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1 V.

CHAPTER I

BACKGROUND

.C,.

1.1 INTRODUCTION: -

The objective of this research program was to characterize three- N

dimensional aspects of fatigue crack closure relative to part-through and
O

through-thickness flaws. Personnel who contributed to the three year

research grant, along with publications and presentations resulting from this

effort are summarized in Appendix A.

The work is motivated by the well known fatigue crack closure

phenomenon whereby naturally occurring fatigue cracks do not open in a -"

linear elastic manner. Since proposed by Elber ]1-3], considerable research

has focused on developing the closure mechanism for fatigue life prediction

schemes. As emphasized in reviews by Paris ]41, Banarjee ]51, and Suresh-N

and Mitchie [6. understanding crack closure is of fundamental importance
O

for describing many aspects of fatigue crack growth.

One explanation for fatigue crack closure involves the plastically

d(,formed region a head of the crack tip. As the crack propagates through

the successive plastic zones ahead of its tip, a plastic wake is formed which -

results in residual deformations. These deformations in turn hold the crack

faces closed during portions of positive applied load cycle, and reduce the

NAV.
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effective load for the remainder of the cycle. Figure 1.1 schematically shows

the development of the crack tip plastic zones as the crack propagates

through the speci ,en and the resulting plastic wake containing the residual

defornationls. igure 1.2 shows how the effective st ress range is reduced in a

typical load cycle by crack closure. Here Ko is tile stress intensity factor

necessary to open the crack tip and A-XKeffective is the actual stress intensity

factor range during which the crack tip is completely open. Since crack

extension catn riot occur unless the crack tip is open, only .-_M\ct've

(con tributes to further crack propagation. Thus, fatigue crack closure is one

of tie controlling factors in crack extension.

It is well known that the crack tip plastic zone is larger at the free Z

- surfaces, where plane stress conditions occur, than at the center of a thick

specimen where plane strain conditions prevail {7]. Figure 1.3 schematically

shows the through-the-thickness variation of the plastic zone in a thick

specimen. This through-thickness plastic zone size variation has been used

to explain phenomena such as thickness dependent fracture toughness,
fracture surface appearance, and thickness related fatigue crack behavior.

The larger plastic zone at the specimen surface would imply that the closure

" elfect is more pronounced at the surface than at the interior, resulting in a -.

slower crack growth rate at the free surface. This through-thickness

variation in crack growth rates is commonly called the tunnelling effect.

The e l'Ct of the state of stress on plastic zone size, arid the resulting fatig e "

crack growth has been demonstrated with variable amplitude loading

experiments, where thin specimens have longer crack growth lives than thick

" members 18-I11 .  I %

%!
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In addition to crack closure associated with the plastic wake behind the

crack tip, two other closure mechanisms have been proposed: asperity

induced a11d oxide inlunced closure. The asperity induced closure model '12-
1L

14 statt-s that crack surflace roughness keeps the crack faces propped ope n

under zero load. The maximuin plastic zone size in this model is smaller

than the grain size, while the size of the fracture surface roughness is on the

same order as the crack tip displacement. In order to meet the requirement

for a sitali plastic zone ize, asperity induced closure is generally observed at

low crack growth rates (on the order of 10 6 rmm/cycle). When the fracture

surface size is the doniinant factor, the crack tends to grow in a zig-zag, out

of plane path, leading to significant Mode 11 displacements promoting U

asperity induced closure.

In the oxide induced closure mechanism [15-16j, the formation of an

oxide layer just behind the crack tip prevents the crack surfaces from

closing. As in the asperity induced closure mechanism, the thickness of the

oxide layer is comparable to the crack tip displacements. During the closing.%

phase of the load cycle, early contact occurs between the two crack faces

due to the presence of the oxide layer, resulting once more in the closure

phenomenon. Oxide induced closure, like the asperity model, has also been 

observed at low crack growth rates. Since both asperity and oxide induced .

closure inichanisiis keep the crack faces open under zero load, these are

sonnietinnes referred to as "Non-tclostire" iiodel.. -F

*.q

:Nw
0,%.
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1.2 REVIEW OF PRIOR WORK:

This section reviews techniques that have been employed to

characterize fatigle crack c losiire. B(oth ininerical and experi mental

methods are br ie ly disissed.

1.2.1 Numerical Studies:

Newman studied crack closure in a center-cracked panel under cyclic

loading with a two-dimensional, non-linear, finite element model 171. In this

study the material was assumied to be elastic-perfectly plastic, and the

model was composed of two-dimensional constant-strain triangular elements.

It was observed that the element-nesh size near the crack tip iniluenced the

prediction of the magnitu(le of crack closure and opening loads. By choosing

an appropriate finite-element-mesh, the actual experimental crack growth

rate could be sir lated. Although the finite-element method may work well

for closire, pred ictiors. the analysis is often complicated and may reqiire

long corn)iutation timies.

Ch(ermahirii 18 performed a three-dimensional elastic-plastic finite

element a rulvsis (of a straight through crack under cyclic tensile loading.

lis analysis (lid not allow for any curvature of the crack front. The crack

was sim ply extended at the maxinumrn load of each cycle, and no attempt

was 1rade to calc(late the arroiornt of crack growth. The results of

(he rinahi ni's analysis appeared to agree well with experimental observation,

and also gave s-ome new insight into the stresses that develop behind the

crack tip. Unfortunately, this type of analysis requires an enormous amount

' "!... * * ,
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of computer time even though the program was vectorized to run on the

VPS-32 comnputer at NASA Langley Research Center.

Newmnan 19 (developed a t wo-d i rI ics ion al rnioi el that Nvoii hi c alcuila te

crack growthi for a center c rae kd p~anel. 'I'lhe indl I was hased on the

Dugdale concept, but was modified to leave plastically defornied mnaterial in

the crack wake. The model was used to predict crack growth in center -

cracked tension specimens of 2219-T851 aluminumn alloy alumiinumn alloy

material. Thirteen tests wvere perlformied, Includ(1 ig fi 'e di lle re nt types of

spectrum loadings. The model's predictions wvere ini good agreemlent wvith

the experimental results. The ratio of p~redIicted to experinniental lives ranged

fromi 0.66 to 1.I8. The run ning tunies for this innodel rang"ed fromn 2 to 15

mninutes on a CDC-6600 comnputer, wvhich mnakes this met hod liruch miore d

usable than finite element analysis.

Fleck 20) has employed the two-dimensional finite clemnent analysis

dfevelopedI in reference )17i to study crack closure undfer I)lari( strain

con d it ions. From this study, it wvas rnoted that plastic it v-inrdurced c losu re

under plane stress condIitions is quite differenit fromn the plane strain closure

behavior. r.Tider plane stress conditions, the crack faces were found to open

andf close ini a continuous mianner (ie: crack c'loses cont iorrsly fron its tip).

Under plante strain conditions, a discontinroris closure hierrornerion was

observ'ed, whJereby the crack first closes at a location near lie crack tip, arid

next closes far hehirnd the crack 11i), lc'iril a gap Michre no closure occurs.

NU,

A N A-
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1.2.2 Experimental Studies: %

Many experimental measurements of fatigue crack opening have been V

performed on various types of specimens, employing tc'h li lyiessl ch st , c-rmc'k

mouth opening displacement (CNOD) niastirer ens, strain gaes., pii-li-rod.

etc. Some detailed aspects of these methods are discussed below.

The CMOD gage [21-231 measures the crack mouth opening

displacement from a clip gage mounted across the mouth of the precracking S
notch .. A plot of displacement versus applied load is obtaiined, and the load

at which linear elastic behavior begins represents t lie closure load.

The strain gage measurerment techniiiqie '21-25 involves bonding oiiu or

more strain gages at various locations across the crack surface. In .some,

cases strain gages are also mounted on the back fa e of the specimen. The

signal from the strain gages are then recorded as a function of applied load, p.

and the closure load is again determined as the point where the load versus

strain record becomes linear.

The ultrasonics method '26-271 measures the changing acoustic"

resistance of a specimen as the crack opens or closes. The intensity of tile

ultrasonic signal reflected from the fatigue crack varies depending on the "d

.4I%

ailoutnt of crack closure present. In this techriiijuie, an ult rasonic

transmitter is placed on the top of the cracked member, and a receiver is

placed opposite the transmitter on tlbe bottoin of the specimen. As before,

the received signal intensity is plotted versus load, and the closure load is

determined.

