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ABSTRACT

AN EXPERIMENTAL STUDY OF CRACK
INITIATION AND GROWTH FROM
COLDWORKED HOLES
By

Nopporn Chandawanich

Crack initiation and crack growth behavior can be
improved by coldworking a fastener hole. This report
describes the experimental studies investigating the change
of residual strain during crack initiation, the stress
intensity factor for the crack emanating from a circular
hole, and the strains ahead of a crack tip. The specimens
were subjected to low-cycle fatigue conditions. Analytical
procedures were evaluated based on correlation with the
test data. These procedures included elastic/plastic
analysis which was utilized to determine the stress-strain
distribution surrounding the fastener holes and ahead of
the crack tip. The experimental data showed that the moiré
method is acceptable for measuring the strains in this
investigation.

The data revealed that the relation between the
total notch strain range and cycles to initiation is satis-
factory for engineering predictions. The comparison of the

°rack initiation life of base line fatigue data to the test







Nopporn Chandawanich

data was favorable if initiation was defined as the develop-
ment of a 0.006 inch (0.15 mm) crack.

Crack growth rate and interferometric displacement
gage (IDG) techniques were used to determine the stress
intensity factor (KI). The test data for the coldworked
specimens showed that an analytical formula was good for

the longer cracks but not for shorter ones.
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CHAPTER 1

INTRODUCTION

The presence of cracks or flaws in structural com-
-s has resulted in the catastrophic failure of a
'y of engineering structures. Analyses of the failed
ients of pressure vessels, storage tanks, welded ship
-ures, aircraft parts, bridges, pipelines, turbine
5 and housings, rocket motor casings and various heavy
e parts, have shown that crack- or flaw-induced frac-
s often responsible for the failures.

In recent years the operational lives of many mili-
nd commercial aircraft have been limited by flaws
initiate from bolt or rivet holes of aircraft struc-
and propagate to failure. It is necessary for the
er to account for the presence of flaws in the design

aircraft structure.

One way to protect against flaws is to use materials
high value of fracture toughness. However, this is
y associated with a decrease in yield strength of the
11 which reduces the load-carrying capacity. The
r also has to account for weight-saving which is one
most important criteria for aircraft design.

Another economical technique to improve the fatigue

the structure is to inhibit or slow the growth of

1






's emanating from the holes. This can be done by pre-

'ssing the metal around the hole either by coldworking

. an oversized mandrel or by interference-fit fasteners.
slower growth of flaws is attributed to compressive
ldual stresses around the edge of the hole generated by
pre-stressing operation. The improvement of fasteners
>rocessing techniques requires an understanding of the
idual stress state around the hole and the change in this

>ss state with static or fatigue loading.

Purpose and Motivation

The purpose of this research is to study the change
-he residual strain field around coldworked holes during
-iation of cracks, and the crack opening displacements
strains as the crack propagates. This investigation
udes the studies of crack initiation, crack propagation
vior, the stress intensity factor, and the strain ahead
he crack tip.

The earliest theoretical study of the coldworked
dual stress and strain behavior by Nadai (1) is still
useful today. In recent years, among the various ana-
~al theories considered, the Hsu-Forman (2) and the
r-Ting-Grandt (3,4) are the best. The theories assume
the hole is radially loaded and a state of plane stress
s everywhere in the sheet, and that the sheet is
ite in extent. The theories have difficulty predicting

esidual stress/strain state near the hole edge.






From a mechanics viewpoint, failure of the metal

s at the highly strained regions where cracks initiate.

local repeated plastic strain is responsible for crack
ation (5), procedures that account for the crack
ation due to this strain would be expected to result in
accurate fatigue life estimations than procedures based
ninal stresses away from the stress concentration.
-ical studies for the local stresses and strains have
erformed elastically by Timoshenko-Goodier (6), and
id (7); and plastically by Neuber (8), and Stowell (9).
he local stresses and strains have been determined, a
y of methods exists for estimating the number of the
initiation cycles.

The analytical study of the stress intensity factor
or the non-coldworked holes was originated by Bowie (10)
ter modified by Grandt (11). 1In the Grandt solution,
Fck face pressure p(x) can be defined either as the
stress caused by remote load for the non-coldworked
or the addition of that local stress and the compres-
esidual stress caused by a coldworking process for the
rked holes. If the residual stresses were accurately
the Grandt solution for K, as a function of crack
should be accurate.

