 6.9. The darkened region
separding region B and C is assumed to be oxidation of the fracture surface. Recall
that the faigue driations in Figure 6.8 are from location A. The surface in Region C
shows obvious sgns of ductile rupture, Figure 6.10. This observation is encouraging
because it demondrates that the materid is capable of failing by ductile fracture, and
the areas where this type of fracture occurred should be obvious and visble under the
SEM. This result aso leads to the conclusion that the primary mode of crack growth
on the concave and convex sdes of the tooth was fatigue.

825 28,9 Ky THm o #s #DBaEs

Figure 6.8: Picture of partidly rubbed surface with fatigue driations on load free sde
(825x). Photograph was taken at location A in Figure 6.9.
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Figure 6.9: Low magnification (3 1.4X) view of tooth #5's fracture surface on convex
side.

A third tooth (#9) was aso observed with the SEM. All of the features
observed on teeth #5 and #11, with the exception of the ductile fracture area, were
observed on tooth #9. No additional features could be seen. It is concluded that the
observations made of teeth #5 and #11 are good representations of the crack patterns
on dl of the fractured teeth.

LT 0.0 v T4

Figure 6.10: Magnified view of ductile rupture at location C in Figure 6.9 (1670x).
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Figure 6.11 summarizes the surface agppearance on the loaded and load free
Sdes of the fractured pinion teeth. A scenario of crack growth progresson is
developed based on these observations. The faigue crack growth initiates from the
EDM notch. The growth continues into the rim and a a larger rate towards the toe
than the hed since it is assumed that the rubbed aress are the older surfaces. Once the
crack reaches the ridge, the crack continues to grow toward the toe end. Figure 6.12 is
a sketch of this scenario on the loaded sde. The numbers in the sketch correspond to
the progression of the crack front. When the crack reaches the tooth surface at the toe
end, the extent of crack growth has dramaticaly changed the dress digtribution in the
remaining ligament. Consequently, the crack front turns toward the fillet on the
convex Sde, and progresses by faigue dong the convex sde. When the crack front
becomes aufficiently close to the root of the convex sde, ductile rupture occurs in the
remaning ligament. After this, any additionad load on the tooth causes the torsond
tearing of the ligament on the hed end. Figure 6.2 sketches the crack growth through
the tooth width. This sketch is applicable to cross-sections from the toe end to
goproximatdy the middle of the tooth length.

No rubbing

Partially rubbed

Heel

Toe Rubbed
EDM Notch I
Tooth root concave sSde
- Ridge
Heel Partialy rubbed Toe

£ Duciile rupture
Tooth root convex side

Figure 6.11: Sketch of loaded and load free Sides of a pinion tooth’s fracture surface
gppearance dong the length. Orientation is congstent with SEM pictures.
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Toe Heel

‘Tooth Toot concave side

Figure 6.12; Sketch of crack propagation scenario on loaded side devised from
fracture surfaces.

6.4 Chapter Summary

This chapter was devoted to presenting data from an OH-58 spira bevel pinion
test. The test was conducted by NASA/GRC. EDM notches were introduced into the
root of nine of the pinion teeth to serve as darter cracks for fatigue crack growth.,
Limited observations of the crack growth during the test were made, and, as a result,
the fracture surfaces were observed with a SEM.

Overdl, the microscopy identified fatigue crack growth regions and regions of
ductile rupture successfully. In addition, the crack face morphology showed
sgnificat signs of rubbing, which had “polished” the surface. This polishing
removed any discernable fracture surface features on the mgority of the surfaces. The
sgns of fatigue on the loaded and load free sides of the fracture surface indicated the
majority of the crack growth was dtributed to fatigue. At the ridge near the toe end,
the surface showed little to no signs of rubbing. This observation suggested that the
surface was created in the latter stages of crack growth. It was inferred from the
jagged and torn agppearance of the fracture surface near the hed that this region was
the last remaining ligament of the tooth after rupture occurred in the root of the convex
side.

Due to the dearth of well-developed fatigue dtriations on the fracture surfaces,
no observations were made on the crack growth rates. In addition, the large amounts
of rubbing removed dl indications of crack front shgpe during propagation.
Nevertheless, a scenario of crack propagation was devised. The next chapter
compares these test results to the smulations results from Chapter 5.
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CHAPTER SEVEN:
DISCUSSION AND SENSITIVITY STUDIES

7.1 Introduction

In Chapter 5, fatigue crack growth in the OH-58 spird bevel pinion under
moving, non-proportiond loads was predicted. Chapter 6 presented experimenta
fatigue crack data from a tested OH-58 spira bevel pinion. The present chapter
compares these two sats of results to evauate the success of the predictions and
invedtigates the sengtivity of the prediction results to variations in the methods
assumptions.

In Section 7.2, the crack growth smulations are compared to the experimenta
results of a tested pinion; the fatigue lives and crack trgectories are evauated to
determine the accuracy of the prediction method. Sengtivity studies are conducted in
Section 7.3 to explore variations in tooth contact postion and magnitude and the
sengtivity of the crack-closure-based fatigue crack growth rate models to variations in
the model parameters.

Crack growth predictions from the moving load analyses (Section 5.5) are
compared to crack growth results from anadyses that consder only highest point of
sngle tooth contact (HPSTC) loading in Section 7.4. HPSTC loading has been
commonly adopted in past research because it is a more smplified gpproach than the
moving load. When usng HPSTC loading, exiging fatigue crack growth theories can
be implemented since there is a single load location and proportiond loading. The
two loading methods results are compared to evduate the need for the moving, non-
proportional load method; the least computationdly intensve modd and method
which produces reasonable crack growth results is the most practicad for a gear
designer.