The potential difference approach !28-2.9 r easures the electrical

resistance of a specimen, which is also proportional to opening of the crack. b

772

4-:
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In this instance the metal specimen acts as a part of an electrical circuit. A

constant current supply is providled across the specimen, andl the silgnal

obtainled froin Ioteritia1l probi placed on bo0th sidles of thle cncwk ii> r'cor'd

ais a funtri on of a pplied load. It has been observed I OII UOh tihi )v

that the received signal umy be niled by the presence of' aI ltayr (d'

insulating oxide on the crack faces which prevent electrical contact. 01 he r

complicating factors may include the change of electrical proper-ties of' thle

imiateril lin the crack tip) NWid zoiie.

Thie pushl-rodl iisplacernemt gagE 30-31' has beeni used to dt,,,riiie t li

closure load at a singlde poinit i ailde t he specinien. For t his mije In a ;i -

rod as~enimllv Is fastenfed to the specimlen by drmlin'g two )irilfel ho!( lis

behindl the fatigueo crack f'ront. The relative displacrmeit of' -hle hlei

bottomis is mmeasulred1 with a twill cantilever clip gages via the push-rods. 0

[rhe closure load is then (leteriined by locating the linear poinlt onl th lie

load-disp)lacnmicent culrve. 4

The Fiber gae32-331 neasuires the crack openiing at a certami (hst0:11wt

fromn the tip on the free su irfaces of a specimen. Here the fIlAer -:ige

(h0(ified(.11 clip gge) is [iounted across the crack plane, and the clo-uire IWo:1

is determiried froina ; load-uhisplavemrent plot as before.

'I'lie initereronietrnc displacemnent gage (mcG) :11-3M use a laser to%

measure rekltve dispjlacenniemit between t%o shallow reflecting" '1lintm uis or

groo (-s loe;Itud ;Lcrn-s the crack. Interference fring I~ten are %ra ei

the difl1racted laser beamhs, and the inotion of these fringes reprecsent thIe

crack surface displacemient. This technique has prov'en to be :in fctv

mnethod for measumrinlg crac'k surface dfisplacemnents (lime, to its high resollnt ion1

Pl.%



capability.

Other methods to obtain the closure loads 'inlludle direct-observation

tsing electron iiicroscopy 19 and a vacuum infitration techinique tO0 It

shotuld be noted here that all of these tech iniqlIes oniv diete rin e the c losu're

load at the specimen's surface, or at a single point inside the specimen, and

can riot determine the complete through-the-thickness variation of closure.

Furthermore, since the closure levels observed for a single test specimen vary

wi h the n icasu re rile t locat ion I I-~ the results ohbtai ned from t lie a hove

techiiniqule ca:n diffrer significantly.

While the above techniques reflect an average (global) or single point

behavior of the entire specimen, optical interferomnetry has been employed to

tleter;niiuie the complete through-the-thickness variation of crack closure in

transparent polymer specimens 143-481. Trhese optical interference*

experiments have shown that for a through-thickness or part-through flaw,

the crack opening loads vary along the crack front.

1.3 OBJECTIVE OF CURRENT RESEARCH:

'1'lhe miain objective of the cuir rent research is to dete'rutii ne hlow

tit roug--t le- thickness variation in crack tip plasticity affects fatigue c rack

openinga, anid alters fatigue crack grow th itt trmnsparenit mtodlel nttaterials.

kotli exprierietal and niujTierical :ipiroaclics were emiployed. iks

(IE'scribed later, complete three-diunenTIiional crack opening profiles were

tiastirtd by thei use of optical finterferounietry for throuigh-0ihickniess flaws,

corner cracked lholes, and surface flaws. Ihiese point wise niieasureiieits are

.
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then compared to global (average) measurements obtained from CMOD and

back face strain techniques. Two types of polymer model materials, namely

tPolyrnethylinethacrylate (PNIMA) and lPolycarbon ate (P(), are included in.

this research progran. Although this project did no t - tin g of [ietals, the

p. polymer data are compared to results of rerie-95 (a nickel based alloy)

testing by Ashbaugh [49] in section 6.2. Differences in fatigue crack growth

mechanisms of metals and polymers are discussed in section 1.4 of reference

50.

An algorithm was also developed here to analyze crack growth and

crack closure of a surface flaw. This algorithm was based on Newman's

niodel for center cracked plates, but was nmodified for the three-dirnensional
surface crack case. The model was used to analyze the surface crack

experiments and the results are compared to the experimental values.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1 OPTICAL INTERFERENCE TECHNIQUE:

This section describes the procedures used for the experimental portion

of the research. The main experimental method employed for the current

research involved optical interference measurements of crack opening in

transparent polymer specimens. Both polymethylmethacrylate (PMMA) and

polycarbonate (PC) model materials were employed.

Optical interference occurs in a thin transparent wedge when the

5'.. reflection of light rays from the top and the bottom of the faces of the

wedge have different path lengths [51-56]. When a crack is present in a

transparent material, an air film wedge is formed between the two crack

surfaces and may cause optical interference to take place. As schematically

presented in Figure 2.1, some light waves travel through the transparent

specimen and are reflected back by the top surface of the crack, whereas

other waves, following a different path, penetrate the top surface and are

reflected by the bottom surface of the crack. This difference in path lengths

(phase difference) causes interference fringes to form. Each fringe represents

a locus of points which have the same displacement between the crack faces.

The interference fringes form an alternating pattern between dark and light

%

.'2.

.. . . . . . . .. ,S---':'-. _,C~- '.-

° .. ,.-5?. ,.-.;,? .. -.? .- /. . ... '..';: ;' .- : .-. -N. ;? .'::-,-*.'-- ".-: -" -;,".". N'%:':;% . C. -" a - ")',, "-'""--"%
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shades and are referred to as destructive and constructive fringes

respectively. If the wavelength of the monochromatic light source is known,

the crack surface displacements may be computed using either of the

following optics equations 1561

For destructive interference (dark fringes):

% =V x (2.1)
4 1

For constructive interference (light fringes):

v 2n+1 x (2.2)

Here V is half the crack surface separation at a specific constructive or

destructive fringe location, n is the respective fringe order, and X is the

wavelength of the monochromatic light source. Here a sodium vapor lamp is

employed for the interference study with a wavelength of 8.89 x 10- cm.

s. The O-order dark fringe is defined here as the first destructive fringe

indicating the closed portion of the crack, while the O-order light fringe

corresponds to a total crack separation 2V X/4.

SI

2.2 THROUGH-THICKNESS FLAW:

The through-thickness flawed specimens studied here consisted of edge

cracked beams loaded in four-point bending as shown in Figure 2.2. The

test specimens were 38 mm high (W) and 178 mm long (1). The specimen

4.%

i - ' i ' i 
-

U"i.- - " • ... ..-
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thickness (B) varied from 25 mm thick to 5 mm for PMMA and from 25 mm

to 10 mm for PC. The specimen configuration for the 5 mm members was

modified to avoid instability on the four-point herdiing fixtures. I Here the

test section of a 25 rum thick inertnber was reduced to 5 mm with ,fliitn

care being taken to avoid significant stress concentration build up at the

test section.

A total of five different specimen thicknesses for PMMA and three for

PC were studied. The specimens were cut from a single sheet of the

respective material and each test member contained a 5 mm deep V-notch

located midway along one specimen edge. The PML specimens were

annealed at 100'C and the PC members at 138°C for 24 hours, and slowly

cooled to room temperature to reduce potential residual stresses due to the

machining process. One end of each specimen was then polished to

transparency to allow crack plane observation. Two metal tabs were glued

to each specimen at the starter V-notch to hold the clip gage (MTS Model

632.03B-30) at the crack mouth for the CMOD measurements. The back

face strain measurement technique involved bonding of one or two 1000 ohm

strain gages (Type MA-06-250BK-1OC) on the top side of the four-point bend

*. specimens (Figure 2.2).

Cyclic loads (Haversine function) were applied in a pure-bend

configuration at 3H1z for PMMA and 41tz for PC specimens. These relatively

low test rrequencies were chosen to avoid local crack tip neiting d Ile to the

poor heat conductivity of the polymers. "or these through-thickness flaw

experiments, cracks were grown under constant K conditions, and constant

" stress ratio (R) was maintained, via automated computer controlled test
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procedures which employed compliance measurements of crack length.