Experimental information about the nature of the
field around a coldworked hole obtained by Adler-

(12) and Sharpe (13) does not agree with the theories.







 work has been done experimentally on the change of the
sidual strains during crack initiation for the coldworked
les in a plane stress condition. The only existing exper-
ental study employs fatigue crack growth rates to deter-
ne stress intensity factor calibrations for coldworked
les. This study has been conducted by Grandt-

nnerichs (14). Some experimental error in their study

y be introduced by differentiating the data especially

r longer crack lengths, the growth rates of which are

ry high.

Moiré, IDG, and crack length measurements are the
“hniques used for determining the strain and the stress
censity factors in this investigation. The moiré method
1 observe the fringe pattern change during uniaxial ten-
n and measure the displacement in a strained body with
isfactorily accurate results. The IDG technique, which
loys laser interferometry, is quite sensitive (about 0.1
ron resolution) and provides most acceptable results.
ck length measurements are made in this investigation to
ermine the stress intensity factor for small displace-
ts at very short crack (less than 1 mm), for which the

technique is not applicable.

Organization of Dissertation

The description of the material used in this inves-
ation, its properties, coldworking procedure, and speci-

preparation are given in the first part of Chapter 2.







'he experimental procedures for fatigue testing, the tech-
1iques for the moiré method and the interferometric dis-
blacement gage (IDG) are also described in Chapter 2. A
rief review of the coldworking theories and the results of
easured coldworking strains are presented in Chapter 3.
Theoretical stress concentration factors, both

lastic and plastic, the base line fatigue data for 7075-T6
luminum, the crack initiation behavior, and the number of
ycles required to initiate the crack for various coldworked
oles are described in Chapter 4. Chapter 5 shows the
arge difference in crack growth data between non-coldworked
nd coldworked specimens. The crack closure which caused
he crack to close above zero load and decreased the amount
f crack opening is presented in Chapter 6.

Chapter 7 discusses the stress intensity factors
om the Bowie solution for the non-coldworked hole and the
andt solution for the coldworked hole compared with the
asured results from the IDG and crack growth technique.
ack mouth displacements and crack surface profiles are
ven in Chapter 8.

The theoretical solutions, both plastic and elastic
th plastic zone correction factor, for the strains ahead
the crack tips compared with the measured strains by
iré method are discussed in Chapter 9. The thesis con-
ides with Chapter 10 which discusses the findings of this

’estigation.







CHAPTER 2

EXPERIMENTAL PROCEDURES

Material Specification and Specimen Preparation

1 Coldworking Procedure
The coldworking procedure studied in this research is
one developed by
J. O. King, Inc.
711 Trabert Avenue, N.W.
Atlanta, Georgia 30318
A thin-walled (about 0.0075 inch (0.19 mm) thick)
ve is first inserted into the hole. A tapered mandrel is
pulled through this sleeve. After the mandrel has been
ved, the sleeve may or may not be removed before the
ner is inserted, but usually the sleeve is left in the
The specific amounts of expansion used in this study
).0080 inch (0.20 mm) and 0.012 inch (0.30 mm) diametral
ision of the 0.196 inch (4.98 mm) holes. The sleeve was
ed for these experiments because none of the modern
ies for plane stress condition account for the pressure

sleeve.

Material Specifications

The material used for this study was aluminum type
'6, 1/8 inch (3.20 mm) thick. The stress-strain curve
photograph of the microstructure are shown in Figures
1d 2.2. The Rockwell B hardness measurement for this

6







material is

An ASTM standard tension test specimen was cut from
the same sheet as the specimens. Different dimensions were
used in order to fit the tension test specimen to the test-
ing machine. This specimen was pulled in uniaxial tension
at a strain rate of 0.0267 in./in. per min. Foil gages were
applied to measure the strain. The tensile strengths
obtained are:

Yield strength (0.2% offset) 73.0 ksi

Ultimate strength 76.5 ksi

A Ramberg-Osgood representation was used for repre-
senting the constitutive behavior of the material in the
plastic range using the stress-strain curve in Figure 2.1.