7.2 Comparisons of Crack Growth Results

Figure 7.1 shows the predicted and experimenta trgectories on the tooth
surface and through the cross section of a pinion tooth. The predicted results are the
same as those reported in Section 5.5. The experimental trgectories are approximated
from measurements and photogrephs of the falure surfaces of tooth #11. As
discussed in Chapter 6, the failure associated with tooth #1 1 is representative of dl the
falures in the tedted pinion. In addition, the sze of the initid flaw in the predictions
was taken from the dimensions of the EDM notch in tooth #1 1.

A ridge is not observed in the predicted crack path through the cross section
because the smulations were stopped premaurely. The smulations were halted
because the trgectory dong the tooth surface on the toe end varied significantly from
the experiment. As a result, it was concluded that the smulaions were not completdy
accurate and further propagation of the crack would lead to no additiona ingghts. An
explanation for this discrepancy might be that the smulation did not properly account
for changes in the load shape and location as the crack grew. This changing load
scenario will be investigated further in Section 7.3.3.
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. Experimental

a) Tooth surface

W\ /  Experimental
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b) Cross section a location of midpoint of initia crack
Figure 7.1: Predicted and experimental crack trgectories.

Quditative comparisons of the anadyses results to the tested pinion results can
be made. The numericd andyses predict tooth falure, which is concordant with the
experiment. In addition, in both the fractography study and numericd andyses, the
crack propagates more rapidly toward the toe than the hed. In both the test and
gmulation, a portion of the tooth a the hed end remans intact. Additiondly, the
samulations predict the crack propagating along a Steeper trgjectory into the gear rim in
the middle of the tooth length than on the toe end of the length. This behavior is dso
observed in the tested pinion.

The find predicted trgectory through the thickness of the tooth agrees very
well with the initid path in the experiment. It is assumed that this path could lead to
the formation of a ridge if the smulations were continued. The entire predicted crack
trgectory, however, does not completdly match the tested pinion. The smulations
predict the toe end of the crack turning up the tooth height a a steep angle. This
behavior is not seen in the tested pinion. One reason for the discrepancy could be that
the loading conditions for the amulations were not identicd to the test. The gear was
teded a increasng torque levels over the 4.9 million cycdes The smulaions,
however, were performed under a congtant torque level. The increase in torque should
affect the tooth contact, which, in turn, will influence the crack trgectory. The
influences of the torque level and contact location on crack trgjectories are explored in
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Section 7.3.3. The god is to predict what operating conditions would be necessary to
obtain the fracture path observed in the tested pinion.

For the condant torque levd of 3120 in-lb, approximatdy five hundred
thousand cycles were predicted to propagate the crack through the tooth thickness.
This vaue is the same order of magnitude as that which occurred in the tested pinion.
The number of cycles to produce the tooth fractures in the test is smaler than 4.9
million.  The sengtivity of the fatigue life prediction to the vaues chosen for the
mode parameters is studied in Section 7.3.1.

Alban’s condition number four for “classc tooth-bending fatigue® scenario
(Section 2.5) is not captured in the numericad work. The magnitude of the gpplied
loads during the cycle was kept congtant during the crack propagation analyses, Figure
7.2a. This type of loading scenario is consdered load control and results in the SIFs
increesing continuoudy as the crack grows, Figure 7.2b. Fatligue crack growth will
occur a an increesing rate until the SIFs satify a fracture criterion, such as K; = K.

Crack growth smulations under load control will predict a shorter number of cycles to
failure than observed. This is because, in redity, when a cracked and uncracked tooth
mesh, the cracked tooth will deflect a limited amount before it's adjacent tooth picks
up a portion of the load [Alban 1985]. The displacement of the crack faces reaches a
maximum and will be roughly equd for every remaning load cycle As a redult, the
rate of increese in the SIFs will decrease, and reach roughly a congtant maximum
every cycle.  An idealization of this is shown schematically in Figure 7.2c.
Propagating the crack under these conditions is consdered displacement control.
When the maximum SIF ceases to increese, the fatigue crack growth rete is relatively
congtant, and the number of cycles to fallure increases.

Pﬂ\ KIA

a) Time b) Time

o) Time

Figure 7.2 Schematic of load cycles. @) Load versus time, b) K; versus time, load
control, and ¢) K; versus time, displacement control.
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To demondrate that the smulations are capable of predicting the turning that is
necessary to predict the ridge in the fractured tooth, a large crack shape is assumed
and insated into the full pinion BEM modd. The crack front coordinates are
determined by the location of the ridge in a fractured tooth from the experiment.
Figure 7.3 is a photograph of the fracture surface with the gpproximeate location of the
assumed crack front designated by the dashed line. Based on the SEM observations,
the assumed crack has propagated dong the root from the initiad notch to the toe
surface.  Figure 7.4 is a picture of the BEM geometry modd that illudtrates the
assumed initid crack trgectory on the tooth surface. Since the correct contact areas
for a tooth that is flawed to this large of an extent are unknown, the HPSTC load step

from the moving load andyses (load step deven) is used.

Figure 7.3: Assumed location of crack front (ridge).

Figure 7.4: Tooth surface showing assumed shape of large crack (dashed line).