When the crack grew to a suitable size, interferometry, CMOI), and B'S

measureni its were perrornied to determine the closire load. Tihis pr iedtire

was repeatefd at (filferent crack sizes for each specimtien.

2.3 CORNER CRACKED HOLES: -,

The corner cracked hole speciineus consisted of lPN1N1A recta;ngular I

plates, with a hole located midway along the specimen's length as shown in

Figure 2.3(a). The specimens were 190 mm long (2h), 89 mn wide (2b), and

19 mm thick (T) with a hole diameter (D) of 19 mm. For the present study,
%'I

the corner cracks were assumed to have a quarter-elliptic configuration as
a.'

shown in Figure 2.3(b). Here the angle 05 is the elliptic angle commonly used a.

to define points along the flaw border for analysis purposes [57j. The crack

dimensions a and c represent the crack length along the hole bore arid the .

free surface locations respectively.

Cyclic tensile loads were applied at 3Hz to the PMMA corner cracked

hole specimens through grips glued and bolted to the specimen ends. Two

strain gages were mounted on either side of the plate and monitored to

*. ensure uniform tensile loading. All corner cracks were grown inder constant

amplitude load conditions with a fixed stress ratio of 0.1. The crack plane

was viwed via a mirror rTloounted at .15' on the transparent end, and was

photographed periodically. When the crack achieved a suitable length, the

cycling was stopped and a set of optical interference fringe patterns were

photographed for different applied tensile loads. This procedure was

I

.S. ' I '4.d.€. .. . .,_,_"€.'_' . .a,.,"L''.4 ' ."." .' '_'[P '_ .¢ " "_m .,_,'_ .- _,'_C ' , ') % "
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repeated several times until a sufficiently large corner flaw appeared. At

that time the loading condition was changed to pure-bending, keeping the

same It value as that for the remote tension portion of the exp(rinient. %

Interference fringe patterns were again periodically {hotwo~rap hed f'o r

increasing crack lengths in the bending configuration.

2.4 SURFACE FLAWED PLATES:

The surface flawed members consisted of P\1\IL-k rectangular plates

with a surface flaw starter notch located midway along the specimen's

length as shown in Figure 2.4 (a-b). The specimens were 200 mm long (2h),

102 mm wide (2b), and 25 mm thick (t). For the present study, the surface

flaws were assumed to have a semi-elliptic configuration as shown in Figure

2.4 (c) with the elliptic angle 6 used to define the points along the flaw L

border. The crack dimensions a and c represent the crack depth and half -

the free surface length respectively. For the CMOD measurement purposes,

two metal tabs were glued to each specimen at the starter notch to hold the

clip gage at the crack mouth.

The surface flawed specimens were subjected to constant amplitude a'

remote bending cyclic loads with a R value of 0.1. The crack plane was

periodically photographed through the transparent end. When the surface
-

flaw achieved a suitable dimension, the cycling was stopped and a set of

interference fringe patterns were photographed for increasing applied p

bending stress. In addition to the optical interference measurements,

readings from the CMOD gage were recorded as a function of applied load

, ..,., .. % - . " . , .- . . . .. . 'S ," ,'...- -. .
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to determine the average crack closure behavior. This procedure was

repeated several times during the test period.

.'2'2.d"2'-'. ¢2"" ..''._'.",'.' ". . ",".". .."o . " :". "o","." ".. ". . ."" • • 4"."
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Figire 2.1: Schematic of miterferometry method which gives 3-1) cra'k sur-

face displacci.nents in transparent specimens.
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Figure 2.3: Schematic view of the corner cracked hole specimen.
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,;giir 2.1: Schematic view of tht surface flawed rectangular plate.
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chAPTER .

SURFACE CRACK CLOSURE MODEL
I.1

.1r
, "

This section describes the numerical approch emplhyc(l to pr(dict

three-dimensional aspects of (rack closure. The proce(hdre used ir this"" 5
analysis for the calculation of fatigue growth of a surface crack is basically

the same as Newman's method for a center cracked panel I19. Ilis method

breaks the plastic zone and plastic wake into elements (see flgure 3.1) which

are created by yielding in the crack tip plastic zone. 1t.t'ortunately the

tasks are greatly complicated by the three-dimensional nature of the surface

flaw problem, and by the absence of appropriate crack surface displacement

. equations. Therefore many of Newman's center cracked panel equations are

used. The major calculations in determining closure of a surface flaw are:

3.1 Plastic Zone Size

:3.2 Deforination Within the Plastic Zone

3.3 Contact Stresses at Minimum Load

3. 4 Crack Opening Stress Intensity [actor

- 3.5 Fatigue Crack Growth

.\pplication of the method and equations used hy Newman for the center

, - crack probler are described in chapter 2 of rel'renie 5. (Chapter 3 of that

thesis d(,scribes the surface crack closure inodel more explicitly and includes

? more details than are given in this report.

, *.

4- *~, I.
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3.1 PLASTIC ZONE SIZE:

'rhe plas tic zone siz'e aroud tl he, perilphery of t urfac( (rack varics. "

'Fll s k, (t1 l.' to t' f l ! ) s '1" if. -< r,,c ()I* ,',i ltm inlt ,' :t l , r ,, p l l,

- ,t rc,-, at. t , r rt i . Ii r . U 1 lie t rt"

iritens-ity f;1(ctor v:r .\ Aui:~i >1r~~ijelItV actur -owmoi H

available for a surface crack in ben(lirng and or tensio(i. It was (Iev(l()l)(.d hv

Newman and Raju from three-(imniesinial finite clehient results, arid is

- . given below in its general Itorn 59 (>ee figure 3.2):

Here Q is the elliptical shape factor, " is the boundary 'orrcction factor for

S tension loading, and the product of It and F is thetl,'or,,j:try correction-

factor for bending.

I 'or this research the plastic zone size is calcul:tedt at discrete points

around the crack edge by" the following steps (see figure 3.3)

1. Calculate K at flaw locations of interest by equation :1.1

2. Calculate an equivalent crack length (C, by

determining the length from the crack origin (point 0)

* to the point of interest

3. F[Stil ate the stress state coefficient ('

.1. Solve for t he crack tip plastic zone size (p,) by using

the surface flaw values of K, C an'd , in

Newman's center cracked panel equations. ,4%

These steps are repeated for each point of interest 1.2,3. 1.5.6 in figure 3.1)

along the crack periphery,

%- ',4

* .21
% p . I J II I,% i6% % l .I II' . " IIl il "il l" I p l. I . l% l ~i " "1 -1% I I tI ".I. % . "I . 1 % p 4
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3.2 DEFORMATION WITHIN THE PLASTIC ZONE:

51 ~~~11w plIa stic (deformiations (1,j) wit hinr the plastic zone are caIc iiIa ted in .1

mnlirier sinillar to t lit pli ;t Ic zonc >,I/e cal(colat lol. 't'lesuirface flaw vales

of 1K, ( ' mid -l are us(ld in Newiiri cnter crackedI panel u(jpiatiorls.

Ilie t ralsitioll from pla ne stress- to plane strain was based on closuire

-~~ experiments performed on t hrouigh-c racked PMAspecimens of various

thicknesses (25, 19, 13, and 10 millimeters). ks described in more detail in

section 4. 1, optical interrerornetry was uised to dletermine the opening loadl at

points along the c rack front. Th'le highest opening loads occurred at the free

surface, where plane stress occurs. T[he opening loads for all thicknesses

decreased linearly uintil reaching zero at a dlistance approximately 2.5

rmillimne te rs fromt the free suirface.

In this mzodel it is assumed that. plane stress occurs at the free suirface,

plane strain occurs when the (distance from the free surface is greater than

N 0.1 inches, and the stress state coefficient alpha is linearly interpolated for

distances uip to 0.1 inches. Since 1~1Ahas a large poisson's ratio

(approximately 0.-1), this allows greater stresses to develop ahead of the

crack tip. TIherefore alpha was assigned a valuie of 5 where plane strain

- occurred 58i . In 19W Newman recommmended a value of 3 for plane, strain,

but he was modeling the behavior of aklirniinm which has a poisson's ratio

of 0.3.

3.3 CON TACT STRESSES AT MINIMUM LOAD:

'l'he Imet hod ot (let('rnllimg the contact stresses in the plastic wake '

employedl for this st idy ii tiIi zes Newman's center crack d is placeme nt

forriula along six radial lines wYhich con nect point 0 in figniire 3.3 with c rac k

perimeter points 1,2,31,1,5, and 6i. Irhis is (lone in the following manner:
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1. The stress intensity factor at point 1 is

calculated for the minimmii rn load condition using

eqlation 3.1.