The form of the Ramberg-Osgood relation is

UP n
- (2.1)

vhere ep is the plastic strain E
Eys is the tensile yield strain = —%5 where Gys is
the tensile yield stress and E is the initial
slope of the stress-strain curve,
[ is the plastic stress
a is a material constant,

n is a power hardening coefficient.
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8ure 2.1 Stress-strain curve for the test specimen of
7075-T6 aluminum.




Figure 2.2 Photomicrograph of the test specimen
of 7075-T6 aluminum. Magnification
x 100.
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The experimentally determined values of the power hardening

coefficient n = 15, and the material constant o = 1.

2.1.3 Specimen Preparation

The dimensions shown in Figure 2.3 were used for all
specimens in this investigation. The specimens were pre-
pared by the machine shop to obtain round, nontapered holes
to a specific dimension so that one can accurately measure
the amount of coldworking deformation. A certain tolerance
on the holes is required if one is to compare coldworking
between various specimens.

Holes were prepared by first drilling them with a
0.1875 inch (4.760 mm) drill and then using a honing
machine to bring the diameter up to the nominal 0.195
£0.0020 inch (4.953 #0.051 mm) . The honing machine pro-
duced straight walls in the hole (no evidence of spiraling)
and square edges of the hole. The size was determined with
a plug gage with a "go" cylinder of 0.1948 inch (4.948 mm)
and a "no-go" cylinder of 0.1952 inch (4.958 mm). Upon
receipt from the machine shop, the holes in the specimens
were measured with a microscope equipped with an x-y stage.
The greatest uncertainty in this measurement is in locating
the edges of the holes accurately. Measurements were made
along the diameter at 45 degree intervals, and each mea-
Surement was repeated at least three times. The variation
in repeated measurements was usually less than 0,0001 inch

(3 microns) . Typical diameters measured for the specimens
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Figure 2.3 Dimensions of the test specimen.
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are given in Table 2.1. From this measurement it was found
that the hole diameters varied from 0.195 inch (4.966 mm)

to 0.1999 inch (5.078 mm).

TABLE 2.l.--Diameter of Holes (in Inches) for the Specimens

Specimen 0° 45° 90° 135°
1 0.1963 0.1957 0.1961 0.1960
2 0.1994 0.1987 0.1993 0.1989
3 0.1980 0.1982 0.1982 0.1980
4 0.1995 0.1996 0.1999 0.1993
5 0.1958 0.1958 0.1954 0.1955
6 0.1956 0.1956 0.1956 0.1955
7 0.1958 0.1959 0.1958 0.1956
8 0.1958 0.1958 0.1959 0.1957

After the holes had been measured, the surface of
the specimens was coated with a moiré grille by a process
which will be explained in detail in Section 2.3. The
holes were then coldworked by pulling a mandrel through
them, as illustrated by the schematic in Figure 2.4. The
tapered mandrel is inserted into the sleeve, and the mandrel
and sleeve inserted into the hole. The washer of the sleeve
is pressed against an anvil, and the mandrel pulled through
che sleeve. This is the same as the industrial process

specified by J. 0. King, Inc. A machine incorporating a

and-operated hydraulic cylinder was constructed to pull a
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Figure 2.4 Schematic of the King coldworking process
and moir€ printing.
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mandrel in the laboratory; a photograph of it is given in
Figure 2.5. The tension rod linking the mandrel to the cyl-
inder piston had been instrumented with strain gages to per-
mit calibration of the force in terms of the cylinder
hydraulic pressure. A typical load-displacement curve for
pulling a mandrel through the hole is shown in Figure 2.6.
The peak forces for the 0.0040 inch (0.102 mm) radial expan-
sion was 1250 pounds (5.56 KN) and for the 0.0060 inch
(0.152 mm) radial expansion was 1300 pounds (5.785 KN).

The sleeves inserted in the hole were part number
JK 5535-C06N10L from J. O. King, Inc. These were supplied
with the mild steel washer attached (see Figure 2.7), and a
dry film lubricant applied to the inside and outside. The
function of the mild steel washer is simply to protect the
sleeve and specimen as the mandrel is pulled through; it
pops off after coldworking. Several sleeves were sectioned,
and the average wall thickness was found to be 0.0075 inch
(0.19 mm) .