A few cycles of crack growth are caried out usng the method described in
Section 3.2.3. This method assumes mode | dominant fatigue crack growth with
datic, proportiona loading. The cycles of crack growth are necessary to demondrate
the direction the crack front progresses from its assumed locetion a the beginning of
the ridge formation. Figure 7.5 shows the trgectory through the thickness of the tooth
a gpproximately the middle of the tooth length. The initid trgectory into the rim is
assumed to be flat, and the curving a the end of the crack length shows the formation
of the ridge. This demongration of the ridge formation based on an assumed crack
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front from the SEM observation supports the crack growth scenario developed in
Section 6.3.2.

Initial crack
lo aton

i §
|

Figure 7.5: Crack trgectory through tooth t}]ickness for assumed large crack.

One could argue that the tested spird bevel pinion falure did not exactly meet
the classcd falure conditions described in Section 25 since the entire length of the
tooth did not fracture from the gear; a portion of the tooth a the hed remained intact.
This suggests that the loading might have been biased toward the toe end of the tooth.
Numerica andyses with shifted load locations are presented in Section 7.3.3 that give
indght into the sengtivity of the crack trgectories to loading location.

The predictions in Section 5.5 did not condgder changes in the origina contact
locations during propagetion. The increasing tooth deflections as the crack grows
might cause the origind contact locations to shift and the digribution of load and the
size of the contact dlipses to change. A three dimensond, contact mechanics, and
fracture mechanics amulaion of the rolling process between two maing gears is
necessary to capture the load redidribution effects fully. This type of andyss is not in
the scope of this work.

It is impossble to determine the exact amount of rubbing between the crack
faces based on the BEM analyses. In Section 6.3.2 it was concluded that the surfaces
with greater amounts of rubbing were formed in the earlier stages of crack growth;
snce these surfaces were older, the features of the surfaces had more time to rub
awvay. The kinematics of the geometry and loading is another explanation for the
varying amounts of rubbing observed on the fracture surfaces. Rather than attribute
the varying degrees of rubbing to time, it could be atributed to the magnitude of
contact between the fracture surfaces. The loading might deflect the tooth in a manner
that does not alow the ridge's fracture surfaces to rub, but does create large contact
forces between the crack faces near the notch. A three dimensond andyss modeing
contact between the crack faces with accurate loading conditions on the tooth surface
IS necessary to determine the true cause of the rubbing.

7.3 Sensitivity Studies

These studies are peformed to gain ingght into the sendtivity of predicted
crack growth rates and predicted crack trgectories to growth rate model assumptions,
load magnitude, and load location. They are aso conducted to invedtigate possible
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causes for the discrepancies between the predictions and the experimenta results. The
fatigue crack growth rate modd parameters, Section 7.3.1, crack closure mode
parameters, Section 7.3.2, and the contact position and magnitude, Section 7.3.3, are
researched further.

7.3.1 Fatigue Crack Growth Rate Model Parameters

Limited fatigue crack growth rate data is avalable in the literature for AISI
93 10 sted. The predictions in Section 5.5 used values for the crack growth rate mode
parameters, » and C, taken from a curve fit to the intringc faigue crack growth rate
data (no closure) for AISI 9310 tested in 250" oil. These vaues were 3.36 and
6.19e-20 (in/cycle)/(psi*in®)", respectively. The range of values for n and C from the
literature is reported in Table 7.1. Au et al.’s daa are not from intringc fatigue crack
growth rate curves. Ther data are from fatigue crack growth tests with R = 0.05 .
The other three sets of modd parameters have been normdized to an intrindgc fatigue
crack growth rate curve.

Table 7.1: Fatigue crack growth rate model parameters,

Source | c da/dN™ | Cycles | Fatigue

" [(infeycle)/(psi*in®™)]" [in/cycle] | /inch' Life!

ForrRaf al | 163 1.08¢-13 90.30e-6 | 107527 | 675,838
19817 2.56 2.72e-17 2036 | 492,611 | 3,096,201
[Proprfanf®st1998] | 3.63 5.49-21 1.54e-5 | 64,935 | 408,145
[Propridinyestioos] | 3.36 6.19¢-20 123e5 | 81,301 | 511,000

The fatigue life estimates usng each set of parameters in Table 7.1 assume that
the number of cycles that each source would predict for the gear’s fatigue life is
roughly proportiona to the ratio of the oil test’'s cyclesiinch to each s&t’'s cycles/inch.
Forman et al., Au et al., and the air test data each predict a faigue life of 675,838
cycles (32% increase), 3,096,201 cycles (506% increase), and 408,135 cycles (20%
decrease), respectively.

Au et gl/.’s combination of » and C predicts the smdlest growth rate and
therefore the longest fatigue life. The benefits and conservatism of consdering crack
closure in the predictions is demondrated by comparing the predictions usng the
intringdc parameters to the predictions with Au et ql.’s parameters. Figure 7.6 contains
the fatigue crack growth rate curves for the various sets of n and C. The curves are
generated from the data in Table 7.1.

19 Calculations are based on an assumed value for AK = 18,000 psi*ino's.

" This data was taken from a fit to fatigue crack growth rate data for non-carburized AlS| 9310 tested
in wet air, a a loading frequency of 10 Hz, aed R = 0. 05 . The parameters are not from intrinsic
fatigue crack growth rate data. It is should be noted that when parameters from the air test at R = 0. 05

are used the calculated growth rate is 2.02e-6 in/cycle.
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Figure 7.6. Fatigue crack growth rate curves for the sets of model parameters in
Table 7.1.