"u (sin the equivalent c'rrk length (('t

_arlier, mid the stres-s intensity factor determined by

step 1, the crack surface displacements due to the remote

load are calculated by using the center cracked panel

equations.

3. All iterative melhod is used to determine the elefnIlent contact

stresses. These stresses cause the crack surfaces to open up

to the element lengths. \Vhen necessary, the stresses are

modified to account for yielding and crack separation.

.1. Proceed to the next radial line (2,3,4,5,6) and repeat until the

contact stresses along all lines have been calculated.

Using this method appears to give reasonable contact stresses near the

crack edge. The stresses near the surface crack origin (point 0) are not

expected to be accurate, however, since shear stresses will cause the

displacement of a slice to be strongly affected by the displacements of its

neighboring slices. This affect is less significant at the crack edge because

the slices are farther apart. Inaccurate stresses near the crack origin are

not expected to affect overall accuracy in most cases. Newman reported

. that only elements near the crack tip carried significant loads in his center

cracked panels [191 for R ratios greater than zero. (Of course, his results

were restricted to th roughi-t he-thic(kness [laws.) Also stresses away from the
crack edge have a smaller effect on the crack opening stress intensity factor

than stresses near the crack edge.

% -
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3.4 CRACK OPENING STRESS INTENSITY FACTOR:

When the elemient stresses have been dleterminedl, the (crack openinig

stress',intensity 1hictor (can the~n l7c calcuilatedl. By usiw, tI w ,it l'rict '

inethlud, \latr lck, (,t al 601 (ICvt-l()l( an algorit liii to (II tcmr'iiI t !x -.t res

itiit y Pact ors at points a and( c (K; arand lK -) du e to arbFIi tra ry ,Ireo-scs on

N the crack surface. Their equations are given below and the coordIinates tre

- shown in figure :3.4.

-1 h/K ra 7c! f7 J nwXY):'[r/' olXo'Y (3. 2

IK~ .I/K, a~ f C f _rnew(X,Y)' 'Jr/ tcIdv( )
y=0 =

Here h is a material constant equal to E for plane stress, and L'/( i, /)for

planec strain. The stress intensity factors at Ak and C due to the reference

case load are K. midn~ K rc* The partial derivatives OUr/ 'a anld "'tr/> are

the changes in crack surface displacement (U,) due to tile reference load

with respect to changes in the crack dimensions a and c. The stress

distribution (7,jx,y) is the new loading for which Ka, and F'cc Nl be

determined. The loading must be symmetric (uT,.(x'v)v= ,,.~(x,-y)).

Equations 3.2 and 3.3 are evaluated by the following steps:

1. C.alculate /)Ur/e') a and (o)Ur/i) c at element centers

2. Break crack surface into sections (figure 3.5)

3. Average "'~r'ta,~r/ 'c and contact stress for each sect ion.

4. Numerically evaluate integrals for each section.

5. Sumn integrals and multiply by constants.

Cah'uIltilg the partial derivatives is the iost olillicoilt step here,. T[his

is accomnplished by (calcuIIlati ng the (displacemne nts for the actua :l crack -

dimnensions (a ,c ), a slightly deeper crack (a f- 'a, c) anrd a s;lightly wider

crack (a, c " c). ah deiaie re set equal to the change in %'
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displacement divided by the change in crack size. The procedure for

approximating the displacements is rather comiplex, and1 the details are givcn

ini refevrence fml. tesurface ('rac(k is n-isirrrei to oli'il:wc like :m(('

cravk ahnri y 0, mrid like a cf-iocr e-rai-k :IuI~x 0. The c-rac(k op1 !1:i-

a pproximiat ion (levelopeol by Pe I ro k i --i11 (1 \c I ('r1 ha cli I f '1o r t

dimnsionial p robleims, wvas moed ified by \Iatt lieck et .11. 6O for the suiirface

flaw prob~lem. lIn this studly an outer fiber bending stress of 100 psi was used

*as the reference loadl. T1his value is used internially by the algorithmi to

Cal1culate displacemnrirts. It hias 110 elfect. on the values~ of 1\',, arid N". iii

equations 3.2 anrd 3.3. 'I'lhe (lisp lace rile t (U,) a rid the re fore iicc stress a

intensity factors (K,, ra ad KrJ~ are direct ly proportional to the referenice

stress (onc..,(x,y)), so thle effects catcel. -ietpeo eernecse s

(bending or tension) does have some effect onl the algorithmn arnd this Is

discussed in section 5.1.5. Thle crack is broken into sections by conniecting

wake- elements to their neighbors in adjacent slices. The stresses and partial

derivatives of the two elements are averaged, and these values are assumed -a

*to be constant over the entire section. This allows easy evaluation of' thet%

double initegrral for each section. The stress intensity factor to cause crack

opening is equal to the rninimu rn K plus the K caused by thle contact -"

stresses, and is given by equations 3.1 and :3.5 for crack locations A andl C.

KOPa K,, r(at a) + \,lK(a t a caused by contact stresses) (:3. 1)

KOPC KmnJat c) + \JK(at c caused by contact stresses) (3.5)

* 'U ~his gives two openiing, sresinririsi ty fact ors, 1K()P, m3 id 1K ()j), These
AS

values are used to calculate the crac'k grovthi.

The a Igorith rti for det ermini ng K d i( to contact stresses was evahIirated

by applying bending a nd terisile stresses over tHie crack sirrfaces. 'Ilhe results

K. %

%

p...,P
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from the algorithm were then compared to the Newirianl-lajiu sollit ionls.

Although the Newman and IRajui resutlts a re f'or e ithle r re in o It e ioij 1jr

bending", they 1my be iisedl to 1114. te colntc lwI \N I't !I , il

craick fa~ces aire load(- chl i aI Irii hl(r';rIv i.,

stress. ']his vias dotie 1br v:i rloli tU~t sLk pf- :t lid s 411 if 3I . 1

IN Typical results are shown ain igiires 3.6 m id 3.7. T[here is good ag;rf-viler

for small cracks, but the met hod is rniadejiiate lHr lar-e a/t ratios (above

N ~0.3). This observation agrees ith iat tlheck s ru'sul t - 60) ThIere is slightly

better agreement at poit, .\ thI l:i Lt thte Irf(. -,i rl'oi. I'l( le I "i rg ;I/ Iit r:lt U

tised in the calculations shiownliti this report is ()..-), % hicli is muarked on thle

9figures by a dotted line. It sdiouild beo pointed ouit that while these figuires

providle a comnparison of' the al-orit tor to an' vcecepted emipiricatl soltitlii, t he

- loading is very different, frurm what the c rac k tacos would exp~erienlce f'rorn

- surface contact (lue to closure, Therefore these figu res inay riot necessarily

reflect the accuracy of the algorithm duie to actual loads,

3.5 FATIGUE CRACK GROWTH:

Newnan 19! employed in his mod1(1el a rathle r com plex eqluation for c rac k

growth. This eqIuation utilized five constants that were needIed to itiodel

crack growth at near t Itreshold anrd riea r frac tutre conditions. Sinrce t Iiis

project (lid riot arialyze these si tuatioris, thle s'irnipler crack growthI law

proposedl by h-.Iber A3 (equai~tioni 3.6) shouild be suillivcint.

d a Adr1 x l (1. 6)

-Hliber's equiat ion (3.6) is titcegrated to dcterrinitie thle mnmber of cycles

reqtuired for the crack to grow Ipercent (of the plastic Zone size at p)oint 6

(figuire 3.3)

V.
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N f a+.osj, {da/A( K,,r),1 (3.7)

a

In e(qalttion 1.3, ._lK,tf. KMAJ(at point 6) - IK . Whih the crackk ,,

growin1g at point 6. it is also growiig at all the ot her poiits alo, tI r

((Ige. It is S stu l( that the crack will retailn its s(e'ni(lpi,':d "hap, :i11 fl

tie.s. "''here fore as the crack grows, it is only ntecessa ry to ca:c,Il:tt [ A,,V

valnes of a atiol c. \Vhile the crack grows 5 percent of its plastic i t , ,/c ,

point 6, its growth at point 1 is ca'- "'-ted by:

dc_Ac = N dn = NA(-k"t :"

The N in equation :3.8 is the N (cycles) that was calculated In ((l :i ti ol :3.7.