The 0.188, 0.190 and 0.192 inch (4.775, 4.826 and
4.877 mm) mandrels used were J. O. King, Inc. part numbers
JK 6540-06~188 to 192; one is shown in Figure 2.7. Accord-
ing to the J. 0. King, Inc. literature, the 0.192 inch
(4.877 mm) diameter mandrel will give a radial expansion of
0.0070 inch (0.178 mm) to a 0.195 inch (4.953 mm) hole, but
this is based on a sleeve thickness of 0.0085 inch (0.216
mm) . A maximum radial expansion of 0.0060 inch (0.152 mm)

would be achieved with the 0.0075 inch (0.191 mm) thick
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Figure 2.5 Photograph of the device for pulling
the mandrel through the hole.
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Figure 2.7 Photograph of the mandrel and sleeve.
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sleeves. Because of the variation of the hole diameters
the size of the mandrels had to be selected to obtain the
right amount of coldworking.

The sleeve is tightly wedged into the hole after
the mandrel has been pulled through it. To remove the
sleeve, the washer on the end of it was surrounded by a
larger washer for the anvil to react against and the @andrel
was pulled through it a second time. The force required to
pull the sleeve out was approximately 650-720 pounds (2.89-
3.20 KN). The dimensions of the holes and the residual
diametral expansion after the removal of the sleeve are
shown in Tables 2.2 and 2.3. The deformed regions near the
hole edge for 0.0040 inch (0.102 mm) and 0.0060 inch (0.152

mm) radial expansions are shown in Figure 2.8.

TABLE 2.2.--Hole dimensions (in inches) of specimens after
sleeve removal.

Mandrel o
Specimen Diameter 0° 45° 90° 135
(inch)

1 0.188 0.2041 0.2034 0.2039 0.2035

2 0.192 0.2071 0.2069 0.2074 0.2069

3 0.190 0.2056 0.2060 0.2057 0.2056

4 0.192 0.2065 0.2066 0.2066 0.2065

5 0.192 0.2077 0.2076 0.2075 0.2075

6 0.192 0.2067 0.2062 0.2070 0.2063

7 0.192 0.2080 0.2083 0.2080 0.2077

8 0.192 0.2063 0.2062 0.2064 0.2060
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TABLE 2.3.--Residual diametral expansion (in inches).

Specimen 0° 45° 90° 135°
1 0.0078 0.0077 0.0078 0.0075
2 0.0077 0.0082 0.0081 0.0080
3 0.0076 0.0078 0.0075 0.0076
4 0.0070 0.0070 0.0067 0.0072
5 0.0119 0.0118 0.0121 0.0120
6 0.0111 0.0106 0.0114 0.0108
7 0.0122 0.0124 0.0122 0.0121
8 0.0105 0.0104 0.0105 0.0103

Sharpe (13) found that the hole is not uniform
through the plate thickness after coldworking; it is
slightly smaller on the back side where the washer is
attached to the sleeve. The nature of the coldworking oper-
ation is to exert a force perpendicular to the specimen
surface through the sleeve and thus constrain deformation

of the hole on the back side.

2.2 Fatigue Testing Procedure

This section describes the experimental methods and
techniques used in fatigue testing of the aluminum speci-
mens. They were tested in a servocontrolled closed-loop
hydraulic testing machine, and all tests were performed at

room temperature (70-75°F).
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A moiré grille was used to measure strains on the
specimen surfaces. A load cell was used to monitor the load
applied to the specimen; a traveling microscope was used to
measure the lengths of the propagating cracks. Figure 2.9

shows an overall view of the experimental setup.

2.2.1 sServocontrolled Testing Machine

The servocontrolled closed-loop hydraulic testing
machine (series 810) was manufactured by MTS Systems Corpo-
ration, Minneapolis, Minnesota. The MTS series 810 consists
basically of a hydraulic power supply model 506.02, an
actuator (servoram) model 204.63, a load frame model 312.21,
the electronic control console model 406.11, and a function
generator model 410. A load cell model 661.21A-03 connects
in series with the specimen and the actuator ram senses the
load applied to the specimen. The machine has a dynamic
rating of #20 kips.