An exact evaudion of which set of materid congtants is most accurate is
nealy impossble snce many parameters of the pinion tet ae unknown. The
cdculations presented in this section demondrate a trend tha the fatigue life
cdculations will be more accurate when materid congants from intrindgc fatigue crack
growth rate curves are used.

7.3.2 Crack Closure Moddl Parameters

For the smulation results presented in Section 5.5, values for the crack closure
model parameters, ¥k and B, were assumed in order to cadculate the fatigue crack
growth rates. This section invedtigates the vdidity and sengtivity of the results to the
assumed values.

Crack Growth Rate Sensitivity to x

x incorporates three dimensional effects into the crack growth rate
cdculations. Newman specifies that « varies between one and three for plane stress to
plane gdtrain, respectively. For the predictions reported in Section 5.5, x was equa to
three. However, for extremely shdlow cracks or portions of the crack front near the
free surface, a vdue of ¥ equd to one might represent the crack conditions more
accurately.

One method to evauate the crack tip conditions is to compare the size of the
crack tip plastic zone to the crack’'s geometry. The plagtic zone is larger in plane
dress than in plane drain. An gpproximéation of the plastic zone sze, 7, is

N

1 (K,
LK, 7.1
"r 37[(0'.\‘] @b
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Using load step eleven’'s SIF results from the initid crack (Figure 5.8), which
are the largest mode | SIFs during the load cycle, the plastic zone size dong the crack
front ranges from 1.44x10™* inches to 1.07x10” inches. These dimensons are only
0.29% and 2.14%, respectively, of the initid crack depth. It is concluded, therefore,
that the plane strain assumption adong the entire crack front most accurately represents

the conditions in the red gear.

Crack Growth Rate Sensitivity to 3
Smax, the far field applied stress, is a function of 8, ¢ (half of the crack length),

and K;. B is a dimensionless quantity that consders geometry effects when rdaing K;
to the applied stress. Vaues of B from handbook solutions can vary from one hdf to
two [Murakami 1987]. Since the gear geometry is complex and unlike any handbook
solution, avaue of B = 1 was sdected. An dternate approach could have been to use

a known B factor for a smilar, smplified geometry. This aternate gpproach will now
be investigated and growth rates between the two methods will be compared.

TG
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'

Figure 7.7: Finite thickness plate with a semi-élipticad surface crack subjected to
mode | uniform sress.

The initid crack in the gear is approximated by a finite thickness plate with a
semi-elipticd surface flaw subjected to mode | uniform tensle dress, ¢, Figure 7.7.
The magnitude of K; varies dong the crack front. Kpuer and K Occur at the surface
and midpoaint of the crack front, respectively. They are given by Broek [ 1986] as.

K, = %o% and K, = %2\/50&5 (72)
C
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Where¢z3—”+£ 4
8 8

C
From Equation (7.2), the maximum and minimum expressons for 8 are

. 1.12
ﬁﬁla\' = £ and Bﬂli?l = ﬁ
: " c

Based on the initial crack geometry, B, axd B, are 0.783 and 0.701, respectively.
K, and da are recaculated using these values for f3, the SIFs from the initid notch
andyses (Figure 5.8), and the same model parameters as were used in Section 5.5.

(7.3)

25,
-+ K op (B ma,\-)
—&—da (ﬁ ma.\')
21 - Kop (Bmiu )
—&—da (ﬁmin )

Percent Change

1 6 11 16 21 26 31 36 41 46 51 5 61
Crack front position
(Orientation: hedl to toe)

Figure 7.8: Change in K,, and da as functions of S, and S, with respect to original
cdculations with g = O.

Figure 7.8 shows the percent change of K,, and da with respect to the origind
cdculations. The data show that the largest percent difference is 2.2%. As the crack
grows the rétio of a to ¢ will become smdler snce the tooth length is longer than the
tooth width. This will increase ¢ and, therefore, increase B and decrease Buin-
However, as the crack grows, this closed form solution for K; in the gear is no longer
vaid gnce the crack’'s geometry changes dramaticaly. Therefore, no further
conclusions can be stated on the effect of B on crack growth calculations.

7.3.3 Loading Assumptions
The intent of this Sudy is to determine how the crack trgectory changes under

different contact conditions. One motivation for this is that the smulation and
experiment’s crack trgjectories on the toe end do not match. The tested pinion’s crack
mouth remained relativey flat dong the root until it reached the end of the tooth
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length a the toe (Figure 6.1b). The trgectory in the smulation turned, out of the root,
up the tooth height and eventualy reeched the top land (Figure 5.14a). It is
hypothesized that the differences may be étributed to inconsstencies between the
contact conditions (loading conditions).

The inconsistencies could result from misalignment during the test or
inaccurate representation in the smulation of the actual contact areas in the tedt.
Glodez et al.’s [1998] experimentd work with spur gears supports this hypothess.
They conddered two load cases: i) loading dong the entire length of the tooth, and ii)
loading dong one hdf of the length. With load case ii) the crack in the unloaded
portion of the tooth length turned out of the root and grew up the tooth height. On the
other hand, the crack in load case i) remained flat dong the entire length of the tooth
root. The god of the remainder of this section is to investigate whether shifted loads
have the same influence on crack trgectories in spird bevel gears as Glodez et al.

showed in spur gears.