The .A K, , K,,ax(at point 1) KOP,. After thes:e ,chacul:itiis are

,'o plet( , the crack is extended (a a - .05, and c c Ac) aod steps

3.1 through 3.5 are repeated.

p%

:,
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Table 3.1: 'rest cases for closure K algorithm

/c t 2 b"
li uirv l ,tiP) loading l(tk)t riilliittrs JIhii t,.r

3.5 1 bendin g . 1 ).1 3s. 1
Iw a x -- 6890 K pa

3.6 1 bending C 19.1 .38.1

max ,-- 6890 Kpa I

3.7 2/3 bending A 19.1 38.1
max Trzz6890 Kpa

3. 2/3 bending C 19.1 3s. I

max ,T- 6890 Kpa

3.11 /2 bending A 19.1 38.1
wax osKz6S90 kpa

3.12 1 tension C 19.1 38.1
a(=6890 Kpa

3.12 tension A 19.1 38.1
7= 6890 Kpa

3.14 tension C 19.1 38.1

r=: 6890 Kpa3.13 2/3 tension C 19.1 38.1'.
mr= (89() 1(pa".

3.15 2 tension A 19.1 38.1
rTzz6890 Kpa

3.16 1/2 tension C 19.1 38.1
crT--6890 Kpa
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CHAPTER 4

EXPERIMENTAL RESULTS

", fI

This chapter describes fatigue crack closure results obtained from

" various measurement techniques for four different crack types. These crack

4 5 4types are:

-1.1 Through cracks in PMM04A

-1.2 Through cracks in polycarbonate

4.3 Corner cracked holes

4.4 Surface flaws in bending

These experiments are described in greater detail in chapters 4,5,6, and 7 of
a. '\

.", reference '501.

4.1 THROUGH CRACKS IN PMMA:

.! ," The test matrix for through thickness flaws is presented in Fable 4.1.

Sections .1.1.1 and 4.1.2 will focus on one particular test (PX-6) while section

4.1.3 examines the effect of varying thickness, R-ratio, and Kmax on closure.

Experiment l)X-6 was conducted at a cyclic baseline stress intensity

(Kmax) of 825 KPa-rn 2 . When the crack length reached 11.6 nun, the cyclic

stress intensity was reduced to 550 KPa-m11 2. The stress ratio (R =Kmin /

., f .

'.'€ '.'-'-,'i,,i'-.';'i.-2'-,'i-;.-.- "- " " ---.- ",'"•.. -. - '.-.."-.'" -- .' - - """ - " -. ... 2"" ""'-
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Kmax) was kept constant at 0.1 for the entire experiment.

liure 4.1 presentts various measures of crack length versus elapsed

cycles. Ave rage rhrough-0hickriess crack lengths obtained frorn both

compliance and photograpliic (ne:isurenents are shown along witfh the mid-

plane and free surface crack dirnensions obtained from the photographs.

Note here that the drop in K.ma from 825 to 550 KPa-m 1/ 2 when the crack

length was 11.6 mm, gave a small crack retardation region (marked by NJ)

followed by steady state crack growth at 1Kmax of 550 [Pa-m1/ 2. Although

the compliance (through-thickness) crack length is not significantly affected

by the reduction in the cyclic stress intensity value, it can be seen from

Figure 4.1 that the free surface crack dimension exhibits more retardation

than the mid-plane crack length. This crack tunnelling behavior, where the

crack grows faster in the mid-plane than the free surface location, was also

observed in PC specimens subjected to tensile overloads [441. For the

present experiment, crack tunnelling continued well past the retardation

period.

4.1.1 Interferometric Measurements:

Figure 4.2 presents a set of interference fringe patterns photographed
during the steady state crack growth at an average (compliance) crack

. /length of 10.3 mm. Recall that each fringe represents a locus of points of

constant crack face displacement. Figure 4.2(a) shows the crack plane

under zero load and clearly indicates a residual crack opening displacement

e field. Note here that the fringe pattern occupies the central portion of the I

V.
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crack plane and a part of the interior crack front. Thus, that particular

section of the interior crark plane is opened under zero load, while the "I

reion riear tihe free sirf'a:e r-:Liii nose. As Ihe applied load is increased.

the 0-order (outer-itiost) lig'ttringe reaches the iree surface crack tip at a

K/KfTaX value of 0.3, where 1K ,, is the peak value ot" 1K during the steady

state cycling. The load required for this outer-most light fringe to reach the

crack tip is one measure of the load required for the crack surfaces to

separate, and is defined here as K(o) (initerl'eronnetric opening load). The 1K01

/ Kma x value measured at the free surface was 0.3, while this value is zero

for the mid-plane location, where the crack surfaces are propped open at * St

zero load. ' S

Figure 4.3 shows the open crack perimeter as a function of applied load.

Recall that in Figure 4.2 (a-d) each photograph showed the opened crack

area for a particular applied load. Figure 4.3 is obtained by overlapping the -5

opened areas of the crack for increasing applied load for a given crack size.

For example, the area enclosed between the crack front and the boundary

line of K / Kmax of 0.04 represents the opened section of the crack under an

applied K of 0.04Kmax. Similarly the area enclosed between the crack front

and any other boundary line represents the opened section of the crack

under the respective applied K value. Note here that under a small load,

portions of the crack faces are closed at the crack front and along the

starter notch. Further applied load eventually separates the crack front at

the free surfaces.

Crack opening displacements are examined in more detail by digitized ,

measurements of the interference fringe patterns from Figure 1.2. One

7.
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means for presenting the crack opening profile is to plot the fringe order as a

function of distance from the crack tip for dilffrent applied loads, as seen in

Figure 1.A and 1.5, giving tile crack sulrl:ae ,epmration as a l',nction of

position. The dlisplacennierils are expressed here in triw'e or(lr iiiS.

. although other diniensions may be obtained froiii lquiation 2.2 for glih

fringes. Two displacement profiles were obtained for each load sequence;

one measured at the specimen's mid-plane, and another crack opening

profile obtained at the free surface. In these crack opening prohl(K., Il,

physical (original) crack tip serves as the plot origin.

Figure 4.4 presents the crack opening profiles measured at the

specimen's mid-plane (interior) for an average crack size of 10.3 1m. Since

it was (ifficult to determine the fringe number near the mid-plane crack tip

due to close fringe spacing, as seen from Figure 4.2, the fringe order near

this mid-plane crack tip was established by counting the fringe number from

the specimen's free surface location. Each curve in Figure 4.A represents a

different applied load, and gives the total separation (2V) between the two

crack surfaces as a function of distance from the crack tip. The load which

causes the curve to pass through the origin, giving complete crack tip

, separation, is referred to here as the interferometric opening load (K(o1 ) for

the particular crack location. In Figure 4.A, the crack tip in the specimen's

interior is separated tinder zero applied load. Figure 1.5 shows the

corresponding crack opening profiles measured at the specimre 's free

surface. Note here that crack surfaces are closed at the free surface until

the applied K equals 271 KPa-m" 2 (ie: K0 1 / 1'ma 0.3). Crack mouth

opening displacement for an applied K value of 271 KPa-rn" / , obtained from

P .p <JL% % \ % 4 W % . *~ WI ~ ~ ~ -
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a clip gage mounted at the crack mouth is shown in Figure 4.5. The

presence of tile starter notch and rough precracking siurl'aces p)revc thle

iieas urei, nt o(l cra k riouth o1eli11ng V'i:L Oj)IC:( l iiit,r'e, : c . InI a(!lii ioi,

1*1p e~~latstlec rack rroiith -w.~paratiori (omi)ltcl irotii ai uit li elciri rie iI ,i

with both plane stress and plane strain assumptions are preset.d M i "ignore

-1.5 along with the clip gage reading. lHere the measurenents obhaimcd I'rorn

the clip gage and finite element analysis are converted to fringe order units.

Note froi Figure 4.A that the crack surface separation is a i:,irn\nii ii

at a certain distance frorn the crack tip. This rnaxirnurii (-rack surface

separation location moves further away from the crack tip for increasing

load as seen from Figure 4.,A. Under a sufficiently high load, this 'bunp',
where the crack surface separation is a maximum, moves to the crack

mouth. Thus under a large load, the crack surface separation only increases

as one moves further away from the crack tip. Some possible factors %

contributing to the fact that crack separation does not attain its maximum %

value at the crack mouth under 'low' loads, may be the high closure stresses %

present at the precracking region and the effect of free surface closure on

the mid-plane opening behavior. Figure 4.5 shows that unlike the crack

Y. opening profile at the mid-plane, crack surface separation reaches a

maximum at the crack mouth. Furthermore, the magnitude of crack

separation is much smaller for the free surface location than that measured

at the mid-plane region. This diference in crack opening is presunably die

to the larger plastic zone at the specimen's free surface.

