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FOREWORD

This report describes an in-house effort conducted in the Metals
Behav ior Branch , Metals and Ceramics Division , Air Force Material s Labora-
tory, Wright-Patterson Air Force Base, Ohio. The research was conducted
under Project No. 2307, “Mechanics of Materials ,” Task No. P1 , “Life
Analysis and Failure Mechanics in Engine and Airframe Structural Metals
and Composites.” The work reported herein was performed during the
period December 1 976 to April 1 978, under the direction of Wal ter H. Relmann
(AFML/LLN), project engineer . The report was rel eased by the author In
October 1978.
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SECTION I
INTRODUCTION AND BACKGROUND

Successful prediction of usabl e service life of aircraft engine
components depends, among other factors, on the accurate prediction of

• 

the effects of cyclic stress, temperature and aggressive gaseous envir-
onments on crack propagation behavior in engine materials. The study of

• crack propagation behavior under conditions which simulate actual service
conditions is time consuming, expensive , and compl icated by many experi-
mental difficulties. Therefo,~e, the common approach is to investigate
the effect of a limited number of variabl es on crack propagation wi th the
goal of eventual Incorporation of the results into a fundamental crack
propagation model which will incl ude the important variables (and their
interaction) governing crack propagation in service.

One regime of crack propagation receiving current interest is that

• of creep crack growth. Creep crack growth can be simply defined as the
— I time dependent extension of a flaw experiencing a static appl ied stress

at el evated temperatures . Early investigations into creep crack propa-
gation (References 1,2) were able to describe the rate of crack growth
in terms of the appl ied stress intensity factor , K, as

(1)

where A and a are constants . Similar dependencies have been observed
on a variety of materials and specimen configurations (References 3-10).
Comparisons of results from several of these investigations have been
made by Haigh (Reference 11) and the values of a he reports from the
literature range from 4.5 to 30. This range is considerably greater

• 
than that found for fatigue crack growth (Reference 12) and probabl y
reflects the greater sensitivit y of creep crack growth to factors such
as crack length , specimen geometry, and stress level .

1

~1 
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While linear elastic fracture mechanics, as implied by the use of
Equation 1 , may be appl icabl e to high strength creep resistant materials ,
Its use In general for creep crack growth prediction Is suspect. In
materials which undergo considerabl e time dependent stress relaxation
in the vicinity of the crack tip the use of the stress intensity factor
(which describes the stresses only in the vicinity of the crack tip) will
be subject to error when different specimen geometries are considered .
This has led to Investigations of net section stress, crack tip opening
displacement , and reference stress as parameters which might successfully
describe creep crack growth.

Experimental data gathered by Nicholson and Formby (Reference 13)
on the creep crack growth behavior of 316 stainl ess steel tested at 740°C
indicate that net section stress, anet, is a better parameter for corre-
lating crack propagation data than is stress intensity . Single edged
notched specimens and notched center hole specimens were used in this
study and for both geometries the crack propagation rate could be ex-
pressed as

- - ~
-
~j ~~~~ (2)

where A and n are constants which depend on temperature.

Further studies by Nichol son (Reference 14) on 316 stainless tested
at various temperatures indicated that the exponent In Equation 2 was •

• numerically equal to the exponent In the expression for secondary creep
rate given by

= A ’ c? (3)

I

2

4
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where A’ and m are constants . It is possible to relate the displacement
rate or crack opening rate at the crack tip to the macroscopic strain
rate provided the width of the deforming crack tip region is known. If
a critical crack tip opening or crack tip strain exists at which crack
propagation will occur then the crack propagation rate can be related
to the crack tip displacement rate . Such correlation has been found by
Nicholson (Reference 14) for 316 stainless and by Haigh (Reference 15)
who found creep crack growth in a range of Cr-Mo-V steel s to obey the

• relation

da — B~~
6 ’ 8 (4)

dt 
—

where B is a constant for each steel and 6 , the crack opening displace-
ment is greater than a critical crack opening displacement as defined
by Wells and McBride (Reference 16). Similar observations were made by
PilkI ngton et al. (Reference 17) although they did not express their re—
sults in the form of Equation 3.

The crack tip failure process controls the rate of crack propagation
regardless of the macroscopic parameters which appear to correlate the
data. A knowl edge of the failure process is important in determining the
appropriate failure criterion to use in modeling creep crack propagation.
Several investigations have attempted to determine crack tip failure
criteria by experimental observation and theoretical prediction . A
critical crack tip opening displacement has been proposed (Reference 17).
Similarly, from observations on the effect of grain size on creep crack
growth in nickel -base superalloys , Floreen and Kane (Reference 18)
hypothesized a critical crack tip strain for creep crack propagation .
Larson and Floreen (Reference 19) also explained the dependence of
creep crack growth on grain morphology by a critical strain criterion .

3
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• Barnby (References 20 ,21) has computed the stress relaxation behavior
ahead of a crack under creep conditions and has proposed that the crack
tip strain control s the crack propagation rate. Vitek (Reference 22) has
model ed the growth of the crack tip plastic zone in terms of a dislocat ion
array and has shown good correlation with experiment for crack Initiation
time (Reference 23), and crack propagation rate.

The current state of the development of accurate failure criteria for
the crack tip region depends strongly on crack tip deformation parameters
which are both difficult to measure and sensitive to microstructura l and
geometric variabl es. The theory of Vitek requires a determi nation of the
time dependent plastic zone size dimension. The strain criteria usuall y
require a rather arbitrary selection of a critical strain value. Crack
tip opening displacement can be inferred from load line displ acement data
In certain situations but the general validity of this approach has not
been fully investigated .

Further compl ications arise due to the constraints imposed by specimen
geometry. Gooch (Reference 24) et al. have developed a creep brittl eness
dløgram to Illustrate the role of specimen configuration and microstructure
on creep crack growth . They show the importance of bending , crack l ength ,
and specimen size in determining whether creep crack growth can be de-
scri bed by linea r elastic fracture mechanics or strain controlled para—
meters. Cl early, any theory which describes crack initiation and creep
crack growth must take i nto account all such variables when choosing appro-
priate crack advance criteria. It is also clear that further development
of accurate creep crack growth predictive capabilities depends on the
development of experimental methods of determining crack tip defo rmation
behavior at el evated temperatures. This report describes one such experi-
mental approach to this problem.

t
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I’SECTION II

OPTICAL INTERFEROMETRY AND TRANSVERSE DISPLACEMENT MEASUREMENTS

Numerous investigations have been conducted using a variety of
experimental techniques to study the deformation zone surrounding a
crack tip. These techniques and the results of the studies have been
reviewed elsewhere (References 25 , 26). The optical interferometric
method used in the present investigation was chosen because of its
proposed capability to make in situ measurements of crack tip deformation
in the temperature regime where specimen surface degradation would severe-
ly limit the applicability of other measurement techniques . The reader
is referred to Reference 27 for a detailed review of the use of optical
interferometry in fracture mechanics studies at ambient temperatures.

In the present study an interference pattern was created on a
transverse surface of a standard fracture mechanics specimen In which
a crack was grown by fatigue. The interference pattern was produced
by placing an optically flat quartz cyl i nder In contact with the speci-
men surface and illuminating the specimen in the region covered by the

• quartz cyl i nder with a collimated beam of monochromatic sodium vapor
light directed normally to the transverse specimen surface. With such
an arrangement a small separation between the quartz cyl i nder and the
specimen surface causes attenuation in the i ntensity of the light
reflected from the specimen. The degree of attenuation depends on the
separation between the quartz cyl inder and the specimen su~face. With
normal incidence maximum attenuation in air is given by

= 

~ (n-l)A n = 1 ,2,3 (Destructive Interference) (5)

and minimum attenuation Is given by

= 
~~~ nA n = 1 ,2,3 (Constructive Interference) (6)

I .

5
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A is the wavel ength of the monochromatic light (A = 0.5893 ~im for sodium
vapor) and n is the order of the fringes produced . Thus, changes In

• displacement between the quartz flat and the specimen surface can be
detected by observations of the changes in the fringe patterns produced .
The conditions for interference are shown diagrammatically in Figure 1.

The technique described previousl y is capabl e of accurately measur-
ing small changes in displacement normal to the direction of viewing.
For the case of crack tip, transverse displ acements occur during loading
as a result of Poisson contractions in the crack tip region. For very
thin specimens the transverse displacements can be converted directly
into transverse strain by assuming that this strain is uniform through
the specimen thickness. Thus, for a specimen thickness of t and a mea-
sured contraction of 6 the strain is given simply as

~~~~~

- (7)

and the crack tip transverse strain field can be determined from the
interferometrically determined transverse displacement field.

Transverse crack tip deformation at elevated temperatures can be
elastic , plastic , and time dependent (deformation resulting from creep).
In terms of the princ i pal in-plane stresses the transverse elastic
strain can be expressed as

4 = 
~~~ ~ x + ay ) (8)

and the plastic transverse strain can be determined from the constancy
of volume as

- 1$

(9)

6

e
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I

Fi gure 1. Illustration of the Physical Conditions on the Specimen
I Surface Required to Produce an Interference Pattern.

The Magnitude of Deformation Shown Is Greatly Exaggerated
for Clarity .

7
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Elastic strain can be distinguished experimentally from plastic strain
by measurements of residual deformation. However, creep strain and
plastic strain differ , at least macroscopically, only in their time
dependence. The total strain at a point near the crack tip becomes
dependent on time as

c~ (t) = + + c~ (t) 
(10)

The determinations of crack tip strain--a formidabl e task for time
independent deformation——is further complicated at elevated temperatures
where stress relaxation may occur.

As has been stated , models which successfully predict creep crack
growth generally require a knowl edge of the time dependent crack tip
strain and the time dependent crack tip plastic zone. It is the pur-
pose of this report to describe a study in which an experimental technique
is developed to allow the determination of the real-time displacement
changes at the tip of a fatigue crack at room and elevated temperatures .

‘1
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SECTION I I I

EXPERIMENTA L DETA ILS

1. MATERIAL

The material chosen for this study was GatorizedlM IN-lOO , a nickel
• base superal loy used In aircraft turbine applications. The nomi nal mechani-

cal properties of this alloy for the temperature range of Interest are

given in Tabl e 1.

2. SPECIMEN CONFIGURATION

All specimens studied were of the modified compact configuration

(H/W = 0.486) as shown in Fi gure 2. The stress intensity factor for

thi s configuration was computed from

K —  ill’- 

BW ‘

where P is the appl i ed load , B is specimen thickness , W is specimen

width and Y is a geometric calibration factor given by

V = 30.96 - 195.8(a/W) + 730 .6(a/W) 2 
- 1186.3(a/W) 3 

+ 754 .6(a !W ) 4 ( 12)

3. FATIGUE CRACK GROWTH

Fatigue crack growth was conducted in a closed loop servo-hydraulic
testing machine operating at a cyclic frequency of 20 hz. The maximum ‘4
stress intensity , Kmax I was hel d constant during crack growth at 38.5

MPa vuii (35 ksi ,‘Th) by standard load shedding techniques . The minimum

stress intensity , K~~ri i 
was adjusted to keep the ratio KminlKmax constant

I
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TABLE 1

MECHANICAL PROPERTIES OF GATORIZEDTh IN-lOO

Temp. (°C) Modulus (MN/rn2) Mean Yiel d Stress
_________ _____________ 

(MN/rn2)

25 214 x 1.12 x lO~
100 210 1.11

300 200 1.07

500 189 1.09

750 172 1.08

at a value of 0.1. All crack l ength measurements were made at the

• specimen surface using Gaertner travelling microscopes . Crack lengths
reported are the averages of measurements from both specimen surfaces .
At presel ected crack lengths the specimens were removed from the servo-
hydraulic testing machines. Fiducial markings were placed In the crack
tip region and the specimens were pl aced in a screw driven testing machine
for room temperature displ acement studies or returned to the servo-
hydraulic testing machine for measurements at el evated temperatures .

4. SPECIMEN SURFACE PREPARATION

Specimen surfaces to be studied were machined to nominal flatness
during the course of specimen fabrication. Further preparation included
manual wet grinding through a series of decreasing grit sizes fol lowed
by lapping with diamond paste. This assured a flat surface relatively
free of scratches. In most cases specimens were preoxidized below the
temperature at which they were to be tested . Room temperature specimens

4 were also preoxidized since it was found that preoxidizing reduced the
surface refl ectivity which improved fringe contrast.

10

~~- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 

