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ABSTRACT

Elastic stress concentration, fracture mechanics and local strain based
approaches were evaluated in predicting fatigue Crask initiation life at notches for
materials 2024-T3 aluminum alloy, co.mmercially*%ure ;:op_per, 70-30 brass, and Cu-Be
alloy 25. Blunt keyhole and sharp V-notched compact tension specimens were
subjected to cyclic loading in ambient laboratory air, at a stress ratio of R=0.1, and at
frequeﬁcy f=25 Hz. Crack initiation was defined as the cycles to form a 1 mm long,
crack extending from the notch root. Maximum loads were selected to produce
initiation in the range 10* to 10° cycles. The Moire fringe technique was used to
measure strains near the. notch. Also, crack propagation tests were performed to
evaluate initiation-propagation models and the fraction o"f life spent in initiation and

propagation.

The results suggest that the best initiation model is based on computed
estimates of strain at some distance ahead the notch root. This distance was shown to
be inversely related to the materials’ strength. This model properly described both the
influence of material and geometry over the full range of initiation cycles. The models
based on elastic notch stress and stress intensity factor did not lead to physically
acceptable results, i.e., they predicted that initiation life for blunt notch specimens was
shorter than that for sharp notch specimens. The strain—cycle fatigue model called
local strain approach appeared to be somewhat better than approaches based on elastic,
stress or stress intensity factor but could not combine data for s‘har_p_. and blunt notches
for materials other than aluminum. In this case, estimating the fatigue notch factor,

K, seemed to be the principal difficulty.

In the range 104—1'_06 cycles, about 30% of the total life is spent in initiating the
crack for sharp notch specimens whereas for blunt notch specimens, initiation life

covers about 75% of the total life of the specimen.




I. INTRODUCTION

Materials failures are of particular importance in almost all aspects of human
life. Of all types of mechanical failures, it is often stated that fatigue accounts for the
majority of them and more importantly, fatigue failures almost always occur without
any obvious warning. In order to prevent these insidious and catastrophic failures, and
with the object of reducing both cost and time in designing a component, fatigue life
prediction is an important-process. It involves determining, for given service loadings,
whether a crack will initiate, and then grow to such a size that catastrophic failure will

occur.

The question of whether the initiation and propagation. stages should be used
independently in life prediction, or whether the results should be combined depends on
the service conditions, component geometry, material fabrication processes, and the
material itself. For instance, there are cases in which fabrication process produces
crack-like flaws, or cases where a design engineer has to assume that crack already
exists in the component. In such cases, life prediction logically uses only the crack
propagation approach.. On the other hand, there are many components. that are
produced by carefully controlled fabrication processes and are made of high quality:
materials or there are cases in which as soon as the crack initiates, the component is no
longer allowed to be in service. In such cases, a component may spend most of its life
in initiating cracks and in these cases, life prediction involves only the crack initiation
stage. The relative importance of the two initiation and propagation phases may also
depend upon loading conditions. Large proportions of the total cycles to failure are

involved with propagation phase when stresses are high— low-cycle fatigue— whereas

Crack initiation, however, has proven to be the most complex, and the most
difficult to characterize quantitatively. Some of the complexities include simply

defining what constitutes a crack, measuring strain near the notch root, finding the

o




most appropriate initiation criteria, etc. Complexities notwithstanding, during the last

three decades numerous :initiation models have emerged. Previous work on several

ste‘el_sl, showed that models based on nominal stress , or strain-cycle fatigue
were similar in their ability to predict crack initiation. Other evidence suggests that
models based on the stress intensity factor 'rnays';9 or may not? provide better
quantitative predictions. Finally, other work suggests that the strain at the notch root

. . . oo .. 2,10,11
is the dominant parameter controlling crack initiation S

A common. feature of all models is the lack of influence of microstructural or
metallurgical properties, excluding perhaps strength!, on crack initiation. Therefore, a
better understanding of the complex fatigue crack initiation behavior from notches and
in materials with a wide range in important metallurgical factors, particularly strength
and stacking fault energy, is required for-more precise prediction of fatigue life in

designing a component.

e1.1- Fatigue Crack Initiation

For the first time in 1933, G'ough12 showed that the slip process is responsible
for metal fatigue damage as it is in static deformation. The slip process in a material
under cyclic deformation produces heavily distored regions called slip bands. Among
these slip bands, there are generally several which are more distored and'deeper‘}ied than
the rest. These are called persistent slip bands and are almost always the origins of
fatigue cracks. Wood!3 showed that these persistent slip bands form at early stage of
component fatigue life. For a design engineer, however, the questi_On 1s when a d’eependu
slip band should be called a crack. Should it be in the scale of micro-structural unit
such as grain size as proposed by Wood!3, or in the scale of Manson's criterion'*-0.076
mm- or of the size suggested by Dowling!®>? Obviously, whatever size is selected, it
should be within the range of the resolution of inspection equipment. Another problem
&y is that initiation life, Ni, deﬁﬂ'ed as the number of cycles to produce a crack of some

size, depends on the component geometry.
In an attempt to eliminate the dependence of initiation life on specimen

geometry, Dowling!® has suggested that the crack length at initiation be less than or

equal to the crack length at the transition, l;+, between short-crack- and long-crack-




controlled behavior. For a compact tension sample with sharp notch, he"has ,slhown}'15
that [+ is on the order of r/5, where r is notch root radius. However, as mentioned
previously, sometimes such a size might not be easily seen within the range of the
resolution of practical equipment. In such cases, a larger crack length might be

~

specified.

e1.2-Effect of Stress Concentrators

The presence of geometrical discontinuities such as keyholes, fillets, welds, etc. ,
is often unavoidable in engineering structures and riachine parts. These discontinuities
act as stress raisers and seriously reduce fatigue strength of the component. The
theoretical maximum stress at the root of a discontinuity- notch can be calculated
by elasticity theory. It can also be obtained through using hand hook chartst® showing
the elastic stress concentration factor. K. for a wide range of components with
different geometry. K; is defined as the ratio of maximum elastic stress at the notch
root to nominal stress. However, the actual stress at the notch root may be lowered
due to local yielding as shown in Figure 1.1. This is the reason that the actual fatigue
strength reduction of a notched component is less than that predicted on the basis of
elastic stress concentration factor. In order to explain this discrepnancy, the
fatigue-notch factor or fatigue strength reduction factor. K¢. has been introduced and.
at a given cycle defined as follows:

_ fatigue strength of unnotched component.
™ fatigue strength of notched component

Since the fatigue strength of the notched component depends on the yield
strength or on the extent of plastic deformation at the notch root, I&¢ is also expected
to be dependent on material yield strength as well. Moreover, the results of several

. . . . 17,18,19 Loy : _ .
experimental investigations show that K¢ also depends on noteh severity. stress

- . . 518,20 . . . N -
state, and life. Figure 1.277""7 shows how K¢ varies with cycles to failure.
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True Stress

Figure 1.1- Schematic showing true and thoretical stress concentration.
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In order to be able to predict fatigue strength of a notched component from
that of smooth specimens, many attempts have been made to correlate K¢ with the

elastic stress concentration factor, K;.  The following equation expresses this
17,18,21

s
1)

(1.1)

relationship based on Neuber’s work.

K,-1
1+p'/r

Where r is notch root radius and p'is related to the grain. size of the material. K; may

also be determined by using plots of notch sensivitylS, q, versus notch root radius.

The notch sensitivity factor is-defined as .
K‘ ":1 :
f ;
K;-1

and may vary between 0 and 1 respectively for K;=1 and K;=K;. When K=1, the
notch has no effect on the fatigue strength of the component and it has its maximum
effect when K¢=K,. It should be noted, however, that q is not a material property and

depends on the same factors as K¢ does.

One other equation has been given by Petérson_22 correlating K¢ to K, as
_ L€ o g g By t

follows:

(1.3)

*

Where p is notch root and a is empirically defined as a:0.0-254("20‘79/5u)1'8 where a
and Su, ultimate tesile strength, are in mm and MPa, respectively. Peterson’s equation

seems to be a modified combination of Neuber's and notch -sensivity concept.

17

Elsever™’, it has been shown that K; and K can be correlated with yield strength

instead of ultimate tensile strength.




et

Some other general trends in K; and K; are as follow:
—As K, increases, K;/K, ratio decreases. This means that for blunt notches, K is
close to K;. Moreover, there seems to be a critical notch root radius below which Kj

8,17,23-25

does not increase. This is the basis for the concept of the effective notch root

radius.

—Different K, values may be obtained for different geometies having the 'same_Kt‘.17
This arises from the fatigue size effect. Therefore, K¢ accounts not only for plasticity
but also for size effects.

— K increases as grain size decreases.’"'*® This is consistent with the effect of yield
strength on K.

—For similar geometries and at a given load, the higher the yield strength, the closer is

K, to Ky.

Notches can also introduce a isxtate_-of triaxiality and‘_deVelop residual stresses.
When nominal stresses are within the elastic range, the: local yielding can complicate
the material behavior at the notch root by developing residual stresses. In such cases,
the small specimen superimposed on the notch root, shown in Figure 1.3, undergoes
cyclically strain-controlled conditions, whereas the rest of the material is under stress
control. This concept which is an application of Neuber’s rule has been used to
determine fatigue initiation life at notches as will be explained later. Moreover, in
low=cycle fatigue where the nominal stresses are high, the local stress can be fully

reversed even though nominal stresses are tensile.

¢1.3 — Effect of Tensile Strength and Stacking Fault Energy

Besides mechanical factors such as stress raisers, and residual stresses, there are
certain metallurgical, factors which can affect the fatigue strength of any component.
Among them, the tensile strength is frequently used to approximate fatigue properties
of materials. For example, the fatigue limit of wrought alloy steels is usually stated to
be approximately half of their tensile strength. On ohe hand, such general correlations

may be expected since slip is more difficult in higher strength alloys. On the other

hand, increasing the strength increases sensitivity to all kinds of stress raisers including

inclusions, second phase particles, surface roughness, etc. ,and also it increases sensivity

to environmental attack and decreases fracture toughness of the material.




Structure Under

& Stress Control

\ Specimen Under Strain Control

Figure 1.3- Schematic showing the simulation of strain-controlled test specimen at

notch root of a structure under stress control condition.




Figure 1.427 shows the fatigue limits, as a function of hardness (or strength) for
smooth specimens of different alloy steels under completely reversed stress tests at
room temperature. As seen, the constant factor used to correlate fatigue limit to
strength"does not hold beyond a. hardness of approximately 40 RC. Therefore, while
approximate relations may be used for convenience, it should be noted that their use
must be restricted to only certain circumstances such as smooth and highly polished
specimens, up to a certain hardness range.

Fatigue strengt}i can also be affected by the stacking fault energy which
controls the ease of cross-slip ag“well as the mode of deformation.28-30 In materials
with high stacking fault energy, dislocations can cross slip easily around obstacles. As
a result slip bands and plasticaly deformed zones can form which promote both ¢rack
initiation and propagation stages. Deformation mode in these materials is called wavy
since the slip band appears Lo be wavy. _'l"hom,pson and-'Ba.(‘,'l\'ufe_n30 have shown that in
materials with high stacking fault energy, such as copper and aluminum, grain size does
not affect fatigue strength of the materials tested over 10% 107 cycles and under
constant stress amplitude. This happens because dislocations cross slip easily- and form
cell structure which mask the effect of grain boundaries or grain size on fatigue life.30
This concept is most meaningful for p_ropa,g_a.t‘ion., However. it is pertinent to mention

it here because in this study, we define initiation life as the number of cycles to form a

1 mm long craeck.

In materials with low stacking fault energy, partial dislocations are widely
separated and recombination can be done only by applying large forces. 'Therefore.
cross slip is not easy and barriers are effective in introducing strain hardening due to
dislocation pile- ups.. In ‘this case, transgranular slip bands are formed and the
deformation mode is called planar. [It- has been shown 3 that in low-stacking-fdault
materials, grain size can affect fatigue strength through impeding crack wear grain

boundaries.

10
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e1.4-Initiation Life Prediction At Notches

Prediction of fatigue crack initiation life from notches has been a subjeét- of
active interest during the last 30 yeamrs.l.'11 The principal reason is the need for a
model by which a design engineer will be able to minimize the number of tests required
to predict fatigue behavior for a notched component. Traditionaly, nominal stresses
and elastic stress concentration based approaches have been used. Recently, two more
complicated methods—Ilocal strain and fracture mechanics based approaches— have
been employed to predict crack initiation life in metals. In this part, fracture

mechanics, local strain, and other approaches based on elastic stress concentration will

be discussed.

¢1.4.1—Fracture Mechanics Approach

Based on' linear elastic analysis, this approach which has been used in several
investigationss'9"2'4"'31_38 employs AK/|p as a measure of maximum stress fluctuations
at the root of the notch to predict initiation life for notched components. AK
represents the maximum range of stress intensity, which depends on applied load,
component geometry, and crack length, and p is the notch root radius. The origin of

3% and Cre.ager40. In 1966, Creager showed that elastic

this approach stems from Irwin
stress distribution around sharp elliptical or hyperbolic notches in a component
subjected to mode I deformation can be calculated as a function of stress in'tensiﬁy from

the following equations:

K | : K
ox-_—(2—)_'1—/—§ cos /2 [1-sin 8/2 sin 36/2]- W ipf cos 30/2 (1l.4a)
T (27r
K . : K _
oy= (2__)'1/_5 cos 0/2 [14sin 6/2 sin 36/2]+ W 4 cos 30/2 (1.4b)
27T mr
Kl . . kl p . ‘ .
Txy= (2——)i/_2 sin 8/2 cos /2 cos 30/2- (2—————)1—/2 o7 Sin 30/2 (1.4¢)
r Tr

where 1, 0, and p are shown in Figure 1.541.

12
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When a structural component as in Figure 1.5 is cyclically loaded, maximum stress
fluctuation at the notch root, i. e., =0 and r=p/2, may be calculated by Eq. 1.4b as

follows: |

-

AK when p—0 (1.5)

Also, Aomax can be calculated using stress concentration factor as follows:

As seen from the last two equations, K/{p is in fact equal to K;.AS times a factor of
2K

{7 /2 . Therefore, an alternative stress concentration factor is defined? as Keo = e

which is close to K; only when notch has a crack-like geometry. Using finite element

-a.nal-ys_is for blunt compact-tension specimens, Wilson*? has shown that Eq. 1.5 is
accurate to within 10% for notch radius up to 5 mm. The aceuracy of Eq. 1.5 has also
been studied by DOWIi'ngQ" for notched specimens shown in Figure 1.6.2 The results
presented in Table 1.1 show a considerable difference between Kfm and K, for the two
blunt notches. The other limitation of this approach appears when there is significant
plastic deformation at the notch root. In such cases when AK/|p versus Ni is ploted
for specimens with different notch geometry, data separation will be seen for low-cycle

and high stress conditions. An example has been shown in Figure 1.7.2

Table 1.1- Stress Concentration Factors for the Notches Shown in Figure 1.6.2

Specimen K, Ken

Center Hole 2.12 1.19
Compact 2.62 2.41
Blunt DEN 2.42 1.63
Sharp DEN 10.7 10.3

14
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Figure 1.7- Fracture mechanics approach used to correlate fatigue crack initiation life

for various notched specimens.”
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¢1.4.2—Local Strain Ap_proach

Most problems of engineering interest in designing structural components and
machine parts involve the case where nominal stresses are elastic while inelastic local
stresses are developed at keyholes, welds, fillets, etc. In these cases, as would be
expected, models based on elasticity theory are not able to predict the fatigue damage
of the component. In order to account for plasticity effects at notches, the local strain

d24-743-46 4 hich assumes that initiation at the notch

approach has been introduce
occurs- when a small smooth specimen located at the notch, shown in Figure 1.5, fails.
This method then establishes the stress-strain history for this small specimen through
experimental tests, hypotheses, or a finite element analysis. A rule proposed by

Neuber*’ has been extended to fatigue problems by Topper et al.? to predict fatigue

initiation life for notched components, as shown schematically in Figure 1.8.

Neuber studied the behavior of stress and strain concentration for notched
shear-strained prismatic bodies and proposed a rule which can be used with stress-
strain laws to correlate the nonlinear stress-strain behavior at the notch root to the
nominal stress-strain applied to a component. He states?’ that “ ‘The geometrical
mean value of the stress and strain concentration fa_cpors- 1s equal to the Hookian stress-

»47 \which means (The analysis has been developed by TQpper et

concentration factor,
al.* and is repeated here for convenience):

1/2

Ki=(KsKe) (1.7) Neuber rule

where K; and K¢ are plastic stress and plastic strain concentration factors,
respectively. Equation ('1.7") states that the product Ks; K¢ is constant. This is
reasonably supported by the fact that K, decreases and K, increases as yielding

occurs. Substituting K, and K, with a range of stress and strain gives:

'Kt;(%)‘lm (1.8)

which is an important and useful equation because it correlates nominal factors to local

factors or:

Kt'(ASACE)1/2:(A0A€E)1/2 (1.9)
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where As and Ae are nominal stress and strain ranges, Ao and Ae are local stress and
strain ranges, and E is the elastic modulus. When nominal stress and strain are elastic,
using Hook’s law Equation (1. 9) may be rewritten as:

K,As=(AcAcE)"? (1.10)
Since plasticity at the notch root can markedly lower the value of K, K¢ has been used
in fatigue problems instead of K;. Although K;, as shown in Figure 1.2, varies over

22

the life range, approximate equations like that of Peterson““ may be used to determine:

Ks. Substituting K, for K, Equation (1.10) becomes:

K, As=(AcAeE)"? (1.11)
or

(K As)?

AocAe= &

= constant  (1.12)

which is the equation of a rectangular hyperbola, shown in Figure 1.8, and is very
important in most engineering designs. where nominal stresses are essentially elastic and
local stresses and strains might be plastic. When local stress and strain are also elastic,

i.e., high-cycle fatigue, Equation (1.11) may be further simplified as:

KcAs=Ac (1.13)

It should be noted that when cyclic stress-strain curve is known, its intersection with
Equation (1.12) will give the local stress and strain at the notch tip. Fatigue life can
then be estimated using this strain with Manson?® type strain-life equations (see Figure

1.8).

In summary , Equation. (1.9), with K; substituted by K¢ may be used for all
values of nominal stress even when general yielding occurs. In such cases, the cyclic
stress-strain curve of the material should be used to obtain As and Ae. Equation(1.11)
applies for As values less thian the yield stress, and Equation(1.13) for AS values less
than the yield stress divided by K;. This is the case when there is no plasticity even at
notch root. However, Equation(1.13) is frequently used for initiation life estimates

even in the presence of inelastic stress and strain at the notch.
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Figure 1.8- Estimation of fatigue crack initiation life based on Neuber’s analysis and

sress and/or strain-life curves.
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This approach compared to fracture mechanics base approach has at least three
advantages: it accounts for plasticity at notch root, notch geometry can be accounted
for and life estimation using K;As as a damage factor, is much easier since K;, and
therefore an estimate of .Kf, is readily available for variety of geometries, Also, mean
stress effects can be accounted for, using this approach, by subtracting the quantity o

from o's in the following equation49'50.

Ac/2:(—'a%a—m—)(2N)b+e’f(2-N)c (1.14)
where
A¢/2= total strain amplitude
E= Young's modulus
o's= fatigue strength coefficient
Om= mean stress
2N= number of reversals to failure
b= fatigue strength exponent ( the slope of elastic strain vs. 2N line)
c= fatigue ductility exponent ( the slope of plastic strain vs. 2N line)

¢'c= fatigue ductility coefficient

In notched members, local yielding induces either compressive or tensile residual
stresses. These stresses may change the magnitude of the mean stress at the notch
root. If the applied load is tensile, compressive mean stress develops and if it is
compressive, tensile mean stress is developed around the notch root. Tensile mean
stresses, if not being accounted for, may result in a nonconservative life estimates.
1H0We\}_er,-sinCe the material at notch root undergoes strain control, mean stresses will
‘d50-5'2'.

be relaxed after enough cyclic plastic strain is reache The effect of mean stress:
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becomes much more important when the component is under variable amplitude
loading. In this case, load history must be known- to predict the effect of mean
stresses. Also, this approach accounts for hardening/softening effects through using
cyclic stress strain data. Along with those advantages, these are some difficulties with

this approach as follows:

—“Where the geometry or mode of loading differs drastically from cases for which
Neuber's rule has been verified, it is advisable to use it (Neuber's tule) with caution.”?
—Material properties obtained either from literature or by testing specimens in
laboratory may be very different from actual component properties due to fabrication
related effects.? In the case where only local yielding occurs, the role of fabrication
related effects may become more important since the propeties of the material in a

small zone at the notch root may differ drastically from those of laboratory tested

specimens.

¢1.4.3- K,-Based Approaches

Fatigue damage in this approach is defined by the product ki.As, where As is
the maximum stress fluctuation at the notch tip and Kt is the elastic stress
concentration factor. As stated before, when plasticity occurs, this approach leads to
an unnecessarily conservative life estimates. When local plasticity occurs, the stress
distribution in the notch vicinity is changed. Also, the damage factor may be
maximized at some distance ahead of the notch. For this reason and the fact that in
fatigue, sharp notches have less effect than predicted by K, historically K has been
replaced by K‘f is a function of material, loading condition and geometry as explained
previously. The quantity K; along with Neuber's equation were used to account for
plasticity and geometry effects. The quantity K¢ is treated as a constant whereas it

was proved to be a function of life.

An alternative approach which uses K,  instead of K; has been used by Bathias
and Gabra, where K, is k; evaluated some distance ahead of notch. K, is determined

by Neuber?!'®3 equation as follows:




Kyg=Ki(=55)"° (1.14)

_P_
p+4d
where p is notch root radius. Also, as mentioned previously, Neuber?*’ has shown that

K,=(KsK¢)%5 (1.7)

which can be applied at any distance ahead of notéh. Combining equations 1.14 and 1.7

results in
Ke=( S 50" (1.15)
and thus
2
AedetdA'f:'Ae (1.16)
where far field stress is elastic, then Ae:%s. Therefore,
(q= St 20 (1.17)

Note that K,4. As=Ag.

This approach accounts for plasticity and geometry, through utilizing K,4 and
Neuber analysis and is very similar to the local strain approach. However, the key
question is“ Is d a constant value as Bathias et al.}? proposed?” They have calculated
Aey at a distance d=150 pm (grain size of the materials used) for prediction of fatigue
crack initiation in two different aluminum alloys with yield strength of 328 and 410
MPa. They used compact tension specimens with notches ranging from 0.5 to 5§ mm.
The results of their work show that this approach- may account for both notch effects
and material properties. However, it seems that more work needs to be done to see if d

has any correlation with material properties such as grain size, strength, etc.
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H-OBJECTIVE

Various modifications of the local strain and fracture mechanics approaches give

2,8,41,54,55 s o :
particularly in low-cycle region.

conflicting predictions for initiation,
Moreover, a common feature of all initiation models is the lack of influence of
microstructural or metallurgical properties, excluding perhaps streng‘t'}i,1 on crack
initiation. -Therefore, the objective of\‘the present study is to develop data on crack
initiation at notches which can be used to compare the models while concurrently
providing a range in both strength and stacking fault enegy. Strength controls the ease
of slip whereas stacking fault energy controls the ease of cross-slip, as well as the type
of defc')rmatioff.‘""iFOr_ this purpose, the materials chosen were an aluminum alloy 2024-
T3, commercial copper, 70-30 brass, and Cu-Be alloy 25. They provide ranges in
strength and stacking fault energy from 300 to 850 MPa and from 15 to 120 mJ./mz,

respectively. Minor objectives of this study are as follows:

1. Strain measurment- at the notch root utilizing Moire-fringe technique to compare

measured and computed strains.

2. Determining the relative importance of initiation cycles, N,, versus total cycles to

failure, N¢, for blunt and sharp notches.
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HLEXPERIMENTAL PROCEDURE

<

e3.1-Materials and Grain-size Measurements

The materials tested in the present study were commercial copper (Bar 1/4-
inch thick), 70-30 brass ( 1/4-inch thick plate), Cu-Be alloy 25* ( 7-inch diameter hot
forged bar), and 2024-T3 aluminum (3/8-inch thick bar). Chemical analysis and

average grain size for all materials are shown in tables 3.1 and 3.2, respectively.

Grain size measurements were performed in accordance with ASTM standard
E112 ‘three circles method_56; which is a grain boundary intercept technique, for both
longitudinal and transverse orientations to the flow direction. For the aluminum alloy,
the grain size was an average for three dimensions because the grains were not
equiaxed. In the case of Cu-Be alloy 25, duplex grains were present in metallographic
section. In measuring the average grain size, [, for this alloy, both small and large
grains were included. The etchants®’ used to reveal grain boundaries were: for
aluminum, Keller's reagent; for Cu-2Be, 1 part ammonium persulfate hydroxide, 2
parts ammonium persulfate(2.5% in H,O); for brass, CrOj(saturated aqueous
solut'ion)'; for copper, 2 g K,Cr,07, 4 ml NaCl (saturated solution), 8 ml H,SO,, 100

ml water, followed by Fe;Cl to increase grain boundary contrast.

} .

X

*Supplied by NGK Metals Corporation
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e3.2. Mechanical Testing

Tensile properties were obtained on an: Instron. screw driven tensile machine at
a constant strain rate. of 5 mm/min. Either button head or flat specimens were
machined from longitudinal direction and tested according to ASTM E8-87a°8. The

results are-shown in Table 3.3.

All fatigue experiments in this study were “performed on an Instron
servohydraulic closed-loop testing machine. Blunt and sharp keyhole notched compact
tension (CT) type specimens were oriented in the longitudinal (LT) direction, except
for Cu-Be specimens which were ofiented in both (L- R) and (R- L) directions(see

Figure 3.1 and 3.2°°) were used. Specimen dimensions are shown in Figure 3.3.

The stress intensity solutions for these samples is as follows”?:
P -
K=—=>—=f(a/W) (3.1)
BW1/2

where
!

o
K=stress intensity factor

P=applied load
B:-sample thickness
W =sample width

a=crack length

f(a/w):((2+/a/ ‘)’;’32[0.886+4_.64a/W-13.32(a/W)2+-14.72(a/W)3-5.6(a/~W)4]
l1-a/W

The nominal stress at the root of the notch®® for this geometry is:

o= B(Vlif:-a)[;;(xvvza)ﬂl (3:2)
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The specimens were subjected to cyclic maximum loads ranging from 1500 to
15000N in ambient laboratory air(for additional details see Table 4.1). All waveforms
were sinusoidal with stress ratio(min load/max load) of R=0.1, and all tests were
conducted at a cyclic frequancy of 25 Hz. Maximum loads were selected to produce
initiation cycles in the range 103 to 10°. Crack initiation was defined as the cycles to
form a 1 mm long crack extending from the notch root. Crack lengths, for both
initiation and propag_a-t'ion were monitored via a compliance ‘te_chnique,_ with a 0.2 inch
clip gage being attached to knife edges machined in the mouth of the notch. Visual
verification of these readings were made at appropriate intervals on both sides of the
samples with the aid of a traveling microscope. In .Uc‘)r_der to facilitate crack observation,
particularly for initiation period, all copper alloy and aluminum alloy specimens were

electrolytically and mechanically polished, respectively.

Fatigue crack propagation data were also obtained under the same conditions
and at constant load and constant stress ratio R=0.1 ‘utilizing an IBM XT computer

and software developed by Fracture Technology Associates, Inc.




Table 3.1- Chemical Composition of the Materials I-n‘ve'_stigated*.

" Element All2024—T3_ | Copper Brass Cu-Be
Zn — — 29.84 —
Cu 4.16 99.95 70.13 Bal.
Mn 0.57 — — —
Mg 1.37 — — —
Be — — — 1.85
Co — — — 0.23
Si 0.08 — — —
Sn — — <0.01 —
Fe — — 0.006 —
Pb — — <0.003 —
P — <0.001 — —

— 0.034 - —
Al Bal. — — —

* Wet Chemical and Gas Analysis; Weig"ht Percent.




Table 3.2- Grain Size of the Materials Tested.

Material Average Grain VSize
Z(u_m)

-quper 24

Brass 22

Cu-Be 40

Al 2024-T3 162
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Table 3.3- Average*f Tensile: Properties of the Materials Investigated.

Material - YS* | UTS** Tofél Elo,ngdtion
(MPa) | (MPa) - in 45m'1.n'., %

Copper 336 337 10

Brass 365 436 39

Cu-Be 652 846 25

Al2024-T3 369 : 462 15

‘+.For Three Specimens; Standard Deviation 5.2% for Strength and <10% for
Elongation.

* Yield Strength at 0.2 % Offset

x* Ultimate Tensile Strength
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Figure 3.1- Crack plane orientation code for rectangular sections.””
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Figure 3.2- Crack plane orientation code for bar and hollow cy’lz'_'nder.sg

~
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Méterial a W B
mm 'mm mm
Copper 9.2 30.4 6.2
Brass 12.2 40.6 6.3
Cu-Be 15.2 50.8 12.6
Al2024-T3  12.2 40.6 8.3

Figure 3.3- Geometry and dimensions of compact tension specimens used in the

present study.
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IV-RESULTS AND DISCUSSION

In order to evaluate different fatigue—initiation—life models, fatigue
experiments were performed on CT specimens with two different notch root radii for
materials of 2024-T3 aluminum, commercial copper, 70-30 brass, and Cu-Be alloy 25.

The results are shown in Table 4.1, whereas the symbols are defined as follows:

AS=maximum nominal fluctuating stress at the notch root,

calculated from Equation 3.2.
R=minimum nominal stress/maximum nominal stress
p=notch root radius

K=theoretical stress concentration factor,

determined from Figure 4.14.42

K, =fatigue strength reduction factor,

determined from Equation 1.3.
N,=number of cycles to initiate a 1 mm crack

N¢=number of cycles to failure
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Table 4.1- Fatigue Data for the Materials. Investigated.

Material AS* Ky K N, N¢
(MPa) (mm) (Cycles) (Cycles)
Copper 318 1.59 3.1 2.5 4400 5900
" 180 0.13 9.9 2.4 8000 23100
o 126 0.13 9.9 2.4 41000 118500
" 126 0.13 9.9 2.4 61000 134300
" 180 1.59 3.1 2.5 70000 86800
" 126 1.59 3:1 2.5 235000 3054000
I 68 0.13 9.9 2.4 4010000 *
Brass 180 0.13 10.8 3.3 9500 37800
" 168 0.13 10.8 3.3 13500 48500
" 263 1.59 3.5 3.0 28800 36800
I 231 1.59 3.5 3.0 37600 51700
" 126 0.13 10.8 3.3 38500 116500
I 126 0.13 10.8 3.3 42000 127100
" 180 1.59 3.5 3.0 84000 113800
" 126 1.59 3.5 3.0 380000 474200
1 84 0.13 10.8 3.3 740000 1002300

Stress Ratio, R=0.1

* Did not fail after 4’.0}1x106- cycles.
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Table 4.1- (Continued)

Material | AS* | p K4 Ky N, N¢
(MPa) (mm) . (Cycl_eﬁs) (Cycles)
Cu-Be 158 0.07 16.5 6.5 11400 45000
" 126 0.07 16.5 6.5 18000 72100
" 198 1.59 3.9 3.7 85800 100800
" 68 0.07 16.5 6.5 130000 399800
I 68 0.07 16.5 6.5 133000 408600
" 126 1.59 3.9 3.7 405000 455900
o 126 1.59 3.9 3.7 440000 502100
o 105 1.59 3.9 3.7 665000 755100
Al2024-T3 126 0.13 10.8 3.8 11500 20300
" 180 1.59 3.5 3 14000 19300
" 126 1.59 3.5 3 37500 62400
" 126 1.59 3.5 3 38500 49500
" 68 0.13 10.8 3.8 138500 341100
I 68 0.13 10:8 3.8 149000 540400
I 68 1.59 3.5 3 335000 690100

Stress Ratio, R=0.1
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e4.1-Nominal Stress

Fatigue initiation data for the 2024-T3 Al and Cu-Be alloys is plotted in Figure
4.1 as Spom/UTS versus N;. Nominal stresses were determined using Equation 3.2. As
seen from this Figure, solid curves are spaced farther -apart relative to broken curves.
In other words, material with higher strength, i.e. the Cu-Be alloy, is more notch

sensitive than the aluminum allOy_ which has lower strength.

From this Figure and Figures 4.2 and 4.3, it seems that for a 'gi_v'en material,
sharp and blunt notch data approach each other at long life. This happens because at
long life, i.e., 10°-10° cycles, there is still some plastic deformation at notch root of
sharp notch specimens whereas at the same cycles for blunt notch sample, the notch
root stress is no longer plastic. Therefore, K; for blunt netch keeps its full theoretical
effect while the effect of K; for sharp V-notch decreases due to plasticity and notch
blunting. To verify the above h_yp_ot'hes'is, consider the theoretical notch root stress
(K{.AS) for aluminum alloy at its lowest applied stress (S=76 MPa). For sharp
V-notch, K;.AS=739 MPa, whereas for blunt keyhole notch, K;AS=239 MPa. As
seen from Table 3.3 the yield strength of this alloy is about 370 MPa and therefore, at
nominal stress S=76 MPa, plastic deformation at the notch root is expected only for
sharp V-notch specimen. Also, from Figures 4.1 through 4.3, it may be concluded that
at longer life, where notch root stress of both sharp and blunt notch specimens becomes
elastic; all data approaches fatigue _li'mit('i.e. fatigue strength at a given cycle) of
smooth specimen divided by K. In other words, at long life, K; becomes constant and
the role of surface roughness left from machining the notch and the role of other flaws

at the notch vicinity may become i,m,poi‘.tant,._
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Figure 4.1- Nominal stress normalized by ultimate tensile strength versus crack
initiation life for Cu-Be and aluminum alloys. This Figure shows the effect of material

strength on notch sensitivity and the effect of notch on initiation life.
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Figure 4.2- Nominal stress versus crack initiation life for brass with two different

notches.
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Figure 4.3- Nominal stress versus crack initiation life for copper with two different

notches.
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¢4.2.1-Fracture mechanics approach

The %—% factor which was employed as a model for predicting fatigue initiation
life at notches by Barsom and McNicol® has been used in Figures 4.4-4.7 to correlate
initiation data for blunt and sharp notch specimens. By combining the Equations 1.5
and 1.6, we saw that when notch root radius approaches zero, i.e., crack-like notch,
AT/I: becomes equal to éﬁ-;l{t.AS or zO’.85I{t.A-S. Therefore, choosing such a factor as
a representative for maximum local stress at notch root is expected to give too
conservative results particularly for sharp V-notch specimens and also in the low—cycle
regime where there is considerable plastic deformation in the notch vicinity. This
result is clearly shown in Figuers 4.4-4.7. Initiation data from all materials are plotted

together in Figure 4.8.

If A‘K-/‘\j_p_.-type models properly accounted for notch geometry, one would
expect blunt and sharp notch results to follow a common trend. However, as seen, not
only do the blunt and sharp notch results not follow a common trend, but also fatigue
crack initiation data for sharp V-notched specimens of all materials lies above data for
blunt-keyhole notched specimens. In fact, the data in Figures 4.4 through 4.7 suggest
that initiation requires more cycles for sharp than blunt notches at the same A_\]—% In

other words, this model does not lead to physically plausible results. In summary, this

é._pproach does not account. for either notch-root plasticity or notch geometry.
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Figure 4.4- Fatigue crack initiation data for 2024-T3 aluminum are correlated using

fracture mechanics approach.
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Figure 4.5- Correlating blunt and sharp notches data for Cu-Be alloy using fracture

mechanics approach.
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Figure 4:.6- Correlating blunt and sharp notches data for brass using fracture

mechanics approach.
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Figure 4.7- Using fracture mechanics approach to correlate fatigue crack initiation life

for blunt and sharp notched specimens of copper.
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Figure 4.8- Fracture mechanics approach used to correlate fatigue crack initiation data

for different materials with two different notch radiz.
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Assuming that general yielding did not occur in present experiment, the
simplified form of Neuber's*’ equation, which has been developed for fatigue problems
by Topper et al.?, has been employed in Figures 4.9 through 4.12 to correlate fatigue
crack initiation data. As discussed in section 1.4.2, the quantity Kf'AS. has been
derived through simplifying Equation 1.7 and is taken to be equal to I(AaAeE)l/z. 4
Therefore, K;.AS, if calculated properly, is a measure of local stress and strain at the

notch root.

As shown in Figures 4.9 through 4.12, only fatigue crack initiation data for
aluminum alloy appears to be independent of notch root radius, whereas for the other
materials the data obtained for the blunt keyhole notch geometry lies above that. for
the sharp notch data. The quantities I and AS were determined using Equations 1.3
and 3.2, respectively. In order to evaluate. the accuracy of Equation 1.3, K; was
obtained from handbook of military standards®! for different types of aluminum alloys
with different notch root radii and for lives from 10* to 10% cycles, and then was
compared with K, determined by Equation 1.3. Also, the results were compare(i with
actual data obtained from plots of notch sensivity index versus notch radius for
aluminum alloyls. The results were satisfactory and showed that the various ways to

estimate K, were within -10 to +10 percent.
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Figure 4.9- Using the local strain approach to compare fatigue crack initiation life for

blunt keyhole- and sharp v-notch specimens of aluminum alloy 2024-T3.
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Figure 4.10- Using the local strain approach to compare fatigue crack initiation life for

blunt keyhole- and sharp v-notch specimens of Cu-Be alloy 25.
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Figure 4.11- Using the local strain approach to compare fatigue crack initiation life for

blunt keyhole- and sharp v-notch specimens of brass.
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Figure 4.12- Using the local strain approach to compare fatigue crack initiation life for

blunt keyhole- and sharp v-notch specimens of copper.

50




;/‘4

As shown in Figures 4.9 through 4.12, only the aluminum. fatigue crack
initiation data appears to be independent of notch root radius whereas for all the other
materials the blunt notch data lies above the sharp notch data. This discrepancy may

arise from the following reasons:

—Equation 1.3 used to determine K; may not be valid for Cu-Be alloy, brass and
copper.

—As discussed in §1.2, the quantity K, varies with life, i.e., K=f(N), whereas in the
present analysis, a constant value has been used for Kf for the whole fatigue life range.

—In low-cycle region, where the sample experiences large tensile loads, the plastically
deformed material at the notch vicinity may go under compressive mean stresses.
This, even for a rather short period of time, may affect the initiation life. This effect is

not accounted for by this approach.

In order to compare this approach with fracture mechanics approach, all data
have plotted in Fig’ure_--4.13 and in the same scale as in Figure 4.8. As shown in Figure
4.13, using this approach, blunt and sharp data falls together to a much greater extent
compared with fracture mechanics results in Figure 4.8. However, as can be seen, the
overall slope of KK;.AS versus N, plot.is low. In the other words, N. appears to be quite
insensitive to K(.AS. The advantages and disadvantages of this approach were

explained in §1.4.2.
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blunt keyhole- and sharp v-notch specimens of materials used in the present study.
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¢4.2.3—K;—Based Approaches

a) Maximum Elastic Stress (K;AS)

In this approach, the elastic notch stress, o=K;AS, has been calculated -and
plotted versus. fatigue crack initiation data. The quantity K; has been calculated using
the results of Wilson's*? finite element analysis (Figure 4.14) and the nominal stress S
from Equation 3.2. The results are shown in Figure 4.15 where, as was true for the
fracture mechanics approach, the fatigue crack initiation data for sharp V-notched
specimens of all materials lies above the data for blunt keyhole-notched specimens.
Here again, the parameter K,AS leads to the physically unsatisfactory result that
initiation occurs sooner in blunt than sharply notched specimens. The individual plots

for this approach are almost the same as Figures 4.4-4.7, as explained -previously.
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b)K,4 Based Approach

As a result of local plasticity, approaches based on maximum theoretical stress
at notch root resulted in unnecessarily conservative results, particularly for sharp
notches. Also, they were not able to account for notch geometry. For this reason,
Neuber's equation and K; were employed in local strain approach to account for
plasticity and geometry effects. Although K; has been proven to be a function of life,
it is used as a constant which may represent a source of error. Moreover, we saw that
different K; might be obtained for components with different geometries but with equal
K;S. In order to. alleviate these problems, an alternative approach is warranted.
Perhaps such an approach can be based on Kiq where K, is K; evaluated some

distance ahead of notch. This approach, as dicussed previously, employs the ratio
K qAS
2E

correlates this value with fatigue crack initiation data.

to determine strain amplitude at some distance ahead of notch. It then.

Here an important question is what distance “d4” ahead of the notch should be
selected. Bathias and Gabra'! have used the K4 approach to correlate fatigue crack
initiation data from different notch geometries for two aluminum alloys. In their
study, they have calculated the strain at distance d=150 pm. The reason for the
choice of d=150 pm was stated simply that this value gave the minimum scatter of

initiation data and was about the same as the grain size.

An alternative and a new rationale for distance “d” is proposed here. The idea
is that fatigue damage factor defined by the (Ac.A€) product may be maximized ahead
of the notch. root whereas the strain itself is maximized at the notch root. This can be
explained by stress redistribution at notch root due to local yielding. When the applied
load is reduced to its minimum level, compressive stresses are developed at the notch

C e . . 62,63
vicinity, as shown in Figure 4.16 .

This stress redistribution process may cause the
product Ac.A¢ to be maximized at some distance ahead of the notch. The fact that

the product Ag.Ac is mainly responsible for controlling fatigue damage, is reasonably

a6




supported by the fact that this product is a measure of the strain energy density.
Consequently, if the proposed rationale is correct, one might expect “d” to be
dependent on both specimen geometry and material strength both of which control the

extent and the magnitude of deformation.

As meéntioned, Bathias’ results suggest that “d” is a constant. To assess
whether d is a constant, we studied the effect of the choice of d for different materials
and judged the optimum value, “d,”, as being that which best d_escribes‘ data for
both blunt and sharp notches resulting in a common dependence of Et2dE—A—§ on N;. As

an example, consider the data for 2024-T3 aluminum alloy shown in figures 4.17-4.20.

As d increases toward 200 um, data for blunt and sharp notches approach each
other and get farther apart when d exceeds 200 pm. Therefore, the optimum value s
taken to be-dop_t:]75 pm. Similar analyses have been done for the copper alloys and
the optimum values are tabulated in Table 4.2. One should note that “d,,;” is not
actualy a single value but generally falls within + 25 pm of the values presented in

Table 4.2.
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Table 4.2- Optimum Distance(d,p) From The Notch Root.

Material | -dopt; prp
Copper 200
Al2024-T3 175
Brass 125
Cu-Be . a0

o8




Stress

N

A\
+
A\

; N - 62,63
Figure 4.16- Residual compressive stress at the crack (or notch) tip.
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Figures 4.17-4.20- Using parameter Ae=K 4AS/2E determined for distances d=50,

100, 150, and 200 micron to correlate fatigue initiation life, N, for blunt keyhole- and

sharp v-notch specimens of aluminum alloy 2024- T3.
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Since dopt is not constant, and since it is expected to be a function of plastic
zone size 'and\or yield strength, we studied its relationship to these and other material
properties. The results suggest that “d,,.” is inversely proportional to the strength
(either yield or tensile) of the material. There was no relation between dopt and other
material properties such as grain size, stacking fault energy, modulus of elasticity, and
true fracture strain. Figure 4.21 shows the inversé relation between dopt and yield
strength which suggests that d, relates to notch sensitivity. This relationship can be
tested by using data reported in Ref. 9 for a Ti-6A1-4V alloy. This material has yield
strength of 1007 MPa. Using the best fit plot in Figure 4.21, dashed line to the filled
symbol, dgp¢ is determined to be about 20 pm. Fat'igue initiation data® for this alloy
for blunt and sharp notched specimens with K;=4.1 and 12.6 has been plotted in
Figure 4.22 employing the quantity ES’TAS, where K, is determined for d=20 um.
where data from blunt and sharp notched specimens falls together in a common trend.
As can be seen from this figure, the data from blunt and sharp notched specimens are

separated for d=200 pm which is very different from dgp;.

In Figure 4'.23, this model is utilized to correlate fatigue crack initiation data
for both blunt and. sharp notches for the materials used in the present study. All data
has been determined at a distance d=d,, as defined in Table 4.2. In contrast to
AK/{p and K;AS, this model correctly accounts for notch and nearly for ‘material
effects. In order to more properly account for material effects, the data is normalized
using the ratio YS/UTS, where YS and UTS are yield and ultimate tensile strength of
material, as shown in Figure 4.24. The role of another metallurgical factor which
affects the fatigue life of the component is appearing in this Figure since for a given
life, there is a stratification of the results with low stacking fault energy materials lying
at the highest positions on the ordinate compared with the high stacking fault energy
materials. The values of stacking fault energy are shown in Table 4.3. It should be
noted that values for copper, brass, and aluminum alloy have been obtained directly
from Ref. 64, whereas the value for Cu-Be alloy has been indirectly determined using
Refs. 64 and 65. As mentioned previously, stacking fault energy controls the ease of

cross-slip, as well as the type of deformation topography observed during fatigueQS.
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Figure 4.21- Optimum distance from the notch root “ dy 4 ” versus yield strength for
materials used in this study along with Ti-6AlL4V all'o,yg with yield strength of 1007
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Figure 4.22- Using parameter Ae=KAS/2E to correlate fatigue initiation life from
blunt keyhole- and sharp v-notch specimens of a Ti-6Al-4V alloy. Initiation life data

obtained from Ref 9. The quantity Ky was caculated for dy,c= 20 and d=200um.
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d=d as defined in Table 4.2.
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Table 4.3- Stacking Fault Energy “ TSF ” for the Materials Investigated.

Material TSR Temperature Ref. #
mJ /m? C’

Cu-Be alloy 25 10-20 25 66, 67

Brass(70-30) ~14 25 66

Copper ~T78 25 66

Aluminum ~120 25 66
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The lower and upper limit of the fatigue crack initiation data obtained from
this study along with other data from literature have been correlated using this model,
as shown in Figure 4.25. The data for aluminum alloys are well within the range
predicted by present work. These data has been obtained from compact tension
specimens with K;=2.1 and K;=6.7 at stress ratio R=0.01. However, it seems that
this model understimates initiation life for Ti alloy whereas it overstimates initiation
life for the steel alloys. These discrepancies might be related to several factors such as

geometry and mean stress effects.

In summary, this model more correctly explains both material and notch effects
when compared with the local strain or AK/{p approaches. This is especially evident
when the data are normalized by the ratio of YS/UTS. The quantity K,, determined
for an optimum distance from the notch root appears to work much better than K¢
calculated from the empirical equations. The strength of the material can be used to

estimate the optimum distance by utilizing the relation given in Figure 4.21.
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Figure 4.25- Strain amplitude determined from K 4AS/2E used to correlate fatigue
snitiation life for the materials employed in the present study and for materials from

References no. 1, 9, 11. K4 was calculated for d:do'pt‘
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¢4.3-Initiation and Propogation Contribution to Fatigue Life

An important question from a fatigue design viewpoint is how much of lifg is
spent in the initiation and propogation components. In other words, the questfoh is
whether these two stages should be used independently for life prediction, or the results
should be combined. The answer, as described previously, is that it depends on the
service condition, component geometry, material fabrication process, and material

48,66-73 | . e been. proposed during the past three decades to

itself. Several models
describe how these two components depend on the total life. The plots of some of
these models along with the blunt and sharp data from present study are shown in
Figure 4.26. As seen data from blunt notches appears to follow model number (4.1),
whereas the sharp notch data seems to be consistent with model numbers (4.2) and

(4.3). Model number (4.1) proposed by Manson*® gives the following relation between
N; and Nyg.

N; = Ng- 14N (4.1)

Models number (4.‘2.)72 and (4.3)73 describe the relation between N,

and  Ng,

respectively, as follows:
N; = 0.016N 131 (4.2)

N; = 0.0014N,!42 (4.3)

For both groups. of data, i.e. blunt and sharp notches, N.i/Nf appears to be
quiet independent of N¢ in range 10% to 10° cycles. As can be seen from this Figure,
about 30% of the total life is spent in initiating the crack for sharp notch specimens
whereas for blunt notch specimens, initiation life covers about 75% of the total ife of

the component.
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Figure 4.26- Plots of proposed initiation-propagation models along with data from

present study.
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V-CONCLUSION

Fatigue crack initiation was studied for 2024-T3 aluminum, 70-30 brass, Cu-Be.
alloy 25, and commercially pure copper. Blunt-keyhole and sharp-V notch compact
tension specimens were loaded with a minimum to maximum stress ratio of 0.1.
Based on the results of these tests, the conclusions are:

1. The parameter AG:E%I.EA.—S was used to correlate fatigue initiation data from blunt
and sharp notches and appears to be a better descriptor than the other approaches for
explaining for both notch and material effects. Kiq is the elastic stress concentration
factor, K;, evaluated at a distance dbpt ahead of the notch. The distance “-do_p_t-” 1s
shown to be inversely related to material strength. A further modification of this
approach by the U\——/TSS improves the correlation with cycles to crack initiation.

2. The local_strain approach did not combine data for blunt and sharp notches for
materials other than aluminum. The principal difficulty seems to stem from the fact
that the utility of this approach depends on the accuracy of K¢, Ks is not always
available in literature and empirical relations are not necessarily valid for all materials.

3. The parameter A\j,_]p\ may be used to estimate I, only for crack-like notch geometries.

For blunt notches, this approach does not lead to physically. acceptable results, i.e., it

predicts that initiation life for blunt notches is shorter than that for sharp notches.

4. In the range 10%-10° cycles, about 30% of the total life is spent in initiating the
crack for sharp notch specimens whereas for blunt notch specimens, initiation life
covers about 75% of the total life of the component.

Kig:S

5. Using e=—=—, the strain was calculated for blunt copper for d=160 pm ahead of

E
the notch. For nominal stresses S=140, 200, 350 MPa, the computed strain appeared

to be consistent witlr Moire fringe measurments within & 10%( Figure 4 in Appendix).
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APPENDIX

eStrain Measurements | v

In order to evaluate the quantity K_t%? as a measure of strain at distance “d”
ahead the notch, the Moire-fringe technique was utilized* to measure the distribution
of the principal strain( the strain in the loading direction) in the vicinity of the notch.
These measurments were performed on two copper and two brass specimens with both
blunt and sharp notches. The specimen grating for strain measurement had a
frequency of 1200 lines/mm and was produced from a photographic mold by
replication. The specimen was then placed in a portable loading frame at zero load. A
spectra physics model 127-25 mW was used as a source of Helium-neon laser light.
The interference pattern emerging from the specimen was accumulated by a CCD video
camera that was connected to a PC-based digital image processor. The apparatus and
specimen were adjusted for proper optical alignment and orientation. Several optical
parameters were checked to ensure that laser beams were projected along correct
angles. Actually, some deviations from ideal setting existed in practice. This resulted
in an initial pattern of relatively few fringes(at null or zero load). Also, in this case,
residual stresses left from machining the notch influenced the initial pattern.
Moreover, there are always a few fringes at the edge of adhesive due to surface tension
effects. In the present study, this influenced the initial pattern since we had to deal
with the edge of adhesive placed at the notch root. However, the initial pattern did not

affect the final displacement results because it was subtracted from the next pattern,

obtained at load, to determine the load induced displacements.

After the zero-load pattern(null field) had been recorded, the specimen was
loaded to desired load and the pattern was recorded. In order to measure the applied
load, the notch opening displacement was recorded using a digital voltmeter and a 0.4

inch clip gage being attached to knife edges machined in the mouth of the notch.

x+ Moire fringe measurements were made with the assistance of Professor A. S. Voloshin

and Mr. P. H. Tsao.
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The readings then were compared with Crack Opening Displacement COD
measurments previously _performed on similar specimens. After different patterns
related to five different loads(including zero load) were obtained, an-image processing
software was used to analyze the patterns and to evaluate displacements at selected
areas around the notch root. However, since the displacements dealt with in this study
were rather large and were beyond the software sensivity limit, displacements were
simply measured over a given number of fringes and at several distances ahead of the
notch. Then, strains were determined from the strain-displacement relations as

follows:

o=y (1

The results for copper with blunt and sharp notches and for brass with sharp
notch are shown in Figure 1 through Figure 3. In the case of brass with a blunt notch,
;;he grating was far from the notch root and therefore, ho data was obtained. As
would be expected, in sharply notched specimens, the strain decreases sharply as the
distance from notcli root increases, and the slope is lower for the blunt keyhole notch.
As mentioned, at a given load and at a given distance from the notch, strain was
measured over a distance of about 100 um above and below X-axis and in Y-direction.
Then the value was regarded as strain at the given distance. This assumption may
introduce a large error, particularly for sharp notches where strain gradient is large.
However, this assuinption introduces less error for blunt notched specimens. Figure 4
shows measured strain versus calculated strain for copper with. blunt notch at three
nominal stress levels S=140, 200, and 350. MP'a._, and at a distance d=160 pm ahead the
notch root. As can be seen, as load increases, calculated strain increases more than the
measured strain. The first reason is that as local plasticity occurs, the stress gradient
sharply decreases whereas, in contrast, strain gradient increases sharply. Therefore, if
part of the distance over which strain is measured has already plastically deformed
while the other part is still elastic, the average strain over the distance will be less than
the absolute value of the strain. Second reason lies in the fact that as load increases,
number of fringes increases and thus, the accuracy of measurments drops. Figure 5
through Figure 7 show the Moire pattern for copper V-notched specimen at three

different loads.
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In summary, when the Moire fringe technique is used, the absolute values of
strain must be measured rather than the average values, particularly for sharp notches.
A grating frequency of 1200 lines/mm appears to be unsuitable where the strain
magnitude is large. In fact, it is too sensitive. In cases such as this study where strain
is to be measured at the notch root, the effect of residual stresses and the effect of the

adhesive edge must be accounted for.
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Figure 1. Distribution of the strain in the loading direction and at. the vicinity of the

notch for copper with blunt-keyhole notch.
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notch for copper with sharp-v notch.
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Figure 5. Moire pattern for copper specimen with sharp-v notch and at zero load
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Figure 6. Moire pattern foi copper specimen with sharp-v notch and at nominal stress

S= 138 MPa.
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Figure 7. Moire pattern for copper specimen with sharp-v notch and at nominal stress

S= 209 MPa.
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COND EXPOSURE
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