.P Figure 4.6 presents the interferometric crack tip opening load

determined at different locations through the specimen thickness for an

.%
p,
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average (compliance) crack length of 10.3 rm. Here K0 1 values are

normalize(l with the inaxiinum ncyic stress intensity ( I( j), I :trl distances

from the specirnen's f'ree surf:'ce :ar- norimalized with lHie -pecimert i l i:

*: (B,). The abscissa origin r, ir li , thl e speriuun's free -jiirfive loc;ttiul.

- while x/B - 0.) specifics the rlidi-plari (interior) location. Note 'roill

Figure 4.6 that the opening load decrca.ses rapidly as one noves into the

specimen thickness. Moreover about 70 of the specimen's thickness is open

under zero load. One interpretation od l"igIre 1.6 mrlay sugs that 3 o

the specimen's thickness (15(,, from each free surface) serves as a trari sition

region from plane stress to plane strair, while the remaining 7{)% is tinder

nominally plane strain conditions.

Figure 4.7 presents the residual zero load mid-plane opening obtained

from optical interference for increasing crack length. Note here that for a

crack size of 10.3 mm the point of maximum opening (bump) is

. approximately 2 mm away from the mid-plane crack tip, and when the

crack length reaches 19.1 ram, this bump lies 4.4 mm away from the local

crack tip. As a result, an increase of 8.8 mm in crack size corresponds to ana.

increase of 2.4 mm in the distance between the crack tip and the point of

maximum opening. Thius this 'bump' where the crack surface separation is

a maximum under zero load, moves in the direction of the advancing crack

tip.

"I
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4.1.2 CMOD and BFS Measurements:

A5, discussed earlier, CMOJ) and IFS iieasure ments were also emnployed

to determine the averaige (global) closure 1o(ds. I'or the ('NIOl) gage

measurement, a clip gage was 1o01td at the starter [lotch mouth id, the

signal from the gage was recordetd as a finction of applied load. Figure 1.8

shows the C\IOD gage reading versus applied load for an average crack

length of 16.8 mn. The left-most graph presents the load versus

displacemeat curve obtaiined from the clip gage at the crack mouth during

one cycle of loading (The right-hand curve is discussed later). Note that the

displacement varies in a non-linear fashion up to a certain load, followed by

larger linear region, and a slight non-linear region at the upper end of the

load displacement record. As discussed earlier, the closure load may be

determined from this data as the point where the load-displacement relation

first becomes linear. The small non-linear region at the upper end of the

load cycle may be due to large plastic deformation at the crack tip present

at the high load levels of the cycle. Moreover, Figure 4.8 indicates that

PMMA exhibits fairly large hysteresis. For the present study, the loading

curve is used to determine the closure loads.

The closure load is determined here by an offset axis method, although

there are various other techniques described in the literature to obtain this

closure value. In this offset axis technique, one least squares line is

calculated thro,,gh the upper linear portion of the loading curve. The

deviation of the actual displacement from the least squares line is plotted in

an expanded scale (approximately 5X) in the right-half of Figure 4.8. The

closure load is then determined as the point where the actual data deviates

%.
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from the least squares line, and is referred to here KoC. Here Koc is defined

as the crack opening load obtained from the CNOI) measurements, and

froni Figure 1.8, for an average crack size of 16.8 run1t1, h0 .ox / "p,(t'(ltm(d

0.3 1.

A similar procedure was used to obtain the crack closure load from the

back face strain measurements as seen in Figure 4.9. Here the readings from

a 1000 ohm strain gage mounted on the back face of the specimen were

analyzed to determine a closure load. This measurement gave a [KoE /rnmax

value of 0.34, where KOE is defined as the crack opening load determined

from the BFS data.

Figure 4.10 compares the closure loads determined by interferometry,

CMOD, and BFS measurements for increasing crack length. Here the crack

opening loads increase slightly for increasing crack length up to a point

before returning to a lower value for further crack extension. Note from

Figure 4.10 that the interferometric free surface opening load is larger than

the compliance (CMOD and BFS) opening load. Since interferometric

measurements showed that the crack tip in the specimen interior was

separated under zero load, the global closure loads obtained from the CMOD

and BPS techniques should fall between zero and the interferometric free

surface opening load.

4.1.3 Sensitivity Analysis:

The objective of this section is to describe the effects of specimen

thickness, cyclic K max' and stress ratio (R) on the fatigue crack closure

............................. %.. .. .. .



behavior of through-thickness flaws in the PMM4A specimens. Several .°-'-

experitnts conducted in this test program are sinmrized ill T . . -al L I.

., -. '.,*.*U:.I..
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4.1.3.1 Thickness Effect:

Five f'atigue crack closure experiments were conducted to deterinine the'.

effect of specimen, thickness on crack opening behavior. The cyclic Kma x for .- ;,

1~. /2' 0.1 (R

the'se te:sts % a" k(,tpt a1 conlstant at 600 ,Kta-,.1 and the stress r.to (l)0

was kept at 0.1, while the specien thickness ranged from 5 MmI to 25 se . S.pe e.Sea
Aps indicated in Table 4t.1, the specimen thicknesses for tests PX-16, )IX-13, .

PX-t2, PX-1l, and PX-10 were 5, t0, 13, 19, and 25 mim respectively. Rlecall .-.

that the P.MMA specimens were cut from a single 25 mm thick sheet. The""

• " ." * t %

19 riam thick test specimens were prepared by removing a 6 min layer of.,

material from one side of the 25 mm thick members. However, the thinner

test specimens wvere prepared by removing an equal amount of material fro)-

both sides of the 25 mm thick sheet. As mentioned earlier, all specimens _"

were annealed after machining to the prescribed thickness. 5m

Figure 4.11 shows the crack tunnelling behavior for various thicknesses.X--

Here the difference between the free surface and mid-plane crack lengths Is

plotted against the average (compliance) crack size. Note rom Figure 4.11.

that the amount of srack tunnelling remains relatively constant with respect

to increasing crack sieo t 25riessignicantly with changing specinner.

thickness. or example, the diference between the free surface and thefro

hid-plane crack dimensions for a 25 mm thick specimen under steady state *'" N

cycling is about s1.5 m, while for a 5 mm thick member the magnitude of

N-1.

. ; ,...-.. , .... +. -,.....,....:.. .. .* . . +. .. ... • ... .,.._- ., ,...,..:- , . , .. ....- -,-,-. +,C ., ,;
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crack tunnelling is negligible.

F'igure 1.12 ,ornpares the zero load optical interference fringe pattr s

for the 25 I,! mI i , i t thick Iiwnlhbers. Note here that, alth liogih a iiaJor

porthion (,f htm cmck p)larnie- rmtiin opened utler zero load for both

members, the c rack tip in tie mid-plane remains partially closed in the 5

mm thick specimen. Furthermore, the zero load fringe patterns for the 5

mm thick member are quite different from the 25 mm thick specimen. The

fringes in the 25 inIn thick member form an elliptical patternl in the middle

portion of the crack plane indicating a large displacement gradient between

the mid-plane and the free surface opening behavior, while for the 5 mm

thick miernber, the fringe patterns are relatively straight across the crack

plane indicating a more uniform through-thickness opening behavior.

Furthermore, the 25 mm thick specimen clearly shows the closed portions of

the crack plane near the free edges under zero load, while a major portion of

the free s,,rfaces for the 5 mm thick member remain open under zero load.

Figure 1.13 presents these zero load (residual) displacement fields

quantitatively for various specimen thickness. Here the mid-plane

displacement is plotted in terms of fringe order as a function of distance

from the crack tip. Note in Figure 4.13 that the magnitude of the mid-plane

opening decreases with a reduction in the specimen thickness. Furthermore, %

the zero load opening profile for the 5 mm member reflects the closed portion

of the crack at the mid-plane location.