-

~~~~~~~~~~~~~
• ,  • __ •__ •• _ __

~
_ii_ 

---- .~~~~~~~~~



- -  - 

.. 
~~

- -—--
~~ 
- 

~~~~~~~~~~~~~~~ - 
— 

. _ .  - 
- 

- —

• 
AFML-TR-78-159

1-

—--
~j~

524 4

3~5~~~{4) 
_  a

4 8.128 i 2

FIgure 2. Test Specimen Configuration and Dimensions (cm ). Inset
Indicates Coordinate System Used in this Study . •
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5. ELEVATED TEMPERATURE TESTING

Heating of the specimens for the el evated tests was accomplished
with a resistance furnace equipped with quartz viewing ports for record-
ing the fringe motion during testing. Although the maximum test tempera-
ture of 732°C produced visibl e specimen radiation the quality of the
fringe patterns was not affected . In addition to the room temperature
studies , displacement measurements were made at 732, 650, and 538°C.

6. INTERFEROMETRIC MEASUREMENT SYSTEM

Figure 3 shows a schematic of the interferometric displacement
system constructed for this study . The system consists of a quartz opti-
cal flat hel d in place on the specimen surface by a simpl e fixture de-
signed to eliminate relative motion between the flat and specimen as a
result of specimen rotation during loading. The holding fixture was
fabricated from 316 stainless steel and was provided with adjustable
screws which kept the quartz flat in contact with the specimen surface.
Adjustments were possibl e at elevated temperatures to compensate for the
d i s to r t i on  in the holding fixture as a resul t of thermal expansion.
Details of this arrangement are shown in Figure 4.

The illumination was provided by an Osram sodium vapor lamp which
provided sufficient intensity to allow photographic recording of the
fringe patterns. A beam diverger and collimator normally used in laser
systems provided a reasonably collimated light beam approximately 2.54 cm
(1.0 in) in diameter. This was more than suffIcient to cover the specimen
area under Investigation. A quartz cube beam splitter was used to allow I
illumination and viewi ng normal to the specimen surface. r .

The crack tip region was observed through a travelling microscope
with a working distance of approximately 18 cm. Fringe patterns at

-
~ I the crack tip were either observed directly through the microscope ,

12
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recorded on 35 mm film with a camera attached to the microscope or
recorded on video tape. The latter approach used a standard video

\ camera positioned behind the microscope . With the lens removed from
the camera the image from the microscope was focused directly onto the
video photo sensor. A relativel y broad range of magnifications could

• be obtained with the microscope—video camera arrangement simply by

p positioning the microscope and camera at various distances from the
specimen surface.
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specimen
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- I I

____  
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- beam [A (Th

— sp ii tt erV i _ _ _ _ _ _ _ _ _ _ _

light
I I source
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• 

micro scope

monitor 
a

[ ~] v ldeo
I _ _ _ _ _ _ _ _ _ _  

or
I 35mm - 

- 
-
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FIgure 3. Schematic of Interference Displacement Measurement System . 5
For Elevated Temperature Test ing the Specimen Is Enclosed

- 
in a Resistance Furnace Equipped with Quartz Windows .
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SECTION IV

PROCEDURES FOR DISPLACEMENT MEASUREMENTS

1 . DISPLACEMENT FIELD

The entire displ acement fiel d surrounding the crack tip was
determined by photographing the fringe pattern while holding the load
constant at various fractions of the maximum cyclic load. In most cases
the highest order fringe representing the maximum transverse displace-
ment occurred at the crack tip. It was necessary to visually track the
change in fringe order during the loading sequence to allow determination
of absolute displacement changes . Most researchers in the past have
arbi trarily assigned fringe order based on the extent of the fiel d of
observation particular to their experimenta l arrangement. Usually the
farthest fringe from the crack tip which is observable or recordable
has been assigned the first order. As shown in Appendix A , this can
result in considerabl e error in the determination of the dependence of
transverse displ acement on distance from the crack tip.

After recording the fri nge patterns photographically the data was
digitized to allow graphical displ ay of the displacement field at each
load tested. Absolute changes in displacement were then obtained by
subtracting the relative displacements for different loads . This proce-
dure is shown schematically in Figure 5.

2. REAL-TIME DISPLACEMENT

I l  1~I, The movement of interference fringes past any location on the
specimen surface is an indication of the absolute change in displacement
at that location. Thus , If several locations can be monitored simul-
taneously then the load-displacement and/or displacement-time response
can be determined as a function of location with respect to the crack

tip. The following procedure was devised to make such measurements .

16
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For the case of determining the crack tip load displacement response
a series of mlcrohardness Indentations was placed on the specimen surface
ahead of the crack tip. Such a series is shown in Figure 6. Note, the
offset of the line of Indentations from the apparent crack plane. This
will be discussed in a later section. The small indentations were moni-
tored visually during loading of the crack. At room temperature each
Indentation was monitored during a separate loading cycle. The i~otion
of fringes past each point was recorded by superimposing a small marker
signa l on the analog output from the load cell. The load time response
together with these marker signals was recorded on a strip chart recorder .
The data were then digitized to produce the desired load displacement
record . This procedure is Illustrated in Figure 7.

An analysis for the entire series of indentations could be accom-
plished with only one loading cycle by video recording the entire fringe
pattern duri ng the cycle. Each indentation could then be analyzed by
replaying the video tape and repeating the procedure described previously , a

This is useful In elevated temperature tests where significant crack
growth may occur during each cycle and where creep deformation is expected .

F
18
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SECTION V

RESULTS AND DISCUSSION

The data presented in this section are typical of all data gathered
during the experimental program. The results obtained from transverse
displacement measurements in the vicinity of the crack tip will be shown
as a function of appl ied stress intensity and distance from the crack
tip, r. In addition , displacement vs. appl ied stress intensity data from
the real-time measurements of transverse displ acement will be presented .
Data will be presented which illustrates the use of these techniques at
ambi ent and el evated temperatures as high as 732°C.

1. TRANSVERSE DISPLACEMENT PROFILES

a. Ambient Temperature

Figure 8 illustrates the typical interferometric patterns pro-
duced in the vicinity of the crack tip during a series of increasin g
applied stress i ntensity, K. The crack tip is denoted by the arrow and
the intersection of the crack with the specimen surface is indicated by
the solid line , as shown In Figure 8a. Several features common to all
Interface patterns observed bear mentioning . In the region surrounding
the crack tip and along the crack line a region of residual deformation
is observed . The cracks studied were grown under constant and as
expected the width of the deformation zone is independent of location
along the crack line. The deformation zone Is not s ymmetric about the
surface crack. The line of symmetry of the elastic deformations ahead
of the crack was not coincident with the projection of the crack line
on the specimen surface but was shifted slightly above or bel ow this
crack line. This results from the slant fracture which occurs near
the free surface of the specimen causing the crack plane near the sur-
face to deviate from the crack plane in the interior of the specimeti.

21
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It must be assumed from this that the transverse deformation field is
strongly influenced by the interior flat region of the crack. This is
further illustrated In Figure 9 which is a plot of the residual trans-
verse displacement , ô , along a direction normal to the crack propagation
direction. The maximum residua l deformation occurs along the line of
symmetry of the previously mentioned elastic deformation fiel d and not
at the intersection of the crack with the specimen surface.

Finally, the elastic deformation fiel d resulting from the appl ied
stress intensity can be followed conveniently by reference to the inter-
ference patterns in Figure 8. At low stress intensity the fringe den-
sity ahead of the crack tip is very low . As the stress intensity increases
the fringe density also increases indicating an increase in the transverse
contraction of the specimen in the crack tip region. Reducing the stress
Intensity to its original value will cause the fringe pattern to assume
Its original configuration indicating elastic deformation surrounding the
crack tip.

Typical displacement data derived from interference patterns i s
shown in Figure 10 for three different directions from the crack tip:
along the direction of crack propagation at 45 and 90° to the direction
of the crack propagation. Each of these plots shows two distinct regions
of deformation behavior. Near the crack tip the deformation gradient is F

quite steep. Farther from the crack tip the change in displacement with
distance from the crack tip is more gradual. The steeper profile at 90°
to the crack plane reflects the residual deformation fiel d shown in
Figure 9.

Using the procedure outlined in Section IV , the absolute displace-
ment as a function of stress intensity and distance from the crack tip

)
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was determined. In this report, data along the crack line will be pre-
sented for illustration. Figure 11 is a plot of the change in transverse
displacement as a function of stress intensity and distance from the
crac k tip. Four crack lengths are represented in Figures lla through
lid. In each figure the variation of displacement with appl ied stress
intensity is shown as a series of roughly parallel curves.

Each curve can conveniently be divided into two distinc t regions.
In Region I the absolute displacement is only weakly dependent on dis-
tance from the crack tip. In Region II a strong dependence of distance
from the crack tip is observed . Region I is undoubtedly the result of
the constraining action of the undeformed elastic matrix on the plastic
deformation field surrounding the crack tip. In the region of the resi-
dua l deformation transverse stresses caused by the geometry change re-
sulting from plastic deformation may override the effect of in-plane
stresses on transverse displacements. The residual transverse displace-
ment field for the specimen in question is shown in Figure 12. The
transverse displacement profile along the crack line is shown in Figure
13. From Figures 12 and 13 it is reasonable to conclude that the extent
of the residual deformation field lies between 1.0 and 1.2 mm. Reference
to Figure 11 indicates that Region I for most of the curves show ends
at approxImately 1.0 to 1.25 mm from the crack t ip .  Thus , the agreement

between the region of constrained transverse deformation and the region
of residua l transverse deformation appears to be quite good .

Linear elastic fracture mechanics predicts that to a first approxi-
mation the in-plane stresses near the crack tip vary as 1/~~. From the
discussion in Section III it follows that the elastic transverse dis- S

placements should also vary in this manner . The data in Region II of
a4. the absolute transverse displacement change versus distance from the
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crack tip can be approximated by a line of slope do/dr =-O.5. At dis-
tances greater than 5 mm this dependence is not observed and steeper
slopes are found which indicates a more rapid decay of the transverse
displacement field than expected.

The transition point from plane stress to plane strain through the
thickness of a specimen can be inferred from the data presented and the
following assumptions. The elastic transverse strain field can be
represented by

= 
~~

- 

~~~~ 
(13)

EZ E Y

which for 0 = 00 leads to the expression

IS. _ 2v KZ + o

where 9~ is assumed to be the magnitude of the plane stress region near
the specimen surface and O~ 

is the displacement at minimum applied
• stress Intensity at which interference patterns were obtained . Thus,

the plane stress gage l ength can be expressed as

— dO E~2ii~ (15)
~ d~~K)

Using the data from Figure 11 -It Is possibl e to plot 0 vs. t~K for all
crack lengths. The results are shown in Figure 14. If the data from
the cases for very high applied stress are ignored the data can be
approximated as linear. The plane stress gage length determined from
this procedure at r = 2.0 mm is

¶4 = 3.84 mm (16)
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For the specimen thickness of 12.5 mm the plane stress region on both
specimen surfaces comprises approximately 60% of the specimen thickness.

b. El evated Temperature

The transverse displacement field surrounding a fatigue crack was
also investigated at 732°C. It was found that for the IN-lOO specimen
studied very little difference in the displacement behavior was found
between ambient temperature and 732°C. The major difference occurred
in the magnitude of the elastic displacements and could be attributed
solely to the decrease in Young ’s modulus with Increasing temperature.

Figure 15 shows the transverse displ acement profile as a function
of r and ~K for 0 = 0. Note, the similarity with the ambient tempera-
ture data shown in Figure lOa . The absolute change in displacement vs.
r and ~K is shown In Figure 16. The same region of constraint and a
similar dependence on r as for the ambient temperature data Is observed. S

This Is to be expected since the yield stress is not significantly re-
duced at 732°C. Continuing the comparison with ambient temperature
behavior the transverse displ acement changes versus change in applied
stress intensity is shown as the dashed line in Figure 14. There is
considerable difference in slope between 732°C and room temperature
data. However, nonnalizatlon with respect to the change in Young ’s
modulus yields a value for the plane stress thickness as

i -i~S 
-

~.•
9. 3.58 mm (732°C) (17)

which Is within 7% of the average of the ambient temperature data .

ij 
5

It should be noted that the form of the dependence of transverse
displ acement on r found in this study agrees very well with the results
of other Investigators . Constraint near the crack tip was noted by Ke
and Liu (Reference 28) and by Underwood and Kendall (Reference 29).

38
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Ke and Llu (Reference 30) have also found for a variety of specimen
configurations that in a region near the crack tip the in—plane strain
varies as l/~7~ However , at greater distances from the crack tip the
gradient was even steeper in agreement with the findings of this study .

2. REAL-TIME DISPLACEMENT MEASUREMENTS

a. Mibient Temperature

The analysis of the Interference patterns as described previously
is necessary to obtain Information about the general behavior of the
crack tip displacement field. However , the procedure is too time con-
suming to allow compl ete characterization of the displacement—load re-
sponse at sel ected locations around the crack tip. To overcome this
shortcoming a real-time analysis as described in Section IV was conducted .
Two major features of the real-time displacement—load data emerged: (1)
a nonl i near displacement -load behavior at low appl ied loads was observed
and (2) near the crack tip the displacement-load response exhibited a
hysteresis behavior.

Figure 17 is a typical plot of the displacement -load behavior at a
point ahead of the crack tip for all crack l engths tested. At low loads
a transition from nonlinear to linear behavior occurs . The load at this
transition , P0~, can be interpreted as the load at which the crack faces
are compl etely open . Crack closure , first observed by El ber (Reference
31) has been used successfully to explain the effect of stress ratio on
fatigue crack propagation rate and has also provided an explanation for
crack growth retardation resulting from an overload . Consequently, there
is considerabl e interest in quantifying the magnitude of crack closure . - ‘

j When the data from all crack l engths and at several locations ahead of
the crack -Is combi ned , it is found that the value of P0~ varies with

- j measurement location. It is highest at the crack tip and decreases as
the distance from the crack tip increases.

41
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Fi gure 17. TypIcal Plot of Transverse-Displ acement Load Behavior at
Constant r Determi ned from Real-Time Analysis. Reference 32.
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Simultaneous determinations of crack opening response were made on
— the specimen used in this study by the author ’s colleagues at the AIr

Force Materials Laboratory . P0~ values were determined along the crack
line behind the crack tip by D. E. Macha using an Interferometric dIs-
placement gage technique (IDG) and at the crack mouth by D. M. Corbly
using a clip-on displacement transducer . The data from all such measure-
ments is shown in Figure 18 and is taken from Reference 32. Note, that
away from the crack tip the value of 

~op’~m •Y 
is independent of measure-

ment location. However , near the crack tip a small change in measure-
ment location can have a pronounced effect on the value of P0~ determined .
This has obvious significance to the determ i nation of the magnitude of
crack closure by displacement measurement techniques . Details of the
measurement of P0~ as discussed previously are given in References 32
and 33.

The existence of hysteresis behavior in the transverse displacement -
load response near the crack tip is shown in Figure 19 for severa l l oca-
tions ahead of the crack tip. Figure l9a gives the maximum displacement-
load behavior. In all cases the location of maximum displacement was
denoted by the origin of new fringes during loading and occurred at the
crack tip . At all other l ocations the motion of fringes past the micro-
hardness indentations (Figure 12) allowed the determination of the

— displacement - l oad response. The width of the hysterosis loop is maximum

F at the crack tip and decreases as the distance from the crack tip
increases , if it is assumed that the hysteresis response results from
reversed plasticity near the crack tip then the extent of hysteresis
behavior should determine the extent of the reversed or cyclic plastic
zone. Examination of Figure 19 Indicates the disappearance of the
hysteresis behavior at approximately r = 0.45 mm. An exact value is

4 difficult to determine In a totally objective manner . However , this
value appears to be a reasonabl e estimation from the data .
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Rice (Reference 34) has predicted that the cyclic plastic zone size H.
should be approximately one fourth as large as the monotonic plastic
zone size. For a plane stress condition this would yield U

r~(c~c1ic) 
1 (K)2 (18) 

.~i
_

and for the loading conditions of the above experiment the cyclic plastic

zone should be

r~(cyclic) = 0.04 mm (19)

The value of r (cyclic) deduced from the hysteretic behavior of thep
transverse displacements is approximately ten times larger than the
predicted value. It is interesti ng to note that the ratio of the ob—
served extent of residual deformation to the approximate cyclic plastic

zone size is

r (monotonic)p 
= .38 (experimenta l observation) (20)

r~(cyclic)

which Is in much closer agreement with the predicted ratio. Ikeda et al.

(Reference 35) have used small strain gages to measure the hysteretic

behavior as a propagating fatigue crack approached the measurement loca-

tion and have deduced a cyclic plastic zone size 5—10 times larger than

the Rice prediction. The agreement In behavior between the interfero-

metric and strain gage approach Indicates a potential for using inter— - - -

ferometry to experimentally determine the cyclic plastic zone behavior -
-

in situations where strain gage use would not be practical.

‘I
b. El evated Temperature -

— 

The use of Interferometry In determining the real-time character-Is-

tics of the displ acement-load behavior was evaluated for elevated

50
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temperature testing. Data was obtained for the IN-lOO specimen at
temperatures of 538, 649, and 732°C. The results for the loading portion

J - of the cycle are shown in Figure 20 for two values of r. Note that as
the temperature increased the displacement at a given load also increased

I

S reflecting the change in Young ’s modulus. Although it was originally in-
tended to monito r time dependent deformation in IN-lOO at el evated temper—
atures under constant load , the stress and temperature conditions set for
the study were apparently not severe enough to produce measurabl e time

- dependent deformation near the crack tip. Hold times as long as one hour
produced no significant motion of the interference fringes . In addition ,
no detectabl e time dependent crack opening was observed using the IDG
technique mentioned earlier. However, in a separate experiment It was
possibl e using the optical i nterferometry technique to observe time
dependent deformation near the crack tip in a titanium alloy stressed

at ambient temperature Thus , the optical interferometric determination
of real-time displ acements Is possibl e given that creep deformation is
occurring . :

- 4
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FI gure 20. Transverse Displacement load Behavior at Two Locations
Ahead of a Crack Tip at Three Temperatures . (a) r = 0.6 mm ,
(b) r = 2.1 mm. 
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SECTION VI

CONCLUSIONS 
F

The experimental results which have been presented In this report
have demonstrated the feasibilit y of using a simpl e optical interfero—
metry system to observe the real—time variation of the transverse defor-

mation field near a crack tip. It has been shown that it Is possible
to make such measurements at elevated specimen temperatures . In the
present study measurements were obtained at temperatures as high as
732°C.

4

Analysis of the results allow the following specific conclusions
to be made:

1. Near the tip of a crack a region of constraint exists which limits
the dependence of the transverse displacement on distance from the

crack tip.

2. The region of constraint is found to correspond to the extent of

residual deformation produced duri ng fatigue crack propagation.

3. In the IN-l OO material examined there was no effect of temperature

on the reg ion of constraint at the crack tip. The greater displ ace-

men ts at el evated temperature could be attributed to the change in
Young ’s jnodulus .

• 4. Beyond the region of constraint the elastic displ acement followed

an approximate l/v’Fdependence at both ambient and el evated tempera-
tures.

5. The displacement variation with appl i ed stress intensity at a point

ahead of the crack tip Indicated that for the 12.5 mm thick sped —
mens tested only 3.5 - 3.8 mm near the surface could be considered

as deforming in plane stress. This Is considerably greater than
the width of the shear lips formed and merits further study. - —

54
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j 6. Real-time displ acement-load results indicated that the crack opening
load , P0~, was not a constant but depended on measurement location. I -

~
- I  — I

7. Preliminary results Indicate that real—time transverse -displacement
measurements within the crack tip plastic zone can be used to
delineate the cyclic plastic zone.

8. The cyclic plastic zone determined was an order of magnitude larger
than the predicted zone size but the ratio of measured cyclic plas-
tic zone to measured monotonic plastic zone was close to the theore-
tically predicted ratio.

I

i- i
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APPENDIX A

INTERPRETATION OF DISPLACEMENT DATA
FROM INTERFERROMETRIC MEASUREMENTS

One of the primary purposes of obtaining displacement data in the
vicinity of the crack tip is to allow comparison with existing data and
theoretical predictions. Al though in principl e it is possible to deter-
mine the first order fringe in an interference pattern this is often
difficult to do experimentally. Usually a fringe order of one is assigned
to the farthest fringe from the crack tip which is observable. The fol low-
ing simpl e argument illustrates that significant error can be introduced
if this procedure is empl oyed In the determination of the dependence of
displacement on distance from the crack tip.

Consider the displacement in the crack tip region to obey the rel a-
tion

= Car
p 

(A.l)

where C depends on crack l ength , a is the nominal appl i ed stress , r is
the distance from the crack tip and n is a real number. The change in
the displacement fiel d on increasing the appl i ed stress from a1 to a2
will be given by

dS = Cdar1’ (A. 2)

Thus for a given da the variation of dS with r depends on n where dc5
= 6a~ 

- and da = a2 - 
~~~~

. a~ is taken different from zero simply
for the sake of generality . It is a simple matter to determine the expo- -~~

nent , n , in Equation A .2 by plotting the experimentally determined dis-
placement data on log-log coordinates and graphically determining the
slope of the resulting curve. The value of the slope is numerica lly
equivalent to n and Is given by

log(dcs (r2) - log(dis(r1)) (A.3)
= log r~ - log ri

- ~5~~5 -- 
~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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where r2 and r 1 are , respectively , the maximum and minimum distances -

— from the crack tip in the field of observation.

F Now assume that a constant displacement , ~~, is added to the dis-
placement field produced by a2. This is equivalent to “assigning ” an
arbitrary order to the fringes . The displacement -distance relation for

a2 
is now given by

6 = Ca2r~ + ~~ (A.4)

and the exponent , n is given for this case as

n ’ = log(d6(r2) — 
i)~ — log(d6(r1) — ~~~~ 

(A. 5)

- •  log r2 - log r2

That n ’ can significantly differ from n is illustrated in the
following simplistic example. Consider a perfectly elastic material
containing a crack. Assumin g plane stress the in-plane stresses are

K
a = ___L.

~ cos 4 [1 - sin 4 sin 
-
~~~~~ ] 

(A.6)
XX

K
a _—J__ cos -4 [1 - sin 4 s i n - ~ .]
yy

and recalling that the transverse strain fiel d can be expressed as

~zz 
= 

T 
(axx + ayy

) (A . 7)

it is possibl e to determine the transverse displacement field. For
the exampl e chosen let K = 33 MPa ,‘1i~, v = 0.3, and £ = 2.06 x lO~ MPa .
The limits to the fiel d of observation along the plane of the crack
(0 = 0) can be reasonably approximated as r1 = 0.254 mm (.01 In) and

= 5.08 mm (.2 in). From Equation A.6 the displacement at r1 and r 2
is calculated by assuming the specimen thickness B = 7.62 mm (.3 in).

44
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a a c
r xx yy c 6 z z  B

(MPa) (MPa) zz 2

0.254 827 827 2.4 x lO’~ 9.14 x 10-6 m

5.08 185 185 5.36 x l0’~ 2.04 x 10-6 m

The variation of 6 with r for this case is shown as the solid line in
Figure A .l. If the nearest constructive fringe to r = 0.20 in is given
the order of one then the presumed displacement at that point is X/2
or .2946 x 10-6 m (for sodium vapor illumination). This presumed dis-
placement field is shown in Figure A .l as the dashed curve. The differ—
ence between the actual and presumed displacement field is approxim ately
1.75 x 10-6 m. Calculation of n ’ from the presumed displacement fiel d
yields from Equation A .5.

= -1.40 (A.8)

which is totally different from the value of n = -0.5 imposed by this
example. Note that the actual fringe order at r = 5.08 mm is approx~-
mately seven.

~~~~~~~ ~~~~~~~~~~~ 
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Actual Displacement

b = C  r~
~0

Presumed
Displacement

b-A=C r~
1

r

Figure A .l Illustration of the Change in the Measured Displacement
- 

I 

Fi el d by Arbitrarily Determining Fringe Order
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APPENDIX B
ANALYSIS OF INTERFEROGRAMS BY THE MOIRE’METHOD

As stated in Appendix A , proper analysis of optical interference
patterns to obtain absolute out-of-plane displacement data requires
that the relative fringe order be known at each appl ied load investi-
gated . This section discusses further complications in the Interpreta-
tions of interference patterns and demonstrates a novel approach to
circumventing these probl ems.

1. FACTORS AFFECTING THE APPARENT DISPLACEMENT FIELD

Consider the region near a crack tip to be planar and perpendicular
to the transverse direction at zero appl i ed stress. Consider also that
a perfectly flat quartz plate rests on the specimen surface in the crack
tip region. Under stress the total separation of quartz plate and speci-
men surface results from transverse specimen contraction and can be .5

expressed as

h(x ,y) = g1 (x,y) = n -
~~

- (B.l)

where h(x ,y) is the total separation , g1 (x,y) represents the specimen
contraction in the transverse direct ion and x ,y are coordinates in the
plane of the specimen surface.

Experimentally, the above conditions will seldom be perfectly satisfied
and the total displacement between optical flat and specimen surface
can be described as the sum of three distinct displacement fields as

4 h(x ,y) = g1 (x,y) + g2(x,y) + g3(x,y) (B.2)

where , as shown in Figure B.], g2(x,y) represents the deviation of the
specimen surface from a planar surface and g3(x,y) represents a tilt - J
of the optical flat from the presumed planar surface. g2(x,y) and

g3(x,y) can combine to make the determination of the true displacement

ii~ 61
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fi el d , g1 (x ,y), very di fficult. Only when g2 (x ,y) and g3 (x ,y) are
small compared to g1 (x ,y) can the true displacement field be determined
directly from the observed fringe pattern. For the surface quality
and the magnitude of displacements studied in this report the direct
determinations of displacements are possible. If , however , displacement
changes on the order of X /2 over the area of observation are to be
measured , serious error can result from the digitization and subsequent
subtraction of presumed displacement fields when the perturbations in
the fringe patterns resulting from g2(x,y) and g3(x,y) are not considered .
This results in part from the fact that for an interference pattern with a
low fringe density the selection of an interpolation function to allow
subtraction of two interference patterns will strongly influence the result-

ant displacement field.

—
2. ANALOGY BETWEEN MOIRE ANALYSIS AND INTERFERENCE PATTERNS

The difficulties described previousl y can be overcome by imposing
an artificially high fringe density (increasing the contribution of
g3(x,y)) and treating the resultant fringe patterns as moire gratings.
Subsequent superposition of two suc h “g r a t i n g s ” produced at different
appl i ed stresses will be shown to yiel d the net displacement change be-

tween the two stresses .

The moire method of strain analysis i nvolves placing a dense grid

of lines on the s pecimen surface such that the line density Is known .
When the specimen undergoes elongation normal to the line in the grid
a new grid spacing Is produced . Light transmitted through or refl ected
from the deformed grating and an undeformed master grating produces a
series of Interference fringes. The order of the fringes can be related

¶ 
to the in-plane displ acement , u, by (Reference 36). -

~~~

u = ~~~ — (B.3)

1 

P
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where N is the fringe order and P is the pi tch (lines/cm) of the master
grating. The sensitivity of the technique depends on the spacing of
the lines In the master grating. The distance between the moir ( fringes
is

P
1 

P

d V p  (B.4)

where P1 Is the pitch of the deformed grating.

An optical interferometry analogy to moire analysis can be con-
structed as follows. An evenly spaced fringe pattern is produced by
inclining an optical flat relative to a reflecting surface through an
angle , a. The opening along the planar air wedge so produced is (Figure
B. 2)

= x tan a (B. 5)

and the condition for constructive fringe formation is

nA = x tan a B.

The spacing between two adjacent fringes Is

dx - x~_ 1 = (~.I — (n-i) ~—)cot a (B.7)

and , analogous to the moir ( method , the pitch is given by

P = dx = -
~~—- cot a (B.8)

Changing the Inclination of the optical flat by the small angle , 6,

causes the new fringe spacing to become j -

~~~~~

12
a+6 

= dx ’ = ~ - cot (cs+6) (B.9) -1
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Fi gure B.2 Inclinations of an Optical Flat to Produce Changes in an
Interference Pattern Which Are Analogou s to the Deformation
of a Moire Grating

U U i W H W
- - -i - -

4J,

-
5 .

- I

-
.

Figure 8.3 Schematic of Optical Fi l tering Technique for Conditions
Shown in Figure B.2.

65

‘1
; 

_ _ _ _ _ _ _ _ _ _

__________________________ 5-.



____  
—.5= - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- :.:

AFML-TR-78-l 59

Thus , changing the incl i nation of the optical flat changes the pitch
of the “gratings” produced in a manner identical to the change in pitch
of a moire grating as a result of in-plane deformation. The important
difference is that the change in the optical fringe spacing results
from out-of-plane deformation.

Overlayi ng the fringe patterns produced at the two optical flat
incl inations should produce a moir( pattern with fringe spacing

d a a ~ 6 _ (8.10)
= P -Pa+6 a

Substituting Equations B.8 and B.9 into Equation B.lO yields

— ~ cot a cot (a+6 ) (8.11)d — 2 cot (a+6) -cot a

From the identity

cot (a+6 ) = 
cot a cot 6—l (B.l2)

Equation B.ll transforms to

d = 
A cot a (cot a cot ~~~ (B 13)2 — (1 + cotZ 6)

If a and 6 are sufficiently small Equation B.13 reduces to

d = 
~ — cot o (B.l4)

Note, that this is simply the relation for the fringe spacing for 
- 

-,

an optical flat inclination of angl e ~~. This implies that the interfer-
ence produced by the superposition of interferoinetrically constructed
gratings will act as an optical fil ter to yield a measure of the net
change in displacement. This is Illustrated in Fi gure B.3 for the case
discussed previously and In Figure B.4 for the common example of a
groove in a flat surface.

F 66
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Optical Flat

, , /
‘ H  / .‘

# /, ,
/ Groove
S...

•% ___
A

r Specimen

L=l Z =2  ~~~~~ ~~

n=3 3
4 4
5 5
6 6
7 7
8 8
9 9

10 10
11 11
12 12
13 13
14 14
15 4
16 

15

17 
16 1-4
17

-A Fi gure B.4 Illustration of Optical Filtering Technique Indetermi nation
of Displacements Induced in an Originally Flat Plate. Note ,
That the Moir~ Pattern Produced Is Identical 

to the Inter-
ferometric Pattern Which Would Be Produced if the Optical
Flat Was Placed in Registry wi th the Specimen Surface. 
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The small angle approximation made above was necessary to arrive
at a mathematically simpl e expression to illustrate the optical filter-
ing technique and need not be made for the genera l case of nonuniform
deformation. For the general case of moir~ grid deformation the order
of the moire fringes can be obta ined, as shown in Figure 8.5, from the
intersections of the lines in the deformed and undefo rmed grating.
Equation B.3 gives the component of displacement normal to the lines
of the undeformed grating.

In the case of gratings produced by optical interferometry it is
not necessary to know the original grating spacing or orientation. The
sensitivity of this technique does not depend on these factors but only
on the wavelength of the light used . It is required , however , that the
relative fringe order be known . This Is demonstrated In Figure B.6

- — where two fringes of different order and each belongin g to a fringe
pattern produced at a different appl ied stress are shown to intersect at
the point (r ,e).  Unl ike the moir~ technique the frInges from the inter-
ferometric pattern have unique values of displacement associated with
them and such an intersection of fringes of order n and n ’ represents

• a change in displacement at the point of intersection of exactly (n-n’)
Thus a contour of constant displacement change , 2.A/2, will be given

by the locus of fringe intersections whose difference in order is n-n ’
=

3. APPLICATION TO CRACK TIP DEFORMATION STUDIES

The a ppl ication of this technique is illustrated qualitatively
for the case of the measurement of transverse displacements near the
tip of a fatigue crack. A relatively dense fr inge pattern was obtained
by placing thin shims at two points on the perimeter of a 2.54 cm dia—

¶ meter quartz optical flat. The optical flat contacted the specimen I
surface at a third point producing a small inclination with respect

- - to the specimen surface. A modified compact specimen of IN-lOO was
used . Specimen size , preparation , and crack growth parameters are the

68
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Figure B.5 Schematic Illustration of Nonunifo rm Deformation of a MoirE
- 

Grating .

— -1

n J

Mr,8)J = (n ’-n)~~~

(r,8)

n ’ (Crac k tip~~~~~~~,~~
S. / a~ c1 : 1

- ç

• 5- .’Figure 8.6 Interference Analogy to Nonunifo rm Defo rmation of a Moirer Grating .

L
i

4 

69

~~~~~~~~~~~~~ 
-
~~ • G,r v- -- -

-.5-- - I--—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ -~~~~ ~~~~~ ‘•- ‘. A 
. - - - .j. ~~ —~~~~~~~ • - *1



__________________ 
- ~~~~ - - -

r S.

AFML-TR-78- 159

same as given earlier. The fringe pattern resulting at no appl i ed stress
is shown in Figure B.7a. The deviation of the fringes from straig ht lines
results from the residual deformation produced by fatigue crack growth .
The fringe pattern produced under a small appl ied stress is shown in
Figure B.7b. Note the i ncrease in the size of the region surrounding
the crack tip in which the fringes deviate from straight lines. Super—
position of the patterns produces the moire pattern in Figure B.7c.
While the sha pe of the fringes does not exactly follow the cos2 0/2 dis-
tribution as expected from theory , the similarit y is still encouraging.
By tracking far field fringes during loading the order of the moir (
fringe nearest the crack tip was determined to be n= 7 which gives a
displacement near the crack tip of 2.06 ljm for the small stress appl ied .

Li near elastic fracture mechanics theory predicts the occurrence
• of a cusp in the strain field at the crack tip for e = 180°. In the

exampl e shown the cusp is absent and the fringes intersect behind the
crack tip. This behavior was also observed by Dudderar and O’Regan
(Reference 37) in a holographic study of transverse displacements at
the crack tip in a transparent polymer. They attributed the absence of

the cusp to the inabilit y of the material to withstand discontinuous
changes in displacement. This argument should be equally valid for the
present case. Note, that the effect of the residual deformation zone
Is minimized in the fina l fringe pattern of Figure B.7c. This results
from the independence of the interference condition on fringe spacing.

Experimental difficulties include the production of a dense fringe 
Jpattern over a sufficient area for investigation while maintaining good

fringe contrast and the avoidance of rotation of the optical flat durin g
loading. However, with proper caution these difficulties can be overcome.
The technique should be wel l suited to the measurement of very small dis—

¶
~ 

placements , such as in the vicinit y of holes and notches , where perfect
surface flatness cannot be attained . The technique is simpl er thai] the
use of standard moir? techniques for the measurement of isopach ics and
considerably more sensitive.
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FIgure B.7a Interferometrically Produced Grating for Fatigue Crack Under
No Load Conditions. Crack Tip Is Discontinuit y in Pattern
at Left.
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Figure B.7b Deformation of Interferometrica lly Produced Gratin g for
Fatigue Crack Under Small Appl i ed Load.
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Figure B.7c Moire Pattern of Isopachics Resulting from the Superpos ltions
of the Gratings Shown in Figures B.7a and b. The Change in
Specimen Half Thickness Is 0.2946 1.lm Per Fringe.
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