Load Location
Two shifted load scenarios are investigated. For both scenarios, the cracked

BEM modd from propagation step number five is andyzed under the shifted contact.
This model was chosen because the crack trgectory began turning sharply from this
dep onward in the prdiminary andyses. The contact areas are shifted approximately
+0.3 inches dong the tocth length.

The crack trgectory for the shifted contact aress is caculated using the non-
proportiona load method described in Section 5.4.2. The load cycle is approximated
by the discrete load steps one, five, and deven. Table 7.2 sketches the predicted
trgectories on the tooth surface for the origind and two shifted andyses. The mode |
and Il SIFs from the shifted loading scenarios are given in Appendix C.

When the contact is central, the crack turns up the tooth height on both ends.
The trgectory “wraps around” the contact location. However, when the contact is
shifted toward the hed (toe), the tendency for the crack to kink up on the hed end (toe
end) is suppressed. This is most clearly seen when comparing the centra and toe
contact location trgectories.  This result is consistent with Glodez et al.’s
observations. As a result, it is assumed that, if the fatigue crack growth smulations
were caried out further with the shifted contact locations, a flatter trgectory that
maintains a path very near the root under the contact location will result.

The discrepancy of the toe end trgectory between the test and smulation is
explained by the fact that, in the test, the contact was closer to the toe end. The shifted
contact could have resulted from increasing deflections of the tooth. As the crack
grew, the tooth’'s stiffness decreased, and the load could have been redistributed along
the tooth length. The subtleties of the redistribution and its effect on crack trgjectories
can only be modded accurately with a three dimensond contact andysis between the
mating gears in conjunction with a fracture mechanics smulation.
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Table 7.2: Crack trgectories from contact locations shifted adong tooth length.

Contact location Schemdtic of resulting crack
trgectory on surface in root

Heel-shifted

./V

‘/G

Load Magnitude

The tested spird beve pinion was run a varying levels of input torque detailed
in Table 6.1. However, the smulation results reported in Section 5.5 assumed contact
areas and load magnitudes produced by 3120 in-Ib torque (100% design load). The
god of the current sudy is to identify the influences of the increased torque levels on
crack trgectories.

The SIF digtributions and trgjectories under larger torque levels of 3874 in-lb
and 4649 inlb (125% and 150% design load, respectively) are explored. From
Hertzian contact theory, it is known that the lengths of the contact dlipses axes are
proportiona to the cube root of the applied load (Equation (2.1)). Consequently, the
lengths of the mgor and minor axes increase by 7.72% (125% design load torque) and
14.47% (150% design load torque) under the larger loads. It is assumed that the mean
contact points (center of the dlipses) are the same as the points defined for the 100%
design load. Smilar to the shifted load andyses, the crack from propagation step five
in the moving load smulations (Section 55) is sdected to andyze under the larger
torque levels. Figure 7.9 shows the locations of the crack and of the contact dlipses
defined for 125% design load.
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Figure 7.9: Geometry moded with crack showing contact areas one and eleven defined
for 125% design torque.

The mode | and 1l SIFs from load steps one and eeven are presented in Figures
7.10 and 7.11, respectively. The mode | SIFs do not increase linearly with the larger
loads, the 125% load has a larger effect than the 150% load. The smaller spread
between the curves produced by load step one at the toe end is most likely explained
by the fact that the load is not over this portion of the crack. In contragt, the SIFs
increase uniformly dong the entire crack front for load step eeven; the mgor axis of
contact dlipse deven is larger than the length of the crack mouth, and the dlipse is
located directly above the crack. On the other hand, for load step one the influence of
the increased load on the mode Il SIFs is opposte. There is a larger spread in the
curves over the portion of the crack with no load above it (toe end).

The raio K;/K; is important because it determines the crack trgectory angle
and the amount of rubbing between the crack faces. The larger the rdtio is, the larger
the kink angle will be and the greater the amount of rubbing. Figure 7.12 contans
these ratios produced by the two load locations and al three load magnitudes. The
curves demongrate that the ratio of Ky to K; increases as the magnitude of load and
size of the contact area increases. This implies tha Ky is more sendtive to the
changes in the torque level than K;.  This result supports the fractogrephy
observetions. A large percentage of the fracture surface displayed sgns of sgnificant
amounts of rubbing between the crack faces. The SIF ratios from the initial crack
propagation anadyses were not necessarily large enough to support the extent of
rubbing observed. However, it appears that the increased torque levels will increase
the amount of rubbing between the crack faces.

The kink angles cdculated by the maximum principd dress theory for the
various load locations and magnitudes are given in Figure 7.13. The largest absolute
change in angle is 9.7" and 6.4” for load step one and eleven, respectively.
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Figure 7.10: K; distribution for load step one (a) and load step deven (b).
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Figure 7.11. K digtribution for load step one (a) and load step eleven (b).
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Figure 7.12: K;/K; digtribution for load step one () and load step deven (b).

NASA/CR-2000-2 10062 9%




9 25 Load Step 1

[degrees] 204 —+ 150% Load
-8-125% Load
15 A — 100% Load
10
5
O T T 1
5 0 5 10 15 20 25
Crack front position
-10 A (Orientation: hed to toe)
-15 4
-20 4
-25
-30
- d
a) 35
0
5 10 15 20 25
5 Crack front position
(Orientation: hed to toe)
-10
-15
-20
-25 Load Step 11
—+~150% Load
-30 —&~125% Load
—— 100% Load
-35
-40
8 -45

b) [degrees]
Figure 7.13: Kink angle digribution based on the maximum principa dress theory for
load step one (a) and load step eleven (b).