Figure. 1.14 presents the interferometric opening load for different

locations through the specimen thickness. Note from figure 4.14 that when

the absolute distance (x) from the free surface is considered, the width or the

A

'p
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transition region remains invariant with the specimen total thickness. For

example, in figure 1.11, the tra isition region is confined to a strip

a-pproxiuiiatly 2-3 min from e:ch r srrhie r,:tr(f-e(- of the speci.lllnw,

thi(kI(.,s. Ihis width of Ihe Ira~ii-'Iion regioii IS oi[1iSht(-it with the fact

that for "a 5 irni thick .spc.ii. port ilns of the il id-plane crack tip

remained closed under zero loa( indi(cating that the entire specimen

thickness served as the transition region for this thin member.

Figu re 4.15 presents the inter!frometric free surface opening load as a

function of the average (compliance) ('rack lenigth for the various

experiments discussed here. Note here that the opening loads do not differ

significantly for the 25 mrn and 19 nnm thick mermibers, however, these free

surface opening values decrease with further reduction in the specimen

thickness. This decrease in crack opening load for a 'thin' member is not

consistent with the plasticity induced closure arguments. Since a major

portion of a thin member is under plane stress conditions, the crack opening

loads for these thin members should be higher than the thick specimens due

to the presence of higher compressive residual stresses in the large plastic

zones of the thin members. Since the experimental results showed that the

crack opening load decreases with a sufficient decrease in specimen,%

thickness, perhaps some other factors such as the crack surface roughness,

which increases with a reduction in specirmen thickness, plays an important

role in the crack opening behavior of the thin nnenuhers. lowever, this

phenomenon where the crack opening load decreases with a reduction in

specimen thickness is not clearly understood at the present time.
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4.1.3.2 Cyclic K,,,, and Stress Ratio (R) Effect:

The objective of this 5(('t 00 1-; to dIescrih( thle cilect s of cyclic KI and

the stesratio oi the crack- opciiiL4 lwlma vinr. AS, howit '11 1:ilel( 1.1, the

cyclirl for t he 19 trnr thick UItii)(TS, lN-I 1, P'K-02, lP\-0 .i mid P, C-0-i

were 600, 660, S25, and( 93.5 K I a-m 1/ 2, aMid 'o r t lie 25 iii in tick ole ube rs

PX- 15, PX- 10, PX-05, PIX-07, and PX- 14 were .1-10 600, 715, 713, and 770

K Pa- ITI respectively. Although the cyclic 1\,,, levels for tests PX-05 and

P (X-07 were kept a constant at 7 1 3KD - the It Vale fohs et

were 0.1 and 0.3 respectively.

Figuire 4. 16 summra rizes the inrte rfe rome tric free surrface opening load s

for the various experiments with 19 mmi thick members, and Figrilre .1.17

presents the results for the 25 mm- thick specimens. Note from these figures

that the crack opening loads for the intermediate cyclic Kmax experiments

are somewhat hig her than the experiments conducted under relatively 'low'

o'high' Kma levels. For example in Figure 41.17, tile crack opening loads

observed under steady state cycling. K,,,,', of 600 K~a-rn 1
/

2 are higher than

the experiments conducted uinder cyclic 1K m,-x of 440 and 770 KPa-mn 2

Although, it is expected that the crack opening loads should decrease with a

reduction in the cyclic K,. level from plasticity arguments, anouther

explanation is in order for the redulction in crack opening load at extremely

high cyclic 1K MAX Perhaps tile diffe rernce in the crack closure roechla nismIls

with varying cyclic K ranges combined withl tile rough crack surfaces

observed uinder high K levels, contribute to this crack opening behavior. For

example, plasticity mlay (lninatV the crack opening behavior at 'low' audt%

intermedliate' c'yclic K,,,,,x ranges, while crack surface roughness comibinied



with crack craze zone bundling have significant effect on the closure values

under 'high' cyclc stress levels. The fact that the c'rack openi g Ilo:+ .

(Iecre:tsc s with :an1 irlcr a:lse iii cyclic I. level, is colisistelit \it I111, rc,>;i

'," in the prcvIoils si(ct lul, where the crack opeliflg loat]s d(lras, with :t

sufficient (lecrease in specimen thickness due 1.o the crack surface rolt-hrl(ess

arguments. Since the free surface crack separation load att ained a

- maximum level for a specimen subjected to an intermediate cyclic 'mrl:xl the

craik tunnelling iagnitude under this K{ma level is signihlcal tly highlr t ala

'' the specimens subjected to either 'high' or 'low' cyclic stress values as s een

-, ~from Figure 4.18.

Figure .1.19 presents the interference opening load for various (listances

from the specimen's free surface for the 25 mrun thick menibers. Note here

that, although the free surface opening loads vary somewhat with the cyclic

KmaK levels, the width of the transition region (near the free surface) does

" 1"not vary significantly with the Kmax . For example, the closure phenomenon

is confined to a region about 2-3 mn from the free edges.

SFigures 4.20 and 4.21 compare the free surface opeiing loads with the

.I opening values obtained from CMOD and BFS readings for t,- s PX-05 and

PX-07 respectively. Recall that although, the cyclic K1( × levels for these

two experiments were set at 715 KPa-m /2, the stress ratio (R) for these

tests were kept a constant at 0.1 and 0.3 for the tests PX-05 and PX-07

respectively. Thus Kmi n for Test PX-05 was set at 72 KPa-niI'2 while it

equaled 215 KPa-m /2 for Test PX-07.

Note from figures 4.20 and 4.21 that, although the crack opening levels

for these two experiments do not vary significantly, the crack opening loads

.'

° -
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for Test PX-07 (R 0.3) are less than or near the cyclic K,, , so that, the

crack is almost always open hiring the baseline ccling. Tl'his fL,t

reflected in thle observat loll t0 at 11w l 0. I r:ok rI. .l rite (I..7 x 1(1 '

.. inin/cycle) w:is])s less. )I 0.3 crack ,row.t}h rat,, (].)1 x 1(1

11111'/c'che), atbough the btaseline cyclic --)J, for the Z 0.1 test was higiu.ir

(6,13 KPa-m 1/ 2) than the li = 0.3 experiment (AK - 500 latn:' 'hs

the effective cyclic AK for these two experiments were nearly equal iii

iagnitude, (free surface IK -- t15 KlIa-rrn/ - ) although tile o iinal applicd

€.. cyclic AK for tests PX-5 and IX-7 were kept at 6,13 and 500 RI'a-,nr'

. : respectively.

I'

4.2 THROUGH-THICKNESS FLAWS IN PC:

The objective of this section is to describe the three-dimensional aspects

,. '. of fatigue crack closure observed in the polycarbonate members. As before,

the point-wise measure of crack opening load obtained via optical

interferometry is compared with the bulk measurements from CMOD and

BFS reading. A total of six through-thickness flaw experiments were

conducted with the polycarbonate material as summarized in Table 4.2.

Figure 4.22 compares the crack tunnelling behavior among the 25, 19, and 10

mm thick specimens. Note here that as with the through-thickness flaws in

r the PMMA members, the magnitude of crack tunnelling decreases rapidly
r"

with a reduction in specimen thickness.

Figure 4.23 shows the crack opening perimeter as a function of applicd

-', load. Again the area enclosed between the crack front and the boundary

'a.

,, ,,

a- -* ," ' ' '. " ~ v , ' '. , . '- , ', , ' , ".'. - : , , .., ' ... , .. ' ' . , ''. ' . . . .. ". . . ." " " "
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line for K / Kmnax 0 represents the initial (residual) opened section of the

crack plane. Note in Figure 1.23 that unlike the I'MMA experients, both-

the free sulrface and mid-plane locations of this 25 mn thick P(' [membu)er

remain opened tinder zero load, how(ever, an area (f' the crack perinuet er iii

the interior of the specimen remained closed under zero load. Tlie residual

free surface opening may suggest that the closure phenomenon is confined to

a region near each free surface, but not at the free surface in these thick PC

test members. This crack opening behavior, where tihe crack opens last at a S

point interior to the free surfaces, was also observed in surface flaw

experiments subjected to cyclic bending in reference ,481. Figure 4.24 shows

the crack opening perimeter as a function of applied load for a 19 mi thick

member. The crack opening perimeter for this 19 mm thick specimen follows k%

the same pattern observed in the PMMA experiments, where the maximum

closure occurred at the free surface locations.

Recall from above that the test member PC-3 was prepared by "-'

removing a 3 mm layer of material from both sides of a 25 mm thick sheet,

while test pieces PC-2 and PC-5 were constructed by removing a 6 mm layer""

from one side of the 25 mm thick member. Although these specimens were .
". S.

cut differently, the crack opening profiles observed in these three tests were

similar.