The actuator is connected to the hydraulic power
supply through a servovalve and a hydraulic accumulator.
Hydraulic fluid is ported through the servovalve to the
actuator's cylinder, causing ram movement and applied force.
The magnitude and direction of fluid through the servovalve
is controlled by a signal from the servocontroller.
Hydraulic power is supplied by a pump rated at 6 gallons per
minute with a maximum pressure of 3,000 psi.

The control console consists of a servocontroller,

a control unit, a function generator, a cycle counter, and a
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Figure 2.9 Overall view of the experimental
setup.
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transducer output panel. Servoram movement is controlled
through the servovalve. This servovalve opens or closes
according to the control signal from the servocontroller.
An input module which is plugged into the servocontroller
receives a programmed signal from the function generator,
and after scaling it suitably, combines it with the manual
command to give a composite command. Manual command is fed
through the set point and/or span control of the input
module. Composite command and feedback signals are compared
by the servocontroller. Thus the servocontroller acting as
a comparator-controller causes the control quantity (load or
strain) to follow the output of the function generator. The
command signal has a full scale input amplitude of #10 VDC.
The servocontroller has an error detector circuit that can
open a system failsafe interlock to stop the test if an
error between command and feedback exceeds a preset limit.
The output signal is indicated by both a digital voltmeter
(DVM) and an oscilloscope.

The servocontrolled hydraulic actuator loads and
thus strains the specimen. Haversine waveforms were used
throughout this investigation with a testing frequency of
15 cycles per second. All specimens were fatigue loaded in
increments of 5,000 cycles up to 15,000 cycles, then changed
to increments of 500 cycles for the noncoldworked specimens
and 2,000 cycles for the coldworked specimens until cracks

were seen with the microscope. After a crack had initiated,
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the increments of fatigue loading were 200 cycles for the

noncoldworked and 5,000 cycles for the coldworked specimens.

2.2.2 Mounting of Specimens

The specimen dimensions shown in Figure 2.3 were
chosen to suit the load capacity of the machine and factors
influencing the stress diffusion from grip portion to the
test section. The specimens were mounted in a pair of spe-
cially made grips, the top one attached to the load cell and
the bottom attached to the piston rod (see Figure 2.10).
These grips had holes corresponding to those in the speci-
mens (Figure 2.3). The holes were 0.531 inch (13.49 mm) in
diameter to accommodate the four bolts in each grip. Figure
2.10 shows the specimen and grips in position. Care was
taken to eliminate any twisting of the specimen before
cycling.

Because of the long distance between grip section
and test section, the holes in the grip section have little
effect on the stress distribution in the test section.
Stresses are assumed to be uniformly distributed at the area

more than two inches above and below the test section.

2.3 Moiré Techniques

All of the strain measurements in this investigation
were obtained using moiré techniques. The application of
the moiré-fringe technique to the measurement of displacement
was developed in England beginning in 1951. The moiré

effect is an optical phenomenon observed when two closely
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Figure 2.10 Specimen setup on the MTS.
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spaced arrays of lines are superimposed and viewed with
either transmitted or reflected light. The basic method for
producing the moiré fringe pattern was introduced by Durelli
and Parks (15). This technique is quite useful, since it
provides whole field data similar to that of photoelas-
ticity. Simple mathematical relationships have been devel-
oped to relate the change in the moiré pattern to the strain
in the specimen by Vinckier and Dechaene (16), and also by
Sciammarella and Durelli (17). By proper choice of the
grating on the specimen surface, it is possible to achieve
significant magnification of the specimen's deformation
through the moiré pattern; hence measurements of very small

strain can be made with good resolution.

2.3.1 Grid Production

The starting point for this technique is to repro-
duce on the specimen a high-quality master grating having
sufficient line density to be acceptable for strain-measure-
ment purposes. One 1,000 lpi master grille was purchased
from Photolastic Inc., Malvern, Pennsylvania, and one from
Graticules Limited, Sovereign Way, Tonbridge, Kent, Great
Britain. A set of submasters had been made from the
original masters by contact printing on Kodak HRP plates in
a parallel light field as shown in Figure 2.11.

The master grille from Graticules produced the high
quality submasters that have been successfully used in the

experimentation (see Figure 2.12).
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Figure 2.11.--Optical system used for producing submaster.

2.3.2 Printing of Grille on the Specimen

Before printing, the specimen was polished with 0.3
micron alumina and degreased with acetone. After cleaning,
the specimen was coated by spraying AZ 1350B photoresist
(which was purchased from Shipley Company, Inc., Newton,
Mass.), with an airbrush. Spraying gave a fine uniform layer,
but the photoresist formed a thicker coating around the hole
edge. This effect caused it to be a little more difficult
to obtain a fine grille around the edge of the hole, but
could be solved by using a longer exposure time during
printing process.

The printing process for this aluminum specimen
required the use of a 200 watt mercury arc lamp to produce
the illumination. This lamp was placed about 15 inches
(38.1 cm.) in front of the submaster and specimen, which

were in contact with each other (see Figure 2.13).
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Figure 2.13.--Optical system for printing process.

The exposure of the photoresist was about 3 to 3%
minutes. A dot grating was produced by turning the sub-
| master 90° for the second exposure. The acceptable results

are shown in Figure 2.14.

2.3.3 Optical System

The camera used for this study was a Schneider Optik
Kreuznach with an f£4.5 lens of 300 mm (11.8 inches) focal
length. This camera was mounted on a tripod and braced with
angle iron bar. The camera was adjusted to obtain a magnifi-
cation of 3. This use of magnification reduced the frequency
response demands on the photo systen and, when properly

exploited, led to an increase Of measurement sensitivity.
'
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Illuminating the specimen with diverging white light
from a spotlight with the angle of incidence of the light
about 30° produced the best results. Grating contrast was
improved slightly by using lighting from only one side of
the camera because the coated lines shadowed the uncoated
area causing it to become darker.

Kodak High Resolution Plates and Kodak Spectroscopic
Plates Type 649-F were used for recording grating images.
Both worked well. The results reported here were obtained
with the 649-F material. Kodak D-19 developer, which gives
very good contrast, high effective speed with low fogging

tendency, and high useful developing capacity was chosen for

this experiment. The control of exposure and development
time and temperature was somewhat critical. It was found
that some deviation from optimum exposure and processing
values could be compensated for in the optical data process-
ing stage.

Two optical systems were used to obtain the moiré
fringe patterns. One method is the double-exposure tech-
nigue. This technique was performed by first mounting the
specimen in a holder on an optical bench, and taking a
photograph with the high resolution camera at 3:1 magnifica-
tion on Kodak Spectroscopic Plates Type 649-F. The specimen
was then removed, mandrelized, replaced in its holder, and
photographed again using the same plate.

In the second method the image of the model grille

on the specimen was projected onto Kodak 649-F plates with a
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high resolution camera at magnification 3:1. After the
exposure, the specimen photo plates were superimposed on the
reference grille of 1,000 lpi to obtain the moiré fringe
pattern.

This technique improved the multiplication factor by
3, meaning that the model grille obtained the sensitivity
equal to 3,000 1lpi. With this method, pitch mismatch can be
readily introduced. A slight change of the magnification of
the camera introduced pitch mismatch which resulted in a
large number of fringes producing more data points for moiré
analysis. The schematic of the optical system for moiré
photography is shown in Figure 2.15.

The photograph from this optical setup can be
improved with the slotted apertures technique described by
Cloud (18). Slotted apertures were designed to fit behind
the iris diaphragm inside the lens. Slot sizes and loca-
tions were calculated to tune the lens to spatial frequen-
cies as required. This technique was performed during
photography to improve the fringe pattern (see Figure 2.16).
Although the slotted-apertures technique improves the moiré
photography, the highest quality pictures still cannot be
obtained. Higher contrast of the moiré fringe pattern can
be produced by optical fourier data processing which is the

process of an optical spatial filtering in a coherent light

system. It alters the input signal (i.e., the light dis-

turbance transmitted through a moiré pattern) by placing
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Figure 2.16

Real time moire fringe pattern with
initial mismatch for residual cold-
worked specimen by slotted aperture
technique. (Magnification 3:1).
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spatial filters along the optical path of the light system
as described by Duffy (19). The photograph of this proces-
sor is in Figure 2.17 and the schematic in Figure 2.18. The
film plate (containing interference fringes indicative of
displacement in the specimen) was placed along the axis of

the optical system. The inverse transfer or image of that

plate was constructed by the camera, but only a portion of
the light was allowed to pass through the filter aperture.
The fringe pattern was photographed by focusing the camera
on the image. The camera was mounted on a swinging support
so that it could be placed behind the filter aperture to
give an image without vignetting. Figures 2.19 and 2.20
illustrate the results of the method from the double-

exposure and the mismatch technique, respectively.

2.3.4 Moiré Analysis of Strain

The master grille that was used in the experiments
is a 1,000 1pi, unidirectional grating, therefore the strain
can be measured only in one direction at a time. For the
double-exposure technique, the model grille and the ref-
erence grille were placed at the same position. No lines
were shifted, and therefore the original pitch mismatch can
be neglected. From Durelli and Parks (15), the relative
r is easily calculated

displacement between model and maste

using the following formulas.



Figure
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Figure 2.17 Photograph of Fourier data processor
setup.
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U = Np (2.2)
U is the x-component of displacement.
N is the moiré fringe order.
p is the pitch distance of master.

From the definition of strain

strain Ey v (2.3)
_ 3(Np)
here ey % (2.4)
but p = constant
therefore e, = pﬁﬂ (2.5)
X X

The procedure to obtain a partial derivative of U is
illustrated in Figure 2.21. The horizontal position of each
point of intersection of the moiré fringes with the line AB
was projected onto the base line CD. The orders were read
from the moiré fringes, and distances equal to Np were scaled
up from the base line. A line drawn through the points, thus
plotted, defines the displacement. The slope of this curve
at a point gives the derivative %%. The same procedure can
be followed to obtain other partial derivatives. The values
of these derivatives give the strains.

The precision of the graphical computation of the
slopes of the displacement curve, which is necessary for the

determination of the strains, depends on the number of points
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Figure 2.21.--Construction of the intersection curve.

defining the differentiated curve. In the moiré method a
large number of points requires a large number of fringes.
For a given strain the number of points depended on the
grating pitch. If the grid pitch cannot be changed, an
alternative procedure to increase the number of points is
to have an initial pattern and to work with the change of
the fringe spacing. Therefore, the advantages of grid
"mismatch" will be discussed when the strains are small and
the moiré pattern has been referred to the initial or
undeformed state.

The fringe spacing for the pitch mismatch can be

written in the form of:
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8, =_PF (2.6)

where

am is the fringe spacing for the initial pitch mismatch.
P 1is the master-grating pitch.

€n is the initial fictitious strain.

For the deformed grating the corresponding fringe spacing is

6d = w (2.7)
where
éd is the fringe spacing of deformed grating.

€4 is the strain produced by the applied deformation.

The fringe spacing resulting (Sf) from the superposition of

€ and e

m a8

5. = P (2.8)

vhere the plus sign applies to the case edem>0, and the

tinus sign to the case € sm<0.

d
To increase the precision it is desired that

s.< 6 (2.9)
his is achieved by any
s hng (2.10)

then edem>o &
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But when sdem<0, inequality (Eg. 2.9) is satisfied if

le | >2 legl (2.11)

al
It is then clear that a mismatch of the same sign will always
produce more fringes and so will always be advantageous; and
that a mismatch of opposite sign, to be advantageous, must be
at least twice the magnitude of the strain to be analyzed.

The preceding methods will be satisfactory for small
linear strain in x and y axes only. For more accurate results,
the nonlinear Eulerian and Lagrangian normal strain and shear
strain (15) should be used.

The Eulerian formula can be expressed as follows:

= - ___ - 3
S = 1 1= 2 + ( ) +(8x (2.12)
v
= 1- 1-2— + (535) °+ .
CH / N gD G (2.13)
du dv _ (du du v av)
= s 9y 9X 9X 0y 93X dy
gy~ arcsin (l-ex)(l-ey) (2.14)

The above equations are used for undeformed specimen
rating; for deformed specimen grating one has to apply the

agrangian formula displayed below:

P X

e =/1+23—“ gz -1 (2.15)
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- OV, ()2, (dUy2 _
&y = // 1+2ay + (By) +(ay) 1 (2.16)
oy . Bu du, dv v
Ay X X 0y x93y (2.17)

€ = arcsin
(1+e ) (l+ey)

Both Eulerian and Lagrangian methods require moiré
cross grating to obtain u and v families of moiré fringe
patterns at the same time. Another method for strain analysis
that can be applied to the experiments is a shifting method

which is expressed in the following form:

fu _Np _ N
Bx' T ix' TN (2.18)
s
X
N
and Ax  _ !
B N (2.19)
s
_du _ N
E i e (2.20)
N
X
where N is the fringe number.
Ns is the shift to pitch ratio.
Nz, is the moiré line order of shifting.

Au is the displacement on fringe line.

Ax' is the amount of shift.

Ax is the distance between two points of interest.
Shifting method will not produce accurate results

for small strains, but it is still good for approximating the
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strains. The larger the shift, the more sensitivity will be
bbtained.

In this experiment, the specimens were loaded in
uniaxial tension. Dot gratings were used to measure the
transverse strains, but these strains were found to be very
small and could be ignored. Therefore only equations 2.2 to

2.11 have been applied to the experimental analysis.

2.3.5 Pitch Error

Basic to all moiré analysis, both for displacement
and strain analysis, is the assumption of a constant known
value of the pitches of both master and undeformed specimen
jratings. From Durelli and Parks (15), if the two pitches
are well matched but have a common error of 1 percent, the
rror occurring in displacement, assuming a density of 1,000
lpi which have been used in this investigation, will be only
).00001 inch (0.00025 mm) and on a 0.1 inch (2.54 mm) base
ength the error in strain will be 0.0001.

In the case of mismatch, the pitch of master grating
nd the pitch of the undeformed specimen grating are dif-
erent, but each has to be known, and errors in these figures
ill be reflected directly in any analysis. It is simple to
btain an overall estimate of any mismatch by overlaying mas-
er and undeformed specimen gratings and recording the total
mber of fringes produced in the field.

A serious systematic error will be made by assuming

matched pair of grating and neglecting mismatch, since a
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mismatch of 0.1 percent will immediately show up as a large
strain of 0.001. The chief precaution in moiré analysis
for overall variation in pitch (mismatch) is to record any
initial fringes before loading and subtract out this "fic-
titious" displacement and strain in the analysis.

It is estimated that the pitch lines may vary some
+1/100 of the pitch spacing so that the error in pitch of a
1,000 1pi grating will be the order of #0.00001 inch
(0.00025 mm). On the base length of 0.08 inch (2.03 mm) that
had been used in the experiments would produce a fictitious
strain as great as

_ £0.00001

= 0,08 = +0.000125.

This, however, would require that the error in pitch be
repeated over a number of grating lines in the region in
order to effect the position of a moiré fringe.

Essentially, this is the problem with periodic pitch
error, which repeats itself systematically over a number of
grating lines and produces herringbone effects when overlaid

Oy a strain pattern.

.4 The Interferometric Displacement Gage (IDG) Technique

Interferometry methods have been employed by several
nvestigators (20-22) to obtain the complete crack surface
isplacement field in the transparent specimens. Examination

f the interference fringe patterns obtained for various
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oadings revealed that the crack perimeter was closed at
ero load. Although the fringe patterns provided a quanti-
ative mapping of the entire crack surface profile, the
nterior displacement measurements by this method are
estricted to transparent materials. In this experiment the
surface displacement measurements were measured with an IDG
—echnique developed by Sharpe (22). The method is based on
laser interferometry measurementsof the in-plane displacement
n the vicinity of the crack tip.

In the crack tip displacement method, one measures
he displacement at some point near the crack tip as a
‘unction of remote load by the laser interferometry method
nd then computes K from the elastic displacement relation
y Paris and. Sih (23). For Mode I loading the appropriate
quations for conditions of plane stress are:

K

u, = I T 6 (1-v ;20
x ~ —5/ 7y cos 3 [3g + sin’3) (2.21)

K
w =Xt /T . 8 .2 _ .8
Yy /35 sin 3 [33y - cos’y

&/ 7r (2.22)

1ere uy and uy are the x and y components of displacement
at a point near the crack tip located by the polar
coordinator (r,0) as shown in Figure 2.22.
G is the shear modulus.

v is the Poisson's ratio.
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Figure 2.22 Photomicrograph of a fatigue crack
defining the crack tip coordinates
and showing the surface indentations.
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The crack tip displacement method requires a tech-
nique capable of measuring small displacements very near the
crack ti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>