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ABSTRACT

The crack opening dresses of a crack emanating from an edge notch in a 1045 anneded ed
specimen were measured under three different Society of Automotive Enginears (SAE) standard
savice load higories having different average mean dress levels. The three spectra are the SAE
Grgpple Skidder higory (GSH) which has a podtive average mean dress, the Log Skidder
hisory (LSH) which has a zero average mean dress, and the Inverse of the GSH (IGSH) which
has a negative average mean dress In order to capture the actud behavior of the crack opening
dress in the materid, the crack opening dress levels were measured using a 900X optical video
microscope a frequent intervas for each st of hidories scded to two different maximum sress
ranges.

The crack opening sresses were modded assuming that the crack opening stress when it is not a
the congant amplitude deady dae level for a given dress cyde builds up as an exponentid
function of the difference between the current crack opening stress and the Seady dae crack
opening dress of the given cyde unless this cyde is bdow the intrindc dress range for crack
growth or the maximum gress in the cyde is bdow zero in which case the crack opening stress
does not change.

The crack opening dress modd was implemented in a fatigue notch modd and the fatigue lives
of notched anneded 1045 ded specimens under the three different spectra scded to severd
maximum dress levels were edimated. The average measured crack opening Sresses were
within between 8 and 13 percent of the average cdculated crack opening stresses. The faigue
life predictions based on the modeled crack opening sresses and the fatigue notch modd were in
good agreement with the experimentally determined fatigue deta
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INTRODUCTION

An empiricd modd for the deady dae crack opening sress Sp under congtant amplitude
loading by DuQuesnay [1] gave good predictions of messured crack opening stress levels. Many
ressarchers have documented the effects of variable amplitude loading on crack dosure [2-8].
The gpplication of a tensle overload can cause ather an accderdtion or a dday in crack growth,
A post overload incresse in crack closure levd and crack growth retardation occurs when the
applied overload is less than gpproximatdy one hdf the yidd dress of the materid [6 9, 10)].
An overload of much more than one hdf the yidd dress of the maerid will decrease the crack
cosure levd and accderate crack growth. Applying an underload causes a flatening of the
agoerities in the crack wake, which decreases the crack closure levd and in turn increases the
effective dressintendty factor and accelerates crack propagation.



This research is amed a providing crack dosure inputs for modeing fatigue damege or crack
growth in a specimen under sarvice loading spectra The crack opening dress behavior of
cracked specimens under sarvice loading spectra is modeed and the accuracy of the modd is
evduated experimentdly usng messured crack closure data This paper is a continuaion to
research previoudy presented by the authors [11] using the same load spectra in tests on a 2024

T351 duminum dloy.
MATERIAL AND EXPERIMENTAL METHODS

The materid usad in this sudy is a SAE 1045 as recaved ded which is commonly used in the

automotive indugry. The chemicd compodtion and mechenica propaties of the maerid ae
given in Tables 1 and 2 respectivey. All tesing was carried out on round threaded specimens
with a rectangular gauge length profile The geometry and dimensons are shown in Fgure 1. An
edge notch of 0.6 mm diameter was machined into one dde of the specimen, & mid length as
shown in (Fgure 1). Usng a notched specimen alows the dresses to exceed the maerid yied
dress a the notch root without buckling or tendle yidding of the whole specimen. This notch
sgze was smdl enough that, once initiated, the crack rgpidly grew out of the zone of influence of
the notch.
The crack opening dress was measured usng a 900x power short focd length opticd video
microscope a given cycles before and after an overload occurred. The procedure for measuring
the crack opening stress was to stop the test at the maximum gress of the required cyde and then
to decrease the load manudly while observing the crack tip region in the monitor attached to the
opticd video until the crack surfaces dat to touch each other. Two sets of readings were
recorded for each given cydic dresslevd, and the average were calculated.

Table 1— Chemical Composition (percentage by " S e e
weght) P

Sted C S P Mn S Fe [FEIL

1045 046 0.17 0027 0.81 0023 rest o LT oET

Figure 1 Specimen Geometry

Table 2— Mechanica Properties of 1045 As Received Sted
Mechanical Properties uUnits Magnitude
Modulus of Elasticity MPa 206000
Tensile Yield Stress MPa 761
(0.2% offset)
Cyclic Yield Stress MPa 580
(0.2% offset)
Ultimate Tensile Stress MPa 781
True Fracture Stress MPa 647
Area Reduction % 40

Crack opening stress model

Dabayeh and Topper [12] messured crack opening gress changes for various levels of tensle
and compressive overloads followed by congant amplitude cydes having a variey of R-raios.



The crack opening dress after being reduced by the overload increased to its steady date levd in
an goproximady exponentid manner. They showed that when normdized dl the dosure dress
varsus cydes daa fdl onto a sngle curve. However, the agpplication of their reationship to
complex load histories is complicated. The present authors have gpplied a smpler reationship
suggested by Vormwald and Seeger [13] rdaing the change in crack opening dress in a given
%de to the difference between the current opening stress Su and the steady $ate opening stress

DSop = m(Sss - Scu) (1)
whereDS,; is the increase in crack opening stress during a load cycle and m is a materia congtant

produced by fitting equation (1) to crack-opening stress build-up measurements. A vaue of m
equa to 0.002 gives a good fit to the measured crack-opening dress data. The condants for
DuQuesnay’'s deedy date crack opening dress mode were cdibrated by measuring crack
opening dress during a load higory congding of different maximum and minimum dresses The
two congtants were found to be 0.55 and 0.23 for a and b respectively.

Using eguation 1 the crack-opening dress levels were modded assuming that the crack-opening
dress for a given cycle ingantaneoudy decreases to the mngant amplitude Steady date leve for
that cycle if this Seady date crack opening dress is lower than the current opening dress.
Otherwise it follows the exponentid build-up formula of equation 1 unless the cydle is bdow the
intrindc sressrange, or the maximum siress is below zero in which case it does't change.

Crack growth analysis

A crack growth andyss based on a fracture mechanics gpproach as presented by Dabayeh et d.
[14] wes used to modd the fatigue behavior of the 1045 as received sted gpecimens for the given
load spectra and dress ranges. The crack growth andyss was based on an effective srain-based
intengty factor as presented by Dabayeh et d. [14], a crack growth rate curve obtained during
closure-free loading cydes, and aloca notch strain caculaion based on Neuber'srule [14].

Experimental measurements

The three load spectra were scded to various maximum stress ranges. The upper limit of these
ranges was st 0 the maximum and minimum dresses did not cause large scde notch pladicity
as the fdigue crack grew out of the notch while the lower limit was set S0 that fatigue lives did
not exceed fifteen hundred blocks. In order to obtain the fatigue life curves the three spectra
mentioned above were scded to vaious dress ranges and goplied to the 1045 notched ded
soecimenstill falure

Resultsfor the SAE Grapple Skidder Load History

For the experimenta crack closure measurements the torson channd of the Grgpple Skidder
gpectrum which has a pogtive mean dress was scded to two different stress levels a maximum
nomina dress range of 910 MPa and a maximum nomind dress range of 751 MPa The
measured crack opening dresses for the two different maximum dress leveds are shown in
Fgures 2 and 3 respectively. The figures show the applied nomind dress spectrum for each load
hisory, the cdculated crack opening dresses using the crack opening stress modd and the
experimentally measured crack opening dresses. Fgure 4 is an expanded view of a portion of
Figure 2 that shows the modeded and experimentd crack opening dress. As expected, the crack
opening stress decreases when the specimen is subjected to a large overload then dtarts to build-
up agan during subssquent smdler cydes The average measured crack opening stresses were



within 8 and 9 percent of the average cdculated crack opening stresses for the two different
maximum dgress levels Fgure 5 shows a plot of the messured faigue lives versus the maximum
dress range of the Grgpple Skidder load spectrum and the lives predicted usng the crack
opening dress modd in the fatigue crack growth program. The edimated fatigue lives are in
good agreement with the experimenta observations.
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Figure 2. GSH Maximum Stress 910 MPa Figure 3. GSH Maximum Stress 751 MPa
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Resultsfor the SAE Log Skidder Load History

The cable channd of the Log Skidder spectrum which had an average mean dress of zero was
scded to two different dress leves. These dress levels were a maximum nomind Siress range of
887 MPa and a maximum nomind dress range of 675 MPa The crack opening sresses for the
maximum dress ranges are shown in Figures 6 and 7 respectively. The figures show the nomind
aoplied spectrum for maximum gtress ranges of 887 MPa and 675 MPa, the cdculated crack
opening sresses using the crack opening dress modd and the experimentally measured crack
opening dresses. Figure 8 is an expanded view of a portion of Fgure 6 that shows the modded
and experimenta crack opening dress. The average measured crack opening stress were within 9
and 11 percent of the average cdculated crack opening dress for the two different maximum
dress levels respectively. Fgure 9 shows the measured fatigue lives versus the maximum dress
range of the Log Skidder load Spectrum. The edtimated fatigue lives are in good agreement with
the experimenta vaues.

Resultsfor the I nverse Grapple Skidder Load History

Theinverse of thetorson channd of the Grapple Skidder spectrum which had a negative mean
dress was scded to two different maximum dress levds These dresslevds are A maximum



nomina gressrange of 1008 MPaand amaximum nomind sressrangeof 675 MPa. The crack
opening stresses for the two maximum stress ranges are shown in Figures 10 and 11 respectively.
Fgure 12 is an expanded view of portion of Figure 7 that shows the modeed and experimenta
crack opening gtress. The average measured crack opening stresses were within 13 and 10
percent of the average calculated crack opening stress for the two different maximum stresses
levels respectively. Figure 13 shows the messured fatigue lives versus the maximum stress range
of the inverse Grapple Skidder Spectrum. The estimated fatigue lives are in good agreement with

the experimenta vaues.
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Figure 6. LSH Maximum Stress 887 Mpa
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Figure 7. LSH Maximum Stress 675 MPa
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CONCLUSONS
1. The crack-opening dress level dropped immediaidy after the goplication of an overload and

2.

then gradudly increased with subsequent smdl cydes
The crack opening dress can be modded usng an exponentid build-up formula which is a
function of the difference between the current crack opening sress and the steady Sate crack

opening dress of the given cyde.
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