Figures 4.25 and 4.26 present the digitized crack opening profiles

obtained at the mid-plane and free surface locations respectively for a 19

mm thick member. I[ere the magnitude of crack opening in the specimnens

interior is significantly larger than the free surface opening, consistent with .

the PMMA experiments described earlier. This difference in crack opening

w. '' b,
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between the free surface and the mid-plane is presumably due to the

variation of plasticity present along the crack perimeter. Figures 4.27 and

1.28 show the crack opening behavior for a 25 rin thick rtertber r('cor(hcd at

"* , the mid-plane and near-free surface locations respectively. ke('ill that in

the 25 mm thick members, the free surface remained open under zero load.

Figure .1.28 shows the crack opening behavior at a depth x/13 : 0.08, where

x is the distance from the free surface, and B is the specimen thickness.

V igures 4.29 and 4.30 present the interferometric crack tip opening load

J. as a function of distance from the free surface for the 25 mm and 19 mm
I

a ",',* thick specimens. Here the distance from the free surface (x) is normalized

with the specimen thickness (B) and the opening load is normalized with the

cyclic maximum load. Note in these figures that as before, the crack tip

separation load decreases rapidly as one moves into the specimen thickness.

* JFigure 4.31 compares the interferometric free surface opening loads with

.* &. the bulk measurements obtained from the CMOD and BFS reading. Recall

that the bulk opening loads from the CMOD and BFS reading are

determined as the point where the load-displacement curve first become

linear during the initial opening phase of a load cycle. Note from figure 4.31

."that these bulk measurements are again generally lower than the

... ,~interferometric free surface opening load, although the difference between

these loads are considerably less than the results obtained from the PMIMA

*%S.: experiments, where the bulk opening loads were found to be significantly less

than the free surface opening load.

Figure 4.32 compares the zero load mid-plane opening profile for three

different specimen thicknesses. Note here that the magnitude of the residual

-.4 ,, ."?_, ,'. ;W Q ' ,. . .' ' ,.' .'-. ' ,.,% -' - :.':,,,-.'-,' "-%,a. '7 ;- ," '" " -
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crack surface separation again decreases with a reduction in specimen

thi(:kness, consistent with the behavior exhibited with the PMMA through-

flaw experiments. , .

I'l iire 1.33 presernts the interferornetri c free surfa(e opening loads I'or

the various polycarbonate members reported here. Here the opening loads

from the 25 and 19 mm specimens form a scatter band between 50 and 115
KPa-m" / 2 . The baseline cycling was at Kinax of 330 KPa-m1 / 2 with R equal

to 0.1 for all cases.

V

4.3 CORNER CRACKED HOLES:

Table 4.3 presents the test matrix for the corner cracked hole

experimental program. The cyclic maximum remote tensile stress for tests

CTB-1 and CTB-4 was kept at 3150 KPa, and for tests CTB-3 and CTB-5

was at -1200 KPa. Following the tensile portion of the experiment, the

maximum cyclic bending stress for tests CTB-1 and CTB-2 was maintained

at 7360 KPa, and for tests CTB-3 and CTB-5 was kept at 5520 KPa. The

stress ratio (R) for all tests was maintained at 0.1.

%
"%%

4.3.1 Cyclic Tension Results:

Optical interference was employed to obtain three-dimensional crack

surface displacement profiles as a function of applied load. Figure 4.34

shows the fringe patterns obtained during steady state cycling for an

increasing remote tensile stress when the crack dimensions a 7.7 mm and

p.

,p ,



* k -. , -. . ,

.56 .

c = 4.6 ram. Figure 4.34(a) shows the interference pattern at zero load, and-

indicates a residual opening displacement fielh. Recall that experinents

conducted with throlg h-fla ws in both I' INA and P'C edge cracked lilt inhers
FP

showed a similar reshti~il pattern under zero load. In l.'ilr( 1.3-1(:t) tO

fringes in the middle portion of the crack plane indicate that particular

section of the crack plane is open under zero load, while the crack surfaces

at 0 ° and 900 (the locations where the flaw intersects the free surface

and the hole bore) remain closed. As the remote tensile load is incrcaised,

% the 0-order light fringe reaches the 0' and 900 locations at a stress level of

331 KPa. Although the a and c crack locations open at the same reinote

stress level, the stress intensity value (K) at these two points are different.

% Here the stress intensity factor for a particular location is computed from

the Newman and Raju solution [571 employing the nominally applied remote

tensile stress.

Figure 4.35 shows the opened crack perimeter as a function of applied

remote tensile stress. Recall that Figure 4.35 is obtained by overlapping the

opened areas of the crack for increasing load for a particular crack

geometry. Thus the area enclosed between the original crack front and the

boundary line for for a particular stress r represents the opened section of

the crack plane under the respective applied remote stress. Note here that

the crack front first starts to open along the middle portion of the corner

flaw, and then progresses outward to the hole and the free surface locations.

The fact that a larger load was required to open the crack faces at the

free surfaces than at interior locations, was also observed for the through-

crack experiments reported in earlier sections. Those experiments indicated

'U.-

#,- ; ~ ~ ;- *'~ % ~* ~- 5 ,5
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that the crack opens first at the specimen's mid-plane followed by opening ,%

at tlhe f'ree surfaces at a significantly higher load. This (difference in crack "6
'S- %

op.ning r- prviirmbly due to the variation in plastic zone size along tl..'

4'r:uk front. as (')l(litions c(halge froin plane stress to plane strain. %,

Crack opening displacements were examined quantitatively by the

digitized measurements of the interference fringe patterns of Figure 4.34.

Ifere the displacements are presented in both fringe order (n) and

corresponding muetric (bin) units. Figure 4.36 presents the crack .,ura';Lce

separation under a given remote stress (or) for varying parametric angle (.,

In this figure, the local original crack tip serves as the plot origin. Here the

displacement profiles are obtained perpendicular to the local crack front at

various points along the crack perimeter defined by the elliptic angle o. For

example, the displacement curve for ,' 300 represents the crack face

separation along a line perpendicular to the crack front at a point defined

by the elliptic angle ,! 300. Note from Figure 4.36 that the magnitude of

the displacement field tends to increase as one moves away from either the

specimen's free surface or the hole location. The displacement curves for -

- 00 and 900 in Figure 4.36 indicate that those portions of the corner flaw

are closed under the applied remote tensile stress of 263 KPa.
0

Figure 4.37 presents the crack opening profile measured at the free

surface ( 00). Each curve here represents a different applied remote

stress, and gives the total crack separation (2V) between the two ('rack

surfaces as a function of distance from the original crack tip. Recall that,

the stress which causes the displacement curve to pass through the origin,
"i n cgiving complete crack separation, is referred here as the interferometric .

S.1
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opening load for the particular crack location. In Figure 4.37 the crack tips %

separate completely at the speciten s free surface under an applied local K -6

of b5 Kl i-[I 
'  lire 1.38 presents the correspondirg crack opeiiin g.

proti]c m;itur((d ailonig the hole hore. The opening K value determined from

Figure 1.3N equals 71 t'Pla-i-. Thus portions of the interior crack plane

are opened inder zero load, while the free surface and hole locations require

opening loads of t67 and 71 K1a-ii'i respectively. It is important to note

that the lo,:l Kl \li es are complted from the Newman and Raju solution

57i, and these depwril on ,.', as well as load. Thus for a particular bending

stress, 1K varies along the crack perimeter with the elliptic angle '..

Figure 4.39 presents the interferometric crack tip separation load -

determined at different parametric angles for test CTB-1. Here the opening

loads are normalized with the cyclic maximum remote load. Note that the

opening load decreases rapidly as one moves away from either the free

surface or the hole location. This decrease in opening load with increasing

distance from the free surfaces was also observed with the through-thickness

flaw experiments reported earlier.

4.3.2 Cyclic Bend Results:

Figure 4.40 presents a typical set of fringe pattern photographed during

the opening phase of a bending load cycle. Figure 4.41 shows the

corresponding crack opening perimeter as a function of applied remote

bending stress. Note in Figure 4.41 that, unlike the opening behavior under

remote tension, the free surface opens earlier than the hole bore location.

dr,
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For example, the crack surfaces at 00 separate under a remote bending

stress of 862 KPa, while the crack surfaces along the hole bