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INTRODUCT ION

In recent years considerable effort has been devoted to

gaining an understanding of fatigue crack propagation. The intro-

duction of fracture mechanics into the fatigue design process has

provided the impetus for understanding fatigue crack propagation

and for the development of adequate crack propagation prediction

techniques. It is not uncommon for nearly all of the life of a

part to be taken up by the crack propagation phase of the fatigue

process. The load interaction effects complicate prediction of the

crack growth behavior. Although several models have been proposed

to account for interaction effects [l ,2] l this is still of primary

concern in assessing the life of a structure. The crack closure model

[3 ,4] has been used to qualitatively describe load interaction effects ,

however it is difficult to measure crack opening loads.

In this investigation a laser interferometric technique was

developed to measure the crack edge displacements from which crack

closure is determined. This technique , capable of giving continuous

measurements , was used to measure the crack closure behavior in

2024—13 aluminum alloy for constant amplitude loading. These results

are compared with crack closure measurements using an “Elber” type

displacement gage. In addition , the “Elber” gage was used to investigate

crack closure behavior following selected overload/underload sequences.

These results are compared directly with an “inverse” technique

for determining crack closure.

~Numbers in brackets refer to references listed in the Bibliography.

- cr--
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REV IEW OF LITERATURE

Elber [3,4] observed that fatigue cracks in aluminum alloy close

while still subjected to a tensile load. He also further observed that

significant compressive stresses are transmitted across the crack at

zero load. Fatigue crack opening behavior is often explained by anal-

ogy to a zero width saw—cut. An important difference is that a zone

of residual tensile deformation is left in the wake of the advancing

crack tip. These deformations actually decrease the amount of crack

opening displacement from that of a saw—cut crack. Upon unloading,

this can result in crack closure above zero load. This closure stress

at zero load level must be overcome before the crack surfaces can

physically separate allowing propagation. Thus, the effective range

of cyclic loading is reduced. Peak overloads cause the local plastic

zone of deformation to change size which in turn alters the c]o~”r’

stresses and thus perturba subsequent crack growth.

Since the Elber closure model offers the potential for explaining

many of the load interaction effects observed in fatigue crack propa-

gation , considerable research effort has recently been directed toward

applying a closure based model to fatigue crack propagation behavior

following overloads [5,6,7].

Fatigue crack propagation behavior f or constant amplitude loading

has been characterized reasonably well in terms of the stress intensity
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range , .~K , as [8]

da 
~dN ‘ / (1)

where

a crack length

N = number of cycles

= stress intensity range , ~~~~ — KMIN
C = constant

n = constant

This expression has been modified to account for the increased growth

rate which accompanies higher values of the mean stress intensity level.

In terms of the stress ratio effect , characterized by the ratio of

the minimum stress intensity to the maximum stress intensity during

the cycle , R~ KNrN’KN~.x’ 
Equation 1. can now be written as

~ C ~~~EFF~ 
(2)

where

— effective stress intensity range producing crack growth.

This is generally a function of at least AK and R~. The exact form

which AKEFF should take to best account for the observed phenomena is

subject to some debate. In each case, however , it is significant that

the applied stress intensity range, AK , which is the difference between

the maximum applied cyclic stress intensity and the minimum applied

cyclic stress intensity , is greater than the range which effectively

propagates the crack, AKEFF. This implies that only a portion of the

available energy is being used for fatigue crack propagation.

- ______________________
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CRACK CLOSURE

Elber [3,4] first proposed the mechanism of crack closure as a

possible explanation of fatigue crack propagation under constant ampli-

tude loading. Permanent tensile deformation causing incompatibility

of the fracture surfaces and residual compressive stresses are believed

to be responsible for fixing the level of opening well above the zero

level for tension—tension loading. Elber observed that the crack sur-

faces were closed over a significant portion of the tensile loading

cycle and suggested that crack extension was not possible which the

crack was closed. This lead Elber to defining the effective level of

stress propagating a fatigue crack as S
M~~ 

— S
0~,, 

where S
0~, is the ap-

plied stress level at which the crack opens. Thus in terms of stress

intensities, K, 
—

~MAX 
— K0~ (3)