7.4 Highest Point of Single Tooth Contact (HPSTC) Analysis
Comparison studies to determine the smalest modd that accurately represents

the gear’s operating conditions were performed when developing the BEM modd.

These results were reported in Section 52. Smilar comparisons are now made
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between the moving load method and a smplified loading method. Agan, the
assumption is that the movirg load method is most accurate. The simplified method
assumes a cyclic load a the HPSTC on the pinion tooth. The HPSTC is taken as
contact lipse number deven from the discretized moving load; load step deven is the
find gep of dngle tooth contact in the discretized load data. The magnitude of the
load is defined as 100% design load. The modd parameters and materid properties
from the moving load andlyses are used in the HPSTC predictions.

The initid crack location and geometry are the same as those from the moving
load andyses. The method to propagate the crack under the HPSTC is described in
Section 3.2.3. The method assumes proportional loading. It is assumed that the
HPSTC produces K. and that R is zero. The direction of growth is determined by
the maximum principd dress theory using the raio of Ky to K; from the HPSTC
loading. The extensons for the discrete crack front points are caculated with Paris
modd modified to account for crack closure. Figure 7.14 is a comparison of the crack
trgectories from the moving and HPSTC load methods. Roughly 190,000 cycles have
occurred. The cross section view is taken at the gpproximate location aong the tooth
length of the initid crack front's midpoint.

-~ ————==
/ Fixed Experimental S
L =

Moving. ™\ \
’ \ Moving \\

.7 Fixed /

T s .
e Experimental

V7

a) Tooth surface

\\ ._Fixed
1 ~

i ~
N .
\Moving
A

\
\,
\

/ Experimental
4

b) Cross section 6f tooth a midpoint of
initid crack
Figure 7.14: Comparison of crack trgectories from moving load and HPSTC load
(fixed location) methods after -190,000 cycles.
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The midpoint of the crack front is deeper in the HPSTC anadyses after 190,000
thousand cycles. From Figure 7.14b, it appears that the moving load andyss
trgectory will produce rim falure. Figure 5.14, however, shows that the crack turns
when the predictions are continued. Therefore, both the static and moving load
method predict tooth falure. The dope of the trgectory into the rim in the moving
load prediction matches more closdy the observed trgectories in the tested pinion.
This comparison is purdy quditative.

Severd obvious differences between the trgectories predicted by the two
methods can be observed. As seen in Figure 7.14a, the HPSTC method predicts a
larger kink at the hed end; the moving load method predicts a larger kink at the toe
end. Conddering the location of the HPSTC load, this result is consgent with the
shifted load andlyses of Section 7.3.3.

One may conclude from Figure 7.14b that the HPSTC method predicts a larger
crack face area since the cross section view of the crack is deeper, yet the lengths of
the cracks on the tooth surface are roughly equa. Figure 7.15, in genera, supports
this concdluson.

0.25 4

0.2
E os- /
]
g
i —— Moving Load
g 0.1 - - HPSTC
Q

0.05 -

0 L

0 50000 100000 150000 200000 250000 300000 350000
N [cycles]

Figure 7.15: Crack area versus number of load cycles for HPSTC and moving load
prediction methods.

In summary, the HPSTC analyses predict the same falure mode as the moving
load andyses. The crack trgectory and fatigue life caculations vary between the two
methods. Since no experimenta fatigue life data exists, the accuracy of one methods
fatigue life prediction over the other methods can not be evauated. The moving load
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predictions match the experimenta trgectory into the rim and through the cross
section of the tooth better than the HPSTC prediction. Since the trgectory into or
through the rim is what determines tooth falure or rim failure, it is concluded that the
moving load method is necessary to capture that result most accuratdly. All of the
trgectories on the tooth surface at the hed end, however, are in reasonable agreement.
Nonetheless, a digtinct advantage of the HPSTC method is the sgnificant decrease in
computationa time to perform the crack propagation predictions since only one load
case needs to be anayzed.

7.5 Chapter Summary

The reaults from a fatigue crack growth smulation in a spird beve pinion
were compared to crack growth observations in a tested pinion. The comparisons are
summarized as follows

« The smulations predicted a reasonable fatigue life with respect to the test data

o The origina trgectory predictions faled to capture detaled aspects of the
observed fracture surfaces in the test. It was determined that the smulated loading
on the tooth probably modeled the tooth contact in the test incorrectly. The tooth
contact information used in the predictions assumed perfect dignment between the
pinion and the gear and that the gears were not flawed. Some explanations for the
differences in contact between the test and theory were determined to be:

1. Change in contact location in the test as the crack grew and the tooth
became more flexible

2. Differences in the magnitude of loading.

3. Crack growth under load control (smulation) versus displacement control
(test).

4. Misdignment between the gear and pinion in the test.

o Additiona smulations demonsrated the capability to predict the crack trgectory
obsarved in the test. A large initid crack, which was assumed to gpproximate the
location of the crack front just prior to the formation of the ridge, was used and the
crack was propagated through a series of steps.

Sengtivity studies were conducted to determine how changes in some of the
crack growth method's assumptions would modify the predictions. The Sudies
determined that:

o The fatigue crack growth rate modd parameters used in the initid prediction
yielded conservetive results.

o The crack front condition is best described as plane strain.

o A reasonable gpproximation of the dimensionless quantity B, which incorporates
geometry effects when cdculating SIFs, is a vaue of 1.

o The trgectory observed in the tested pinion would result from a contact biased
toward the toe end.

o The increased torque levels might explain the dgnificant amounts of rubbing seen
on the fracture surfaces of the tested pinion.
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A smplified loading method that assumes a cydlic load a the HPSTC on the
pinion tooth during meshing was invesigated. The fallure mode predicted by this
method was the same as the moving load predictions. However, the crack trgectory
and fatigue life caculations varied between the two methods. The HPSTC method is
advantageous because it sgnificantly reduces the computationd time. However, upon
compaison of the results from the two methods to experimenta results it is
concluded that the moving load method's trgjectories are more accurate.

In summary, indghts into the intricacies of modding faigue crack growth in
three dimensons were gained. Preiminary seps toward accurately modding crack
growth in complicated three dimensonad objects such as spird beve gears were
completed successfully. To improve the accuracy of the smulaions, the change in
contact between spiral bevel gear teeth during operation as a crack evolves is needed.
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CHAPTER EIGHT:
CONCLUDING REMARKS

8.1 Accomplishments and Significance of Thesis

This theds invedigaed computationdly modding fatigue crack growth in
spird beve gears. Predicting crack growth is sgnificant in the context of gear design
because a crack’s trgectory determines whether the falure will be benign or
catastrophic. Having the capability to predict crack growth in gears dlows a designer
to prevent catagtrophic falures. Prior to this thess, numericad methods had been
limited to modding cracking in gears with smpler geometry, such as sour gears. Spur
gear geometry permits the use of two dimensond andyses. However, spird beve
gears require a three dimensona modd of the geometry and cracks. Three
dimensona modeds are much more complicated to create, require greater computing
power because of the sgnificant increase in degrees of freedom, and no closed form
solutions exigt to predict the growth of arbitrary three dimensond cracks. Prior to this
thess, few predictions of crack growth in spird bevel gears had been performed.
Accuratedly modeding three dimensond fatigue crack trgectories in a spird beve
pinion required expanding the date-of-the-art capabilities and theories for predicting
fatigue crack growth rates and crack trgectories.

The geometry of a spird bevel pinion from the transmisson system of the U.S.
Army’'s OH-58 Kiowa Helicopter was used for demondrative purposes. A BEM
model of the pinion was developed using a computer program developed by
NASA/GRC that cdculates the surface coordinates of a spird bevel gear tooth. Their
tooth contact anadlysis program was adso used to determine the location, orientation,
and magnitude of contact between the pinion and its mating gear. The contact was
represented by discrete traction patches on the gear tooth.

LEFM theories were combined with the BEM to accomplish the crack growth
predictions. The gmulations were based on computationad fracture mechanics
software developed by the Cornell Fracture Group, which dlow for arbitrarily shaped,
three dimensond curved crack fronts and crack trgectories. The crack trgectories
were determined by a Paris modd, modified to incorporate crack closure, to caculate
fatigue crack growth rates in conjunction with the maximum principd dress theory to
cdculate kink angles.

In operation, the load on a gear tooth varies over time in location and
magnitude. This moving load effect was incorporated into the propagatiion method.
Only loads normal to a gear tooth's surface were considered. It was discovered that
the moving norma load produces a non-proportiona load history in the tooth root.
Proposed prediction methods for fatigue crack growth under non-proportiona loads in
the literature were determined to be insufficient for the spird bevel gear modd. As a
result, a method to predict three dimensona fatigue crack growth under non-
proportional loading was developed. The method incrementally advanced the crack
front for a series of discrete load steps throughout one load cycle. A number of load
cycles were then specified, and the crack was advanced an amount based on the
number of gpecified load cycles and the cdculated trgectory from the sngle load
cycle; the process was then repested. Some aspects of the find crack trgjectory
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predicted by this moving load method differed from a falure in a tested pinion;
however, the method succeeded in predicting a fatigue life comparable to the
experimenta  data.

Other issues related to moddling crack growth in a gear were dso investigated.
For example, the effect of shifting the load location dong a tooth's length on the crack
trgectories was confirmed. For a crack that has initiated in the tooth’s root, when the
load location is directly above the crack, the crack trgectory will remain very close to
the root. Additionaly, the effect of compressive loads on fatigue crack growth rates in
AlS 9310 dsed was examined. This examination is significant because a principd
focus of current gear desgn is to minimize a gear’s weight. Reducing the amount of
materid in the gear may increase the magnitude of the compressve dresses in a gear
tooth's root, which could influence crack growth rates. It was discovered that the
compressive portion of a load cycle did not sgnificantly modify the rates when crack
closure was incorporated into PariS modd to caculate fatigue crack growth rates. As
a result, the BEM/LEFM andyses of a spird bevel pinion were carried out ignoring
the compressive portions of the loading history.

The predictions from the moving load crack propagation method were
compared to predictions when only HPSTC was conddered. HPSTC is a more
samplified gpproach and has been commonly used in past research when numericaly
andyzing crack propagetion in gears. The HPSTC method utilized exising fetigue
crack growth theories since there was a single load location and proportiona loading.
The andyses in this theds with the two loading methods predicted different fatigue
lives and crack trgectories. The lack of experimentd fatigue crack growth rae data
hindered an evauation of the crack growth rates predicted by the two methods. The
moving load method's crack trgectory predictions agreed more closely to the tested
pinion falures. Crack trgectories are of primary importance to predict the failure
mode.

The dearth of fatigue crack growth rate data and crack front shape information
from tooth falures in a tested spird bevel pinion motivated SEM observations of the
fracture surfaces. A crack growth scenario was devised from the observations. In
addition, the observations suggested that the fallure mechanism dong the mgority of
the surface was faigue. This result supported the use of the numericad smulations to
predict fatigue crack growth trgectories in the gear.

As this thess was a firg atempt a predicting fatigue crack growth in spird
beve gears, certan limitations were encountered. The limitations can be summarized
as follows:

o A scarcity of experimental data prohibited validations of calculated crack growth
rates, fatigue life predictions, and crack front shape evolution.

o The effect of tooth deflections on the contact area between mating gear teeth was
not modeled. Capturing this effect will increase the accuracy of the model since
crack trgectories are strongly determined by the load locations.

o It is anticipated that the deflections of a cracked spira bevel gear tooth will be
limited by the adjacent tooth picking up the load. The magnitude of this
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maximum deflection is unknown. As a reault, the smulations did not modd this
behavior.

e The method to predict crack trgectories under the moving load was time
consuming since every discrete load step had to be anadyzed for a full pinion
modd. For the method to be more practicd to a gear designer, improvements in
the computationd time and implementation would have to be made.

In summary, the achievements of this thess brought the current gear design
approach closer to developirg a numericad tool to evauate safety aspects of gear
geometries. Critica areas that must be understood in grester detall prior to predicting
more accurate crack trgectories and growth rates in three dimensons were identified.
By incorporating non-proportiond loading, complex three dimensona geometry, and
arbitrary three dimensional crack models, the work extended the current capabilities
and theories for predicting fatigue crack growth rates and crack trgjectories.

8.2 Recommendations for Future Research

The accomplishments of this thesis produced many new questions and issues
related to amulating fatigue crack growth in spird bevel gears. Future research
focused on the following areas will further assst the devdlopment of numerical design
tools to evauate a gear design’s safety.

o A teding program centered on fatigue crack growth rates and trgectories from
non-proportiond loads should be carried out. A more fundamental understanding
of crack behavior in this type of loading environment is needed to enhance the
accuracy of fatigue crack growth rate models. To gain insights into the
fundamental behavior, the tests do not have to be conducted with spird beve
gears. To judge the correctness of the predictions in this thess, however, more
tests on spiral bevel gears that record crack growth rates and trgjectories over a
time period are necessary. Such test data are essential to confirm the accuracy of
the smulations and to evauate the proposed method for predicting crack growth
under the moving tooth load.

+ A more detailed understanding of the contact between a cracked gear tooth mating
with an uncracked gear tooth is required. The load redigribution effects in this
scenario could be dudied ether experimentdly or numerically. Numericd Studies
would require a fully three dimensond, LEFM, and contact andysis of the rolling
process between two mating gears. Once the redistribution effects are captured,
the findings could be applied to crack growth smulations. The expectation is that
the smulations would mode more accurady the observed behavior in red
falures

e The andyses in this theds conddered only loads normd to the tooth surface.
However, a gear tooth is subjected to a variety of loads in operation. For example,
the contact between the mating gears dso produces frictiona forces dong with the
normal loads over the contact elipse area. Gears in rotorcraft gpplications operate
a devated temperaiure, and, therefore, thermd effects might be included. In
addition, the rotation of the gear produces centrifugd forces. Dynamic loads are
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produced from the contact between the mating gears in conjunction with the high
loading frequency. Severd researchers have dso modeed the resdua stresses in
a gear, which reault from the difference in hardness between the case and core, in
numericd andyses by themad loads. Pearametric dudies to determine the
ggnificance of dl these loading variables on predicted fatigue crack growth in a
spird bevel gear is imperdtive to the development of numerica gear design tools.

o Further work to enhance the speed of the numerical analyses and increase the SIF
accuracy would be beneficid. One method to improve the accuracy is to use the
FEM. However, meshing three dimensond volumes with cracks introduces
additiond difficulties. Research is currently underway, and should be continued,
to overcome these meshing difficulties. The computationd time will continue to
decrease as computer technology rapidly advances. The overal objective of
developing a practicd and accurate numerical design tool for any type of gear is
foreseedble in the near future.
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APPENDIX A
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Figure A.l: Mode Il SIF digtribution for load steps one through eeven.
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Figure A.2: Mode Il SIF digtribution for load steps one through deven.
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APPENDIX B

B i o b

¢

Figure B.: Fatigue striations in Figure 65 a 360x () and 1,000x (b).

An additiond point of interest is captured in Figure B.3. The figure is of the
tooth surface. The horizontd lines are the grooves from the machining of the gear. In

addition, two pits are observed on the surface. These pits could have resulted from
severd varidbles such as particles that were caught on the surface during meshing of
the teeth, manufacturing flaws, surface wear, etc. The cuts and pits give an indication
of the initid flav dze from which fatigue cracks may originate.
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Figure B.2: ypiCd picture of flat, polished area on tooth #1 1 (400x). Photograph was
taken near location B in Figure 6.4.

——————————

286x 20,8 ky 1PM 45 #0804

Figure B.3: Ma:hi}ni ng grooves and pits on tooth surface (280x).
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APPENDIX C
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Figure Cll: SIFs from toe-shifted load steps one, five, and eeven.
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