where

— the opening stress intensity

Substituting into Equation 2,

~~~~~ - =  C (K..~~ — K0~)~ 
(4)

Elber defined a quantity U as,

U 
SMAX

_ S
op

AS ( )  

T~~~~~~~~~~~
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or 

(6)

Then Equation 4 becomes

C (U AK)~ (7)

Elber measured crack opening in a series of constant amplitude loading

tests to determine the functional form of U. Assuming possible corre-

lation with ~~ AK , and a, he found only RF was significant. From

experimental results for 2024—T3 aluminum alloy Elber found

U = 0.5 + 0.4 RF [4]. More recent work by Shih and Wei [9,10] with

t i t an ium Ti 6 AL—4V alloy suggests that U is also dependent on

Load interactions can be treated with this theory by considering

in Equation 4 as the parameter which varies with crack growth

rate. For a single overload cycle, the overload reduces the growth

rate , , which implies a reduction in the effective stress intensity

level AK
EFF, or an increase in the opening stress intensity level K0~

.

The variation of K0~ through the overload affected zone is shown qual-

itatively in Figure 1. Accordthg to the crack closure theory the

plastic zone created by an overload will result in residual stresses

in the material which tend to hold the crack closed. This closure

action is reflected by higher values of the opening stress intensity

K
0~.

A propagating crack has a region of plastic deformation at the

crack tip which Is known as the plastic zone, the size of which is

determined by the magnitude of the loading. For a small load , the

material deforms plastically but only in the plane of the specimen. 

—. -~~~ 
____ ---_____ _ _ _ _

p ~ — -
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KOL

KMAX 
-

K0~

hme

Figure l Qualitative Variation of Opening Stress Intensity Level
Due to an Overload/Underload Sequence [51

-.--— - - - - — — — -
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This loading cor~dItion is referred to as plane strain. Application

Gf higher loads results in three—dimensional deformation , and if the

diameter of the plastic zone is greater than or equal to the specimen

thickness , a state of plane stress exists. The diameter of the plastic

zone is normally approximated by the following expression:

2r ~~~~~~~~~~~~ ( — ~— 1 (8)
y aiT 1 0

ys

where

r = radius of the p lastic zone
y

K = maximum stress intensity

= yield strength of the material

cx = 1 for plane stress

cx — 3 for plane strain

l<cx<3 for mixed mode

In the case of overloads and/or underloads applied to steady

state fatigue cycling, the plastic zone diameter as calculated above

has been shown to correlate with the observed load interaction zone

[5,6,7,11]. Upon loading the stress at the crack tip can be

reduced by no more than twice the yield stress of the material. Super-

position of these effects results in a residual stress distribution

which contributes to the crack closure behavior. 
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Significance of Stress vs. Di~p1acement Relation

Fiber [3,1~ determined the crack opening stress by analyzing the

nonlinearities in the relation between applied stress and crack edge

displacements. This relationship was found experimentally using a

gage , similar to the one used in this investigation , positioned on

the surface of the specimen slightly behind the crack tip. See Figure

2. This nonlinear behavior can be the result of plastic deformation

of the material or a change in configuration of the specimen. Elber

identified the cause of the nonlinearity by analyzing the curvature

of the stress disp lacement curve shown in Figure 2B. The relation is

linear between points A and B and the measured stiffness is equal to

the stiffness of the uncracked specimen. The stress displacement re—

lation for the specimen without a crack is shown for comparison . The

curve is also linear between points C and D with the measured stiffness

equal to the measured stiffness of an identical sheet containing a

saw—cut of the same length as the fatigue crack. The curvature ,

d2S between points B and C is negative. However, as plastic behavior
d -~
of the material would produce a positive curvature on unloading , the

only possible cause for a negative curvature is a change in configura—

U on which increases the stiffness for decreasing loads. Elber ex-

plained this change in configuration as crack closure. Thus the crack

is fully open between points D and C during unloading. The crack

gradually closes between points C and B, and is closed between points

B and A.
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F i gu r e  1 show s that as the gage loca t ion  approaches the  c rack  t i p

the b e h a v i or  me.i~: ir o d  I~ no longer  I u l l y e las t ic  but has s imi lar i t ies

with the b e h a v ior  show n in F i gu r e  2g . in Fi gure 3 a plast ic  deforma—

t i o n  e f f e c t  is super imposed on the  c o n f i gura t ion  change e f f e c t .

Between po in ts  A and B the curve  is l inear  showing tha t  the crack i8

closed. Between points B and C the negative curvature indicates that

the crack is opening. Between points C and D the curve is linear ,

and between points 1) and E the curve again exhibits a negative curva-

ture. The curvature between B and C is due entirely to crack opening ,

because p lastic tensile deformations can only occur a f t e r  the crack

is f u l l y  open. The curvature between D and E is a result of plastic

deformat ions  in the p lastic zone. Experimentally obtained curves are

not always this well defined and the region from C to D may be rel-

atively short compared to the total length of the curve, and a

straight line portion cannot be identified. However, there must be

a stress level at which the crack is fully open and at which the

stiffness corresponds to the elastic stiffness of the fully open crack .

This s t i f f n e s s  is obtained as the slope of the unloading branch at

the maximum load of the previous cycle, where the crack is fully open

and the material behaves elastically. A line with this slope can be

used as a tangent to the loading branch to determine the crack opening

load . When the tangency condition exists for some length of curve,

the crack opening load is given by the lowest stress level satisfying

the tangency condition. This is shown in Figure 3 where C represents

the lowest tangency point. Figure 4 shows Elber ’s interpretations

of curvatures for loading and unloading conditions [4].
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THE INVERS E METHOD

The inverse technique has been used to determine an e f f ec t i ve

fo l l owing  an overload/underload sequence. This requires the

measurement  of crack length , c~, and the corresponding number of cycles ,

N , determining the growth rate and re la t ing  this to the constant ampli—

tude growth ra te .  Alzos investigated the e f f ec t s  of single overload!

underload cycles on otherwise constant amplitude loading in terms of

the following non dimensional parameters [5].

KULRUO -

KMIN
R

M K
OL

KOL
~OL 

-

where KOL 
overload stress intensity

KUL — underload stress intensity

maximum cyclic stress intensity

— minimum cyclic stress intensity

The overload/underload load cycling is illustr~ tcd in Figure 5. Se-

lecting the value of each of these ratios and one stress intensity

level (in this investigation KOL 
33.33 Ksi /1) all other loading

parameters (K...~~, KMIN, K.~~) are established. One goal of this
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U0 KOL M K01

K K
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Figure 5 Definition of variables [5]
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investigation is to compare experimentally obtained values of K
0~ ob-

tained at discrete points throughout the overload affected zone with

t h e  va lue  of K0~ p r ed i c t ed  by the  inverse  techni que .

In the  Inverse method a vs. N data is numer ica l ly d i f f e r e n t i a t e d

b y f i t t i n g  a curve to the data which allows evaluation of the deriva-

t i ve  at  s p e c i f i c  points.  Recalling Equations 6 and 7

~~_ 5 .~~~~_ K 0p (6)
AK

and

C (U AK)~ (7)

the constants C and n were then determined from a regression analysis .

Alzos ori ginally compared the crack closure model with his re-

sults assuming that the overload cycles established the residual stress

f ie ld  in the vicini ty  of the crack tip and that it is not a f f e c t e d  by

subsequent cycling. This establishes the crack opening stress intensity

level throughout the overload affected region. The functional form

of U based on the def in i t ion  of overload/underload parameters is:

MAX
OL 

-

U — (9)
OL K0L KUL

The funct ional  form of UOL in terms of the dimensionless ratios

defining the overload/underload sequence was determined from the

data by plotting : 1) UOL VS. ~OL 
for R.~ constant which predicted a

linear 
~OL term , 2) UOL VS. R~~ for 

~OL 
constant which showed that

was second order in The data were then correlated using a

regression analysis to determine the constants for the following

equation :
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~u1. 
C
1 

+ C2 R1,~0 
+ C

3 Ru0
2 

+ C
4 ~OL (10)

Comparing this with the experimental data indicated that crack closure

did in fac t describe the observed behavior. Knowing UOL , K0~
M
~~ could

be f ound by employing the following relationship

[1 — (1 — Ruo) UOL] (11)

This permitted ~he minimum growth rate following an overload to be

calc ulated:

= C (K ..~ - K
0~~~

X)~ (12)
M I N

Alzos [5] also developed an equa t ion  for  predic t ing the number of

delay cycles af t er a sing le overload/underload sequence.

The exper imenta l  which can mos t eas ily be de termined
MIN

graphical ly ,  can be compared with the calculated values or can be

used to predic t K
0
~
M1
~~ . Having the minimum growth rate , Equa tion 12

can be solved f or K
0~

MA
~~, which ripresents the maximum opening stress

in tens i ty. The inverse technique is shown schematically in Figure 6.

METHODS OF EXPERIMENTALLY MEASURIN G CRACK OPENING

The major problem encountered in measuring crack closure be-

havior is to experimentally determine when the crack surfaces physi-

cally separate under external load . The problem is d i f f i c u l t  because

of tunneling effects which cloud the precise definition of the crack

front based on the visible edge. Secondly crack opening displace-

ments in the vicinity of the crack tip are extremely small. Since

this thesis presents a method permitting dynamic measurements of

crack surface displacements, which are then used to determine

a brief review of alternate measurement techniques are presented.

~

-
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FI gure 6 Schematic of Inverse Method for Determining K0~
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Potential Drop

In this technique a constant current is fed through the specimen

producing a potential  drop between probe wires at tached to the spec-

imen surface on either side of the crack. Moat of the D.C. component

is “backed o f f ”  wi th  a precision voltage source, while the remaining

A.C. and D.C. components undergo some sort of amplification prior to

recording . The change in potential can be related to changes in the

projected surface area of the fatigue crack. In specimens of uniform

thickness with no closure , the measured area is equivalent to crack

length.

This technique has been used by Shih and Wei [9,l~ and Irving

et al., [12] to infer crack closure behavior from variations in crack

area during the load cycle. The opening loads obtained by from this

technique are consistently higher than those indicated by a strain

gage extensiometer.

Ultrasonics

Buck , et al. [l~ conducted retardation/closure studies in surface

flawed aluminum specimens . Quasi—Raleigh surface waves were intro-

duced ultrasonically to measure the size of the surface flaw. Upon

loading, the apparent crack length increased to a threshold level,

at which the flaw depth remained constant under further load . It

was concluded from these measurements that the change in apparent

crack length was due to separation of the initially compressed crack

forces as suggested by Elber. While this ultrasonic technique i~

useful for specimens with part through cracks, the closure load is
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inferred from a change in the average crack length , and not by a

direct measurement of the crack edge profile.

Strain and Disp lacemen t Gages

A foil type strain gage applied to the specimen such that is

straddles the crack edge profile can be used to monitor displacement

as the crack propagates through the region of interest. In actuality

one obtains the average crack edge displacement over the area covered

by the gage a4].

Others have improved on the direct application of strain gages

by using extensiometers which acting through k n i f e  edge or p in type

mounts take advantage of multiple strain gages , temperature compensa-

tion , and high strain gage body geometries , which significantly

improve the sensitivity and the accuracy [4,15,16].

Katcher and Kaplan a€] used two types of crack tip strain gages

which attached to the specimen via hardened steel pins, the gages

were held in position by spring tension. Closure loads were inves-

tigated in aluminum and titanium alloys from a series of load dis—

p1acement records. Closure loads were obtained from load displacement

curves as originally suggested by Elber.

Evidence for crack closure was obtained in Elbers original ex-

periments [3,4] by a displacement transducer with gage length of 1.5 man

placed on the side of the specimen, straddling the crack. From changes

in linearity in the output of load versus displacement records , Elber

concluded that a significant portion of the loading cycle was required

to overcome residual compressive stresses acting to prevent separation

~ 

-
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of the crack faces. Since measurements were restricted ~o the dis-

p lacement between fixed po i n t s , i t  was not possible to map the behav—

i~~r alon g the e n t i r e  c r ack  p r o f i l e .

Optical Measurement Techniques

Crack d isplacemen ts were measured optical ly  by Adams 117 ] in an

inves tigation of through cracked aluminum sheets. Photoniicrographs

taken along a datum line ahead of the crack tip were magnified 4000x

and used to define two distinctive surface marking approximately

0.076 nun apart. Once the fatigue crack had propagated between those

reference marks , pho tographs were taken during the application of

external loading. The load displacement record inferred from these

photographs suggested that the crack was at least partially closed

during a large portion of the tensile load cycle. The one short

coming of this technique is that , measurements are restricted to the

displacement of two fixed points.

Interferometry

Interferometry methods have been employed by several investigators

to obtain the complete three—dimensional crack surface displacement

field in transparent specimens. In particular Pitoniak et al [19

used interferoanetry techniques to study crack closure in po1ymt~thyl—

methacrylate specimens. Examination of the interference fringe pat-

terns obtained for various loadings revealed that the crack perimeter

was closed at zero load, but was displaced in the specimen interior.

Although the fringe patterns provided a quantitative mapping of the

entire crack surface profile, measurements by this method are

restricted to transparent materials.

-

--
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Sharpe 1191 i.iitiated the development of a laser in t e r f e r o m et ry

technique wh ich has the capabi l i ty of measuring crack ed ge d isp lace-

ments continuous ly wi th a hi gh degree of sensitivIty (0.1 micron).

Two p a r a l l e l  and u n i f o r m  V—shaped grooves are made in the prepared

specimen on either side of the initiated crack. These grooves cause

l igh t rays emanat ing from a laser source to be reflected (diffracted)

at ang les determined by groove geometry . Since laser radiation is

monochromatic and coherent , optical in te r fe rence  pat terns are formed

in space. Sharpe fixes the observation angle and compares fringe

shifts from fringe pattern photographs before and after the crack has

opened or partially opened . The distance on the film that a fringe

has moved is converted to a fringe shift value by dividing it by the

ori ginal fringe spacing. Fringe motion gives a magnified picture of

crack displacement. The standard of comparison is the fringe pattern

emanating from the undeforaned region in front of the crack tip.

This technique requires a fairly smooth flat surface. Grooves

are made with a wedge shaped diamond adapted to a tool makers microscope.

This technique has been used successfully in studies of retarda-

tion [2QJ , experimental stress intensity factor calibration [2~~, and

the effects of rest time on retardation and observations of crack

closure [22].

It is the intent of this work to verify the crack closure model

by comparing calculated values of K0~ 
with direct measurements of

by Elber gage and an interferoc’etry based technique.
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THE TEST PROGRAM

Constant Stress Amplitude Tests

The values  of K0~ obtained f rom the Elber  gage and the laser in—

t e r f e r o met r y  method were compared for a series of constant stress

amp litude tests.

For thes€ tests the maximum and maximum growth rates were Se—

lected from Alzos’ constant stress data as 5.0 x lQ~~ in/cycle and

5.0 x 10
6 

in/cycle. The da/dN vs. 
~
KEFF 

da ta bracke ted b y these

growth rates is very well defined. These growth rates gave approx-

imate upper and lower bounds for AK EFF. Then choosing values of R.F,

based on the overload/underload test matrix used by Aizos, the range

of tK for each R,1~. was calculated . In this range four equally spaced

td( values were chosen as starting points. Thus a total of sixteen

constant amplitude tests were run over a ta of approximately .500 nun,

with ~ vs. N data being taken to insure steady state conditions pricr

to measuring the crack opening behavior. This test program is

shown in Table A—i of Appendix A.

At slow growth rates c~L/dN ~ 5 x 10~~ the crack length was re-

corded at intervals of approximately 0.01 me. Increments less than

0.01 ass would tend to introduce artificial scatter in the th/dN vs.

curve. At growth rates approaching approximately 5 x io 6 
j 1~..

crements of 0.05 sin were used. The density at which the a vs. N data

-— ———-— ——--- 5 .- -— --..,.-.-...
~~~~,Th,_ ._ ,
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could be acqui red  was l imi t ed  b y the  ra te  at which the  microscope

t r av e r s e  could be moved and the printer operated. Over the range of

crowth  r a t e s  of i n t e r e s t  i t  is e s t i m a t e d  t h at  the crack t i p  was lo-

ca ted  a c c u r a t e l y  w i t h i n  + 0.005 nun .

The g rowth  r a t e , d a/ d N , was de te rmined  f rom the  raw a vs. N

d a ta  u s i n g  a sevon point moveable strip technique. This method in-

volves fitting a sec oid order polynomial to seven consecutive data

points using a least squares approach. This fitted function is dif-

ferentiated and evaluated at the center of the interval. The strip

is then advanced one point and the evaluation repeated . This process

continues until the entire curve has been evaluated .

Overload/Under load Tests

One goal of th is investigat ion was to measur e K0~ at discrete

points throughout the overload affected zone for a number of tests

which gave good results using the inverse technique . Alzos’ tests

are shown In Table B-i of Appendix B. From his original results ,

shown ira Figures 8—1 , 8—2 , and B—3 also in Appendix B, tests 8, 11,

12 . 13, 14, 15 and 18 were selected as being representative of ex-

pected K0~ 
values and therefore to measure K0~ 

experimentally .

All tests were performed with 
~OL 

constant , consequently the

effect of the overload level was not investi gated . The overload

l evel was chosen to insure a plane stress condition which requires

th at the pla stic zone diameter , 2r~ be g rea ter than the speci men

thickness , thus:

,K ~ 2
2r — -~- I—~~I > 0.100 in (13)y w~~~ o~~~ye
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where

r = calcu la ted  p l a s t ic  zone radiusy

overload s tress in t ens i ty

= y ield st reng th of ma terial

These tests are numbered and shown in Fi gure 7.

For each test  the specimen was cycled to establish steady state

growth behavior , then the overload/underload sequence applied , and

then cycling resumed at the pre—overload level. The steady state

condition was achieved by propagating the fatigue crack at quasi—con-

stant stress intensity , K , for a distance of at least 6 nsa (over twice

the diameter of the theoretical plastic zone of each test). The over-

load was then applied when the crack had propagated 5 percent past

the point of the previous load shed . a vs. N data was taken as de-

scribed previously .

One of the objectives of this study was to characterize growth

rate behavior as well as K
0~ 

through the overload affected zone, fol-

lowing the overload sequence. in order to obtain the growth rate,

daldN, throughout this overload zone it was necessary to record a vs.

N with sufficient density and then differentiate these data.

Strip chart recordings of the Elber gage output and the load

signal were taken at nonuniform intervals based on incremented changes

in crack length after the overload. Insight into interval spacing

was gained by plotting d a/dN versus both a and N from Alzo~ ’ tests.

These intervals were chosen such that K
0~ 

data would be most dense in

the immediate post overload portion of each teat where da/dN changes

most rapidly.
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EXPERIMENTAL INVESTIGATION

Tes t Specimen

The test specimens used in this investigation were 0.100 inch

thick cen ter crack panels of 2024—T3 aluminum alloy , iden tical to

those used by Probst [23] , Himinelein [24], Aizos [5], Skat [6], and

Crandal l  [ 11]. The specimen geometry is shown in Figure 8. The

mater ia l  was from a new heat and the tensile properties were determined

by testing three ASTM standard specimens . Average values appear in

Table 1.

Test specimens were obtained with a mill finish and polished to

a mirror finish in the vicinity of the crack path. This is an aid to

optical observation of the crack tip and improves the quality and

consistency of the diamond marks. The stress raiser was electro—

discharge machined. Loading was applied parallel to the direction of

rol l ing of the mater ia l .  All tests were performed at room temperature

and in laboratory air. Because of the necessity of repeated installa-

tion of the Elber gage it was not possible to enclose the sample with

a dessicant in the vicinity of the crack as had been done by Alzos [5].

Test Equipment

The test machine was a 20 Kip electro—hydraulic, closed—loop

system operated in load control. Load levels were accurately set

using a digital voltmeter. Overloads and all data cycles were recorded
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on a s t r i p  char t  recorder f o r  load verification and subsequent data

r educ t ion . All tests were run with felt lined aluminum compression

guides on the  specimen. These guides were u t i l i zed  to moun t the

Elber  gage and the two f r inge  detectors  used wi th  the in t e r fe romet ry

measurement  sys tem.  Dur ing  t e s t i n g  an oscilloscope was used to mon-

itor the feedback signal (load) to insure that the applied loads were

not being distorted from the input sinusoid. A digi tal  cycle counter

was driven by the sys tem feedback signal (load). Crack growth was

monitored with a lOOx microscope mounted on a two way traverse system.

A dig i tal  resolver system on the hor izontal  traverse produced a dig ital

output  in the horizontal direction with a resolution of 0.001 mm.

(0.0004 in). The direction of travel of the optical system was never

changed during a test to eliminate any hysteresis effects in the tra-

verse system. Both the traverse and counter outputs (crack length

and number of cycles) were connected to a push button operated me-

chanical printer. A strobe light was triggered at the point in the

load cycle where the crack tip is most clearly visible. More de-

tailed discussions of this portion of the experimental set~-up can be

found in references [5] and [61].

Test Procedure

Cracks were initiated from the stress raiser,then grown a minimum

of 6 mm to avoid any effects due to the stress raiser. Loads were

gradually reduced during the initiation process to bring the applied

stresses down to the test level.
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In order to have a basis for comparison between two overload/

under load t e s t s  in the test matrix , the stress intensity factors were

held at  q u a s i — c o n s t a n t  values t h r o u ghout each tes t .  The stress in-

tensity factors were held quasi—constant by chang ing the load required

to produce a specified value for every 5 percent increase in crack

length. This insured that actual K values were within 3 percent of the

desired values. Loads were calculated using Tada’s modification to

Fedderson’s formula [25] for the stress intensity factor of a center

cracked specimen. The load in pounds is:

~~~~K A  ( 14)
,/ —

~;;~
- 
F(a/b)

where

K = desired stress intensity factor (Ksi /~ )
A = cross—sectional area of the specimen (in

2
)

a = crack length (in)

b = specimen width (in)

f (c t l b)  = correc tion fac tor for  specimen geometry

= [i.o — .025 (a/b)
2 

+ .06 (a/b) 4 ]  “SEC ~~ (15)

(correct to 99.9Z for all a/b)

To isolate the single overload e f f ec t s  care was taken in each test

to establish equilibrium before the application of the overload se-

quence. Steady state conditions were achieved following in the over-

load sequence by propagating the fatigue crack over twice the diameter

of the theoretical overload plastic zone of each teat at the

- - --~- — —— S  - ~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

S.’- ‘__ ~~~.~~~_4_ - -
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quasi—constant stress intensity value specified for that test. Over—

load sequences were applied when the crack had propagated 5 percent

past the point of the previous load shed.

All tests were run at 20 Hz except for each overload/underload

sequence and each closure measurement cycle when the rate was changed

to 0.02 Hz.  The only interruptions during a given test were for

mounting the Elber gage with the specimen at minimum load.

Discrete a versus N data points were taken by advancing the

optical system by a specified increment and triggering the printer

when the crack tip had grown to this incremented position.
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THE ELBER GAGE

The Elber gage shown in Figure 9 provided a proven technique for

measuring crack edge displacements [4]. The gage contacts the speci-

men through two pin points positioned such that one is located on

either side of the crack. Relative motion of the crack edges causes

a slight change in the geometry of the gage body. The two active

strain gages are located on the most strain sensitive surfaces of

the aluminum gage body and placed in opposite arms of a wheatstone

bridge. Identical strain gages located on strain free surfaces of

the gage body are wired into the remaining two arms of the brid ge

circuit to provide full temperature compensation.

The strain gages are 120 ohm gages with a gage length of 0.0625

inches and a gage factor of 2.195. An excitation voltage of 3.0

volts was applied . A BLH Signal Conditioner provided the necessary

amplification. The Elber gage was found to have a working linear

range from a nominal position to approximately 0.050 mm of tensile

displacement. Beyond this range hysteresis effects were observed.

The BLH Signal Conditioner has a maximum gain capability of 2000,

which results in a full scale output of approximately 900 millivolts

at a strain of 4500 sic.

The Elber gage is located on the specimen via two piano—wire

beam assemblies. This configuration, shown in Figure 10, provides

- - 
- 
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high stiffness in bending in the plane perpendicular to the specimen

and parallel to the d i rec t ion  of c rack propagat ion .  Torsional s t i f f -

ness is provided by piano—wire clips which are attached to the com-

pression guides . Normal force is provided by coil compression springs

which act through the specimen compression guides and have provisions

for adjusting spring tension. Such a configuration does not impair

gage body f lexure  due to crack opening disp lacements.

Calibration

It  was deemed highly desirable to ca l ib ra te  the Elber gage and

the optical measurement system against the same standard. Because

of the very small displacements , and accuracy requirements a calibra-

tion specimen was designed . This calibration specimen was fabricated

f rom the same heat of 2024—T3 aluminum alloy as the regular  center

crack  panel test  specimens . The material properties had already

been determined experimentally .

The calibration specimen , Figure 11, has a uni form cross sec-

tional area (1.000 in. x 0.100 in. = 0.100 in2) which Is maintained.

over a length of 13 inches which insures uniform strain in the region

of interest. A single 350 ohm gage with a gage length of 0.125 inches

and a gage factor of 2.105 was mounted to the specimen, aligned and

centered with respect to the principal axis of the specimen. Bonded

strain gages can repeatedly withstand elongations on the order of

10 percent of their gage length. The single gage configuration was

chosen because only the strain on the front surface of the specimen

was required for calibration.
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The half bridge configuration of the BLH Signal Conditioner

was used . Temper~ ture compensation was provided by a three wir e

hook—up . The strain gage was selected to have therma l expansion pro—

per t i e s  s i m i l a r  to the specimen material. A 351 ohm (measured)  re-

s i s t o r  was used in the compensating arm of the half brid ge.

The absolute  amount of s t r a in  experienced by the tensi le calibra-

t ion specimen was infer red  by shunt ing an additional resistor of

known value into the active arm of the half bridge. Zero strain was

defined by zeroing the BLH amplifier with the calibration specimen

attached only to the upper fixture of the test machine. Then by

shunting the calibration resistor across the compensating arm of the

bridge a strain was simulated electrically , allowing the amplifier

gain to be adjusted to the desired full scale output.

The maximum amount of elastic strain , c , that the calibra—elastic

tion specimen could repeatedly tolerate was found from the material

properties as follows :

S
(16)

elastic E

where

E — Young’s modulus

The maximum strain during calibration was limited to 4500,ti e , below

the elastic limit of the material. A calibration resistor of 38.2 K

ohm (measured) was used to give a calibration strain of approximately

90 percent of the full scale strain. The final equation for the sim-

ulated strain is:

I 
Rc~~p 1 I 1 1

— L Rc~ ip + Rcjj,~ •J [
Gage Factor] 

(17)

“— S ~~~~~~~~~~~~~~~~~~~~~~~
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where

= elect r ica l ly simulated s t ra in

Rco~ip res i s tance  in the compensating arm of the br idge network

= resistance of the calibration resistor.

The amplifier gain was adjusted to produce a full scale output of 900

my which corresponded to a strain of 4500 ~ic.

The gage length of the unstressed Elber gage was found to be

—26.93 x 10 in. This was determined using a lOx object ive in con-

junct ion wi th  a lOx graduated re t ical  eyepiece. The Elber gage was

also calibrated over a range of 4.500 x 1O~~ -~ s t ra in  or 3.118 x
in

in. displacement. Preliminary investigation indicated that this was

well within the linear range of the gage. During installation of the

gage on the specimen a piece of shim stock (0.020 in) inserted be-

tween the gage body surfaces was used to produce a repeatable gage

length which was approximately 0. 068 in. 
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DEVELOPMENT OF THE INTERFEROMETRY SYSTEM
FOR DISPLACEMENT MEASUREMENT

4

Back~ground

Recent experiments have shown that laser interferometry can be

utilized for very accurate measurement of fatigue crack closure in

structural metals [18,19,20 ,21,22]. In this study these techniques

are applied to dynamic load conditions .

Young ’s double slit experiment demonstrates that the Fraunhafer

diffraction of light from two slits produces an interference fringe

pattern [26]. The spacing of these fringes is a function of the sep-

aration of the slits according to the formula:

m = -~- sin 0 to O ,l,2,...(maxima) (18)

where

d = slit separation

A = wavelength of light

0 — angle between the normal to the plane containing
the slits and the line from the center of the
slits to the point of observation, P

m — order of the fringe.

The difference in optical path lengths from the upper and lower

slits to the fixed observation point, P, is represented by AR. It

can be seen from Figure 12 that when

AR — d sin 0 — mA in — 0,1,2 ,... (19)

- - - - - - ----. .-—_•—---_ --.4.-
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that the intensity is a maximum at point P. This assumes that d is

small compared R , the optical path to the detection point P from a

point midway between the two s l i ts .

This same equation will hold when d is now the distance between

the two indenta t ions  which reflect the Incoming laser beam at some

ang le (70 0 in this system) .

If one observes the fringe pattern from a fixed observation

position , defined by an angle 
~~~~~~~ 

while the grooves move relative to

each other , the fri—gee move past this position , and the relation

between displacement and fringe motion , Sm , is

A6d = 
~ 

6m (20)

where

= change in displacement between the indentations

0 = angle measured from a plane perpendicular to a plane
0 normal to the specimen and parallel to the crack,

to the receiving aperature

óm = the number of fringes or fractions thereof passing the
observation point.

Figure 13 shows the details of the double groove case.

The sensitivity of the displacement measurement is not directly

related to the original distance between the grooves. However, the

angular spacing of the fringes, 60, is given by

A60 
d cos 0 (21)

where

60 — angular fringe spacing

Thus if the grooves are close together the fringes are far apart and

easier to resolve.
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If the two grooves of Figure 13 move apart , the fr inges move

toward that incident laser beam. This is exp la ined b y Equ ati on 21

which shows that as d increases 0 must decrease. It is therefore

convenient to define fringe motion toward the incident bean as posi-

tive ; motion away as negative. Of course , fringe motion occurs with

any ri gid bod y mot ion of the sam ple. However , if the two pattern

motions are averaged using the above sign conven tion , rigid disp lace-

ment in the surface plane perpendicular to the indentations and rota-

tion about a horizontal plane parallel to the indentations will be

averaged out . Other rigid body motions can lead to errors , which will

be discussed in a separate  section .

Application

A wedge shaped diamond tool was et~ployed to make the indentations

in the sample. The diamond has a working edge of 0.100 inches with

an Included angle of 110°. When this tool is pressed into the samp le

it produces an indentation whose sloping sides act to concentrate

0the d i f f r a c t e d  light at an ang le of ± 70 from the normal. to the

specimen when the laser beam is perpendicularly incident .

The diamond tool is mounted in a brass fixture which threads

into a microscope turret and is secured by a lock ring. The other

aperature of the turret has a microscope objective (lOx or 20x) with

a cross hair which is used to position the diamond relative to the

crack tip prior to making the first mark. Precise alignment of the

diamond with the sample surface is accomplished through eight set

screws securing the tool in the holding fixture. This arrangement

is shown in Figure 14.

- --4. 5 - -p’--,-
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Two marks are made wi th  this tool , one above and one below the

f a t i gue c rack .  Proper spacing between the marks was accomplished by

first positioning the cross hair on the crack tip then rotating the

t u r re t  b r i ng ing the diamond tool into position. Light pressure was

app lied by hand to make the indentation. The cross hair was then

rep laced by a graduated retical which allowed the vertical traverse

to be moved down a distance of 250 microns . The turret  was again

rota ted allowing the second mark to be made.

For the interferometric measurement system monochromatic coherent

light is obtained from a Spectra Physics 123 He—Ne laser which op—

erates at a wavelength of 632.8 nm . The laser is mounted and adjusted

so that the plane of the beam is perpendicular to the plane of the

sample. A diverging lens is used to expand the laser beam such that

the intensity is approximately uniform over the specimens vertical

range of motion. The beam is reflected through a cylindrical lens

obliquely onto the surface of the sample. This cylindrical lens

produces a narrow width beam perpendicular to the indentations .

The light is then reflected from both surfaces of each mar k producing

a set of interference fringes at each receiving aperature. Cylindrical

lenses are used to focus the fringes at each receiving aperature.

Phototransistors* are used as detectors. Light from the fringec

is conducted to the detectors by fiber optic cables. The receiving

end of each cable is rigidly attached to the compression guides and

* Darlington Model #2N5777. 

— -
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oriented to detect the reflected fringes through a narrow slit

;lperature. These slits are adjusted so that the fringes are parallel

to slit aperatures on the ends of the fiber optics cables. An iso-

metric drawing of the system is presented ir Figure  15.

As a load is applied to the specimen the marks move apart re-

sulting in movement of the fringes past the detection slits. Thi.s

results  in a change in the voltage output of the phototransistors .

This voltage is recorded along wi th  the load cell voltage on a stri p

char t  recorder.

Calibration of the optics system was accomp lished by st tic ly

- 
- 

simulating several complete cycles. This was done by moving a slit

across the fr inges using a micrometer s tand.  This produces a cosine

squared wave for the voltage signal output. By adjusting minimum

and maximum voltage levels this wave form can be related to the actual

test signal. Resolution is a function of slit position relative to

the cosine squared wave peak. Maximum resolution occurs while oper-

ating in the linear range of the character is t ic  curve . An overall

view of the interferometric displacement measurement system appears

in Figure 16.

Measurement Procedure

The following procedure was employed in making displacement

measurements in the vicinity of the crack tip with the optical

sys tern.

Utilizing the microscope with a 20x objective and the diamond

tool in opposite sides of the turret and Illuminating the sample

- 5-~~ - - - — - 5 -- -- - -  -
- ~~~—~~- - --_ _ _ _ _ _ _



47

fl 1 . Laser

2. Diverging lens

_ _ _  

~: rIcal lens

- 
-
~~ 

5. Specimen

6. Cy lindri cal collec tion

8 

~~~
-c 7. Detector with slit

8. Fiber optics cable

9. PhototransIstor in case

10. Compression guides

11. EDM slot

12. Indentations

_____  

/

p

_ -

FIgure 15 IsometrIc Drawing of the Interferometry
Measurement System

- — —-  - - !-7a~ ~~~~~~~~~ 
--5- --

- 
— 5

—5- -- -- —-.--—-- - _1_-— - .-- _ - -

_ [ __~~~~~~_  
- I  - - -



48

~1

’
#’ 

- :

Fi~~tir 16 ! tcr1~ r ’net rv ~i~- -~ ir , -ri -~~t ~-~vst -m

~~~~ 



49

sur f a c e wit h a high i n t e n s i t y  light , paral lel  ma rks , spaced equi-

distant f rom the crack , were made on the sample. For a given tes t these

ma rks were spac ed appr oximately 250 microns apart while the specimen

was at minimum load. Actual mark separation was measured optically

using a graduated retical in the eyepiece. The marks were 0.100 in.

long and are placed such that they were approximately 0.02 in. beyond

the crack t ip. This allowed measurements up to and slightly ahead of

the crack tip.

The laser is oriented so that the beam is in a p lane perpendicular

to the su r face  of the specimen. Fur ther  adjustment  of the laser and

the mir ror  about their  respective vert ical  axes insures tha t  the

cen te r  of the beam s tr ikes the point at which the meas uremen t will

be made , and that the fringes are in the proper detection area. The

orientation of the mirror about a horizontal axis Is adjusted to

maximize  the In tens i ty  of the f r i nge  pa t t e rn .  The cylindrical  lens

Is pos itioned and adjusted to yield a narrow , vertical , focused band

of light across the measurement spot.

The detector receiving lenses are adjusted such that the fringes

are perpendicular  to the cylindrical lens axis and are focus . d in th?

area of the fiber optics receivers. These receivers are oriented

with their slits parallel to the fringes , then translated to the

brightest fringe. This is accomplished by watching the detector

outputs on an oscilloscope while adjusting their position. The slit

is then positioned roughly midway between the minimum and maximum of

that fringe. Starting in this linear range gives maximum sensitivity.

:_ 
-
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The det ec t~~r~ are then  c ’nnectcd to a s t r i p  char t  recorder  and

the ou tpu t  i~ monit ~ ’r t ’ I t h r ou ~;h severa l  load cycles  (0 .02 Hz)  to

d e t e r m i n e  if the desired information is being received. A visual

check is made at the slits to assure that the fringe motions are in

ti e proper directions . The reasons for this check are exp lained in

the next section.

The output of both photo trans istors are recorded along w ith the

load s igna l .  This allows determinat ion  of disp lacement at any poin t

in the load cycle.  This disp lacement is determined b y averaging the

number , and f rac t ions  thereof , of f r inges  which move across the de-

tector slits. This technique cancels the effects of any rigid body

specimen rotations about a horizontal axis parallel to the crack.

The E f f e c t s  of Rig id Body Motions

The interferometry based displacement measuring system displayed

sensitivity to various rigid body motions. An explanation of these

motions and their effects is as follows :

1) Rotation around a horizontal axis of the specimen causes

equal and opposite fringe shifts at the upper and lower

detectors . This effect can be compensated for by

averaging the upper and lower fringe shifts. The geometry

and relations needed to justify this technique are pre-

sented in Figure 17.

2) A translation along a horizontal axis normal to the

plane of the specimen (drumming) results in a fringe

shift equal to the amount of movement of ‘-~ th the upper

‘-
5 - - —~~~~~~~ — -

- 

L.
I ~~~~~~ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



51

<~~~ j /
I
/
I

I
d

/

I - .  ___ 
- 

_ _  _ _ _

/ (22) SIN $ = 
2d SIN -y’/ 2

/ (23) ~L = 2d SIN y /2 SIN ~

/ (24) AL~~ dy SIN G

I
I

700

,r-~----. -

2d SIN y/2 For -y small

Figure 17 Geometry for Analyzing the Effect of Rotation About A
Horizontal Axis Parallel to the Plane of the Specimen

- - — 5-5 - — —- - ~~~~~~~~~•5~• -, .



52

and lower f r i n g e  p a t t e r n .  If this movement is small

compared to the fringe width at the detectors the

e f f e c t  w i l l  be neg l i g I b l e .  Due to our opt ical  geometry

( r e f e r  to Figure 15) however , a movement of this na tu re

changes the position at which the measurement is being

made relative to the crack tip. This e f f e c t  was ex-

perimental l y determined to be quite small. When the laser

was oriented such that the incident beam was normal to

the plane of the specimen no detectable change in the

displacement measurement was noted.

3) A rotation about a vertical axis parallel to the plane of

the specimen results in a sideways movement of the fringes

across the cylindrical lenses. If this movement is large

enough a portion of the fringe pattern is lost. This can

result  in an apparent fringe shift. An attempt was made

to minimize this effect through the use of cylindrical

collecting lenses in front of the detectors.

4) Translation of the entire specimen along the vertical axis

due to specimen loading will cause the indentations to move

relative to the incident laser beam. This results in an

intensity change of the fringes. Again this would appear

as an apparent fringe shift. The diverging lens immediately

in front of the laser should have minimized this effect by

spreading the beam to produce more uniform intensity verti-

cally across the measuring area.

: 
- 

- - -
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5) Rotation about a horizontal axis normal to the plane of

the specimen has the effect of changing the indentation

spacing. This results In an apparent fringe shift which

would be indistinguishable from crack opening. Measure-

ments made with dial indicators did not reveal any de-

tectable rotation of this type in the system.

6) A pure horizontal translation in the plane of the specimen

ef fec t ively  changes the position at which the measurement

is being made. Any of these effects would be magnified

by the indentations not being parallel. Nonuniform in-

dentation depth can change the fringe intensity if one of

these movements occurs.
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DATA REDUCTION

Determination of Crack Open Load From Elber Gage Data

A two channel strip chart recorder was used to monitor the

Elber gage output voltage and the load cell voltage , both as functions

of time. During data collection the cycle frequency was 0.02 Hz. A

ramp wave for-tn was selected for  the input load so that the app lied

load would be a linear function of time. For each test several con-

secutive cycles were observed at chart speeds of 5 mm/sec and 25 mm/sec.

The internal filtering of the BLH Signal Conditioner which was

used to amplify the Elber gage output voltage , was employed. This

was necessary to eliminate unwanted high frequency noise. Accompanying

this filtering was a phase lag of approximately 7.0 degrees. This

phase was constant for all tests and was compensated for in subsequent

data reduction. This is illustrated in Figure 18.

By reducing the load and Elber gage signal versus time a load

versus deflection or strain curve can be constructed exhibiting the

characteristic hysteresis. A typical curve is shown in Figure 19.

Elber defined P
0~, 

by utilizing the initial slope of the unloading

portion of such a curve. The point at which a line parallel to this

initial unloading slope is tangent to the loading segment of the

curve defines 
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~4ork ing  from the 25 inn/sec traces the slope could best be de—

f ined by two poin ts front  the Elber gage output f ixed  distances f rom

the peak signal. The two points defining this slope were chosen

10 and 36 divisions beyond the peak. Data reduction was performed

dIrec tly on the traces by using the negative of this slope and finding

the point of tangency on the loading segment of the Elber gage si gnal.

This tangency point gives the time corresponding to P
0~~ 25 and from

the ramp load cu rve the value of P
0~ 

was determined a f t e r  accounting

for phase lag. This procedure is illustrated in Figure 18.

Nonlinearities in the Elb er gage ou tput  ar e more readily obse rved

in the traces made at a chart speed of 5 mm/sec . The loading portion

of these curves characteristicly exhibit a nonlinear segment followed

by a linear reg ion . As the peak load is approached the curve is

again nonlinear. From the load displacement relationship the lower

transition from nonlinear to the linear portion of the trace represents

the upper value of P0g. Drawing a straight line on the loading seg-

ment of the Elber gage output coincident with the linear portion

allows determination of this transition point and subsequentl-~ of

It is realized that these are somewhat arbitrary methods for

determining P0k, however, they are based on the definitions of the

opening load as defined by Elber and on his technique. Maximum

sensitivities were used on both strip chart channels in an attempt

to minimize the inaccuracies inherent in these techniques.
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Determ ina tion of Cra ck Opening Load From Interferometry Da ta

Data collected from the laser interferometry measurements

were reduced by two slightly different techniques depending on the

total amount of displacement measured.

When measurements were made very near to the crack tip the

response was generally less than one complete fringe shift. See

Figure 20. A preliminary test was performed prior to attempting

any measurement. Several samples of the minimum and maximum photo—

t r ans i s to r  output were recorded on the strip chart by moving several

f r inges  across the detector s l i t .  While the individual maximum and

minimum levels vary slightly as a function of fringe intensity , the

difference between the levels remains essentially constant over the

number of fringe shifts of interest.

Upper and lower responses are noted at selected load increments.

This allows determination of fractional fringe movements with the

degree of accuracy being limited by the DC magnitude and amplification

of the d i f ference  in the minimum and maximum outputs of each photo—

transistor. Once reduced , the upper and lower fringe movements are

averaged to eliminate the e f f e c t  of rigid body rotation about an axis

parallel to the crack. For small discrepancies in the peak to peak

amplitude of cycles from a single detector due to intensity changes

in the fringe pattern two approaches are used : 1) the average of the

maximum and minimum level of all the cycles is used or, 2) with

larger variations each cycle Is normalized with respect to its

mean level.

- 
:;._-. ~~~~~~~~ ~- 5-

.-,



59

When measuring more than 1.25 nun behind the crack tip, ten or

mor e comp le te cycle s, (or fringe shifts) generally occured. This

situation is shown in Figure 20. Rather than divisions , cycles and

fractions thereof are noted at selected load intervals . Discrepancies

in peak to peak amplitude are more likely to occur when measuring

larger displacements. Compensating as explained above reduces con-

fidence in the accuracy of the magnitude of an absolute disp lacement

or strain value however, this does not affect the determination of

The load is plotted as a function of fringe shift , y ielding a

hysteresis curve quite similar to that plotted from Elber gage data.

A best fit curve is drawn through the lower 75Z of the loading curve.

The slope of the unloading curve is determined by a straight line

drawn through points clustered between 80 and 90 percent of P
MaX.

The point where this slope is tangent to the best fit loading curve

gives P0k,. This technique is functionally equivalent to the Elber

gage data reduction . A typical load versus displacement curve

showing the determination of P0k, is presen te~i in Figure 21.
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TEST RESULTS AND OBSERVATIONS

Many comparisons will be made to the results obtained by Alzos

HI and to aid in this his results relevant to this investigation

may be found In Appendices A and B. Several important differences

in the tests should be noted. While the material in each case was

2024-T3 aluminum alloy, the specimens used in this study came from

a different heat and therefore have slightly different material pro-

perties . Because of the frequent crack opening displacement measure-

ments it was not feasible to conduct the tests In a desiccated

environment. This effect seems to be one of considerable significance

[121.

All tests were run with felt lined , light weight , compression

guides attached to the specimen. This was necessary because the

compression guides were used to support the mounting structure for

the Elber gage as well as providing attachment points for collection

lenses and the photo detectors used in the interferometry based

displacement measuring system .

a. versus N data was differentiated by way of a fifteen point

moveable strip method while Alzos fit a series of cubic spline functions

to his data which allowed an exact analytic derivative to be taken

and subsequently evaluated. While his approach has some merit it

has the significant effect of artificially smoothing any results it 

- 

-
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generates . Actual fatigue crack propagation appears to be more

erratic and discontinuous in nature. Results presented in the Ap-

pendix B have been obtained using the 15 point moveable strip

technique of differentiation .

F inally because single cycle operation was frequently required

a different function generator was employed . Thus the overload/

underload procedure used in this study was slightly different be-

cause the sequence was applied from the minimum load rather than the

mean load of the cycle.

Constant Stress Amplitude Test Results

Sixteen constant amplitude tests were conducted at RF 
levels of

0.01, 0.11, 0.22, and 0.33. At each of these stress ratio values

four values of t~K were used as test starting points. Crack length

and the corresponding number of cycles were recorded over approximaely

a 0.500 nun range of a.. The specimen was then single cycled at 0.02 Hz

using a triangular wave form as Elber gage and then interferometry

data were collected . Analysis of the a. vs. N data by plotting a vs. N

and subsequently log da/dN versus log AKEFF confirmed that the test

conditions under which K0~ 
measurements had been obtained were re-

presentative. Displacement (or strain) versus applied load data from

the two methods was subsequently reduced allowing direct comparison

of K0~ 
values. Figure 22 shows da./dN versus 

~
KEFF for each individual

R
~ 
level. Finally dcL/dN versus AKEFF curves for all the data were

plotted in Figure 23 their shape compared favorably with the more ex-

tensive constant amplitude data taken by Alzos [5], although some

layering was noticeable. His results appear in Figure A—i of

Appendix A.
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A comparison of K
0~ 

values obtained from Elber gage and inter—

ferometry data is presented in Figure 24, where U versus RF. was plotted.

The amount of scatter seems to be independent of the technique used

to obtain K0~. This suggests that conditions common to each test,

cond i t ions  such as changes in the atmospheric conditions [27]or the

definition of K
0~ 

were responsible for much of the scatter. The

effects of rigid body motions were observed in the reduction of the

interferometry data. In these cases best fit curves were drawn

graphically through the data points. Scatter was inherent in the

interterometry data with rigid body motion present due to the sensi—

tivlty of the K0~ 
definition to the curvature of this best fit line.

Crack closure was measured by each techninue for each R~ level

investigated . Shih and Wei [io ] observed no crack closure for R
F

greater than 0.30. For these results at RF 0.33~K0~ was still 30

to 40 percent of the applied AK.

The trend was for 1(op to increase with AK as well as K ..~~. Some

of the scatter which occurs with crack closure measurements can be

attributed to differences in the fracture surfaces. Bachman and

Munz [is] indicate that the straightness of the crack front has a

major effect on K0~
. Ho et al. [13] suggest that the amount of

closure increases with crack length. Irving et al. [12] observed

the amount of closure was dependent on AK as well as crack length.

A second series of constant amplitude tests were performed at

0.33 with the game four AK as starting points. During these

tests Elber gage measurements of P0k, were also taken at various gage

locations relative to the crack tip. P0k, as a percent of the total

—- •-55-~~~~ •~~~~~~~~~~~~~~~~ • 
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load cycle was found to increase as the measurements were taken

further behind the crack tip. P0k, values dropped off in a more abrupt

fashion as the measurements were taken further ahead of the crack

front. While gage location relative to the crack tip was not accu-

rately measured this type of variation could easily account for dis-

crepancies of 
± 
10 percent when compared to the value obtained at

the tip. A summary of this limited investigation appears in Table 2,

and is illustrated in Figure 25. It is also suspected that F
0~, is de-

pendent on overall crack length , however this investigation has not

yielded sufficient data to confirm this effect.

The interferometry data exhibits slightly less scatter at each

R level than the Elber gage data. This may be seen in Figure 24.

The interferometry technique displayed great sensitivity to rigid

body motions. The problem was most severe at low R levels. The

value of K0~ obtained with the interferometry based method was con-

sistently higher than the value obtained from Elber gage data.

It would have been desirable to digitize the load plus Elber

gage and interferometry data for computer plotting of the load versus

displacement curves. However f or the limited amount of data collected

in this investigation it would have only added complexity to the study.

The interferometry based technique permitting dynamic crack edge

displacement measurements has been demonstrated to be a viable

technique. It does however appear to be very sensitIve to rigid body

motions. It offers tremendous sensitivity especially when used near

the crack tip. In the case of a linear trace (less than one complete

cycle) the system was able to resolve displacements on the order of
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0.01 microns . The Elb or  gage yielded good results  wi th  cons iderably

less effort as a result it was used exclusively in the overload!

underload investigation.

Overload/Underload Test Results

It was the goal of this test program to measure after the

application of an overload/underload sequence at a number of discrete

points in the overload affected zone and compare this with de—

termined using the inverse method . The results of this program are

presented in Figures 26, 27, and 28. Alzos’ original ~Z versus N data

is p lotted in Figure B—i in Appendix B. The 15 point strip technique

of differentiation was used on this data to generate plots of dct/dN

versus GV and K
0~ 

versus 0~ which appear as Figures B—l and B—3 in Ap-

pendix B.

Arrest was defined as no crack growth for io
6 

cycles . Test 18

was expected to arrest and as a consequence it was planned to measure

based on the number of cycles following the overload rather than

on crack length. Delay behavior was anticipated in the remaining

t.-Hts with measurements being planned based on crack length Ct .

r rac~. gth was observed to increase by varying amounts due to the

ipp 1i~~it fon if the overload/underload sequences . After recording

10 v.~1ue t a several Elb er gage traces were recorded prior to

-..‘-,r~ in~ the initial load shed. A minimum of one trace was necessary 

‘hr ‘.t r i p chart recorder sensitivities. This is due to

- - - - 1  urately and repeatably positioning the gage within

..~. . if th t -  cr~i~-k tip. With an unassisted eye and the

_ _  —---S
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specimen at minimum load the crack tip is not always well defined or

easily detected. With sensitivities adjusted two traces were taken

at different chart paper speeds , the slower of these being better

for qualitative shape comparisons and allowing determination of

with the faster chart speed being a better basis for data reduction

allowing construction of a P vs. ~ curve and determination of

Again measuring crack length after this series of single cycles

generally revealed growth. This growth diminished as crack length

increased in a given test, or as the crack grew out of the overload

affected or plastic zone. Dynamic observation of crack length (machine

cycling) gave a slightly different a value than would be observed

staticly at minimum load. This could be caused by machine misalignment.

Thus even the magnitude of this growth is subject to some uncertainty .

This growth could have its basis in one or more of the following:

1) Stopping the machine cycling drops the applied load in a nearly

linear fashion from wherever the load is in the cycle. No suitable

solution was found to eliminate this condition; 2) Rest times of

several minutes at minimum load were required to change the function

generator settings and position the Elber gage; 3) Changing the

cyclic frequency by a factor of 1000 (20 Hz to 0.02 Hz) while data was

taken may influence crack propagation behavior , especially in the

overload affected zone near the point of the overload/underload ap-

plication; 4) Changing the wave form from sinusoidal to triangular

results in higher specimen accelerations at the troughs and peak of

each cycle. This could influence subsequent growth behavior; and 

---—---- ---- - 
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5) Resumption of normal cycling probably does not result immediately

in steady state growth behavior.

Test 18 was expected to arrest , however with each Elber gage

trace taken crack growth was observed. This was probab ly attributable

to some of the tactors listed above. Subtracting this single cycle

growth from the total indicated that the test could be classified as

having arrested . Thus test 18 was terminated at approximately 700,000

cycles. The remaining tests exhibited the same qualitative behavior

that Aizos observed but the number of cycles required for growth

through the overload affected zone were from 2.1 to 4.3 times greater.

The qualitative behavior based on a displayed good agreement. In

the case of positive R.~ correlation based on the number of cycles is

somewhat better. Based on three tests it is not possible to make

any observations on the effect of Elber gage data was taken

based on crack length in tes ts 8 , 11, 12 , 13, 14, and 15. The values

of obtained from P
0~,_5 

and P~~~ 25 displayed better agreement as

steady state growth was approached near the end of the overload affected

zone. Experimental J(
~~ 

results of tests 8, 11, 12, 13, 14, and 15

may be found in Tables B—2 through 8—7 in Appendix B.

Crack growth observed af ter single cycling generally disappeared

before the crack grew 1.5 mm past the overload crack length. In the

region where single cycle growth was observed the Elber gage dis—

played hysteresis , i.e., would not return to zero.

Scatter in the data again may be a result of running in a non—

controlled environment. Another source of scatter was the Inability

to take data repeatedly at the same distance from the crack tip.
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Despite these problems the trends exhibited by the experimental K
0~

values agree reasonably well with the inverse technique with

giving slightly better agreement.

The a versus N data plotted in Figure 26 displays more abrupt

t rans i t ions  from delay to steady state behavior than Aizos’s shown in

Figure 8—i . Growth rate, dti/dN , versus a as well as 1(~~ versus a,
shown in Figures 27 and 28, disp lays noticeably more variation than

the corresponding plots in Figures B—2 and B—3. This was attributed

to the repeated stopping, single cycling and starting necessary to

collect data.
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CON CLUS IONS

The most significant conclusions of this study are summarized

as follows:

1) Measurement of crack opening , K0~ 1 is a difficult experi—

mental procedure at best. The method of data reduction ,

which depends on nonlinearities in the load displacement

relationship, tends to introduce scatter because is not

identified as a discrete point.

2) The laser interferometry system provides an accurate , convenient

method for measuring crack opening displacements from which

crack closure can be determined, however the data reduction

with the system used in this investigation Is time consuming.

3) The laser interferometry technique requires good specimen

alignment and rigid fixturing to keep out of p lane , ri gid

body motions to a minimum. This may have accounted for some

of the scatter in the results of this study.

4) It has been shown , using the Elber gage , that crack opening

load is dependent on the proximity of the measurement relative

to the crack tip.

5) The measured values of K0~ following overload/underload sequences

increased to a maximum then decreased to a steady state value.

This compares favorably with the results obtained using the

inverse technique and verifies previous qualitative explanations

of load interaction effects.
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RECOMMENDATIONS FOR FURTHER WORK

The concept of crack closure as investigated in this study

has great potential for explaining fatigue crack propagation .

Key to th i s  understanding is the accurate measurement of K0~ and

further investigation into its dependence on other test parameters.

Based on observations made in connection with this investigation

the following recommendations are made :

1) LLesearch should be initiated to develop a measurement

method or a definition of crack opening which identifies

the magnitude of as a discrete quantity, as compared

to the present definition of a tangency point on a curve.

2) On line, computer techniques for reducing the data

should be developed for the laser interferometric system.

3) With crack opening displacement type measurements , the

dependence of on the location of the measurement

relative to the crack tip ’ should be thoroughly investigated.

- 
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Table B—2

Elber Cage Crack Opening Data For Overload/Underload Test 8

~OL 
= 21.500 mm

Normalized P0~~ 5 K0~~ 5
Crack Length (% 

~~~ X~~ MIN~ 
(Ks i /i~ (Z 

~MAX~~ MIN~ 
(xsi v”i~)(mm)

0.00 12.50 9.02 48.96 13.94
0.40 38.54 12.53 39.58 12.67
0.65 56.25 14.92 56.25 14.92
1.00 39.58 12.67 45.83 13.52
1.25 34 .04 11.93 46.81 13.65
1.50 17.02 9,63 36.17 12.21
1.75 31.91 11.64 38.30 12.50
2.00 23.40 10.49 34.04 11.93
2.25 21.28 10.20 31.91 11.64
2.75 17.02 9.63 25.53 10.78
3.25 15.22 9.38 17.39 9.68
4.25 14.35 9.27 15.91 9.48
5.25 15.12 9.37 18.60 9.84

Table 3—3

Elber Gage Crack Opening Data For Overload/Underload Test 11
a
OL 

a 21.000 mm

Normalized P
0~~25 K0~~25 P

0~~5 K
0~~5

Crack Length ~~ ~MAX~~ MIN~ 
(Ksi “ )  (% P

~~ x P
~~~~

) (Ksi v’i~ )
(mm)

0.06 19.36 9.50 24.19 10.04
0.30 19.51 9.51 34.15 11.15
0.60 28.05 10.47 35.37 11.29
0.Q0 16.05 9.13 33.33 11.06
1.20 29.11 10.59 42.18 12.05
1.50 22.78 9.88 26.68 10.32
1.80 18.99 9.46 29.11 10.59
2.30 20.78 9.66 33.77 11.04
2.80 12.99 8.78 27.69 10.43
L80 12 .16 8.69 27.03 10.35
4.80 22.22 9.82 29.17 10.59
5.80 14.29 8.93 25.71 10.21
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Table  8—4

Elber Cage Crack Opening Data For Overload/Underload Test 12
a01 

= 12.500 own

Normalized P0~~25 
K
0~~25 

P
0~~5

Crack Length (% 
~~~~~~~~~~~ ~~~~ ~~ (Ksi /i~)

(mm)

0.02 9.62 8.41 59.62 14.00
0.25 8.65 8.30 75.47 15.78
0. 50 12 . 26 8.71 65.38 14.65
0.75 37.50 1.1.53 50.00 12.93
1.00 20.19 9.59 38.46 11.63
1.25 15.38 9.05 38.46 11.63
1.50 40.78 11.89 44.66 12 .33
1.75 37.86 11.57 41.40 11.96
2.04 25.32 10.16 40.00 11.81
2.50 28.00 10.46 34.00 11.13
3.50 20.83 9.66 33.33 11.06
4.50* 4.44 7.83 66.67 16.79
5.50 13.33 8.82 37.78 11.56

* Poor trace.

Tab le B—5

Elbe r Gage Cr ack Open ing Dat a For Overload/Ilnderload Test 13
a
OL 

= 8.000 mm

Normalized 
~op—25 

K
0~~25 

P
0~~5 

K
0~~5

Crack Length ~~ ~MAX~~ M1N~ 
(Ks i v”i~) ~~ ~MAX~~ MIN~ 

(Ksi /i~)
(mm)

0.045 45.59 12.43 47.06 12.60
0.25 35.29 11.28 20.59 9.63
0.50 24.01 10.02 61.52 14.21
0.75 79.53 16.23 78.03 16.06
1.00 72.03 15.39 72.03 15.39
1.25 75.00 15.72 76.56 15.90
1.50 72.88 15.49 76.56 15.90
1.75 64.52 14.55 72.58 15.45
2.00 54.84 13.47 67.74 14.91
2.25 55.00 13.48 71.67 15.35
2.50 58.33 13.85 68.33 14.98
3.00 58.62 13.89 58.62 13.89
4.00 35.71 11.33 38.07 11.59
5.00 26.61 10.31 26.61 10.31
6.00 29.41 10.62 35.29 11.28

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
:~~~~
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Table B— 6

Elber Gage Crack Opening Data For Overload/Underload Test 14
a

OL = 15.220 mm

Normalized P0~~25 K
0~~25 

P0~~5 K
0~~5

Crack Length (% 
~MAX~~ MIN~ 

(Ks i v’i~) (Z PMAX PMIN) (i ~“~~)
(nun) 

_ _ _ _ _

0.08 25.00 10.13 31.25 10.83
0.33 48.96 12.81 61.46 14.21
0.58 21.88 9.78 65.63 14.67
0.83 18.75 9.43 62.50 14.32
1.08 58.95 13.93 58.95 13.93
1.33 54.74 13.46 55.54 13.54
1.58 53.26 13.29 59.39 13.98
1.83 40.22 11.83 47.83 12.68
2.08 40.22 11.83 45.65 12.44
2.58 29.83 10.67 33.59 11.09
3.58 22.73 9.87 27.27 10.38
4.58 18.60 9,41 17.44 9.28
5.58 15.48 9.06 14.29 8.93

Tab le B—i

Elber Gage Crack Opening Data For Overload/Underload Test 15
aOL 17.100 mon

Normalized P0~~ 25 K
0~~25 P0~~ 5 K

0~~5
Crack Length (Z PMAX PMIN) ~~~~~~ ~~~~~~ ~ ~

‘MAX 1’MIN~ 
(Ksi ~/i~)

(mm)

0.00 19.15 9.47 31.91 10.90
0.08 29.60 10.64 62.22 14.29
0.18 39.72 11.77 70.61 15.23
0.22 37.51 11.53 41.92 12.02
0.32 44.13 12.27 71.71 15.35
0.42 70.61 15.23 72.82 15.48
1.05 48.54 12.76 67.30 14.86
1.76 50.00 12.93 63.64 14.45
2.70 46.17 12.50 41.55 11.98
3.68 46.51 12.53 46.51 12.53
4.75 38.75 11.67 40.00 11.81
5.83 31.04 10.80 33.63 11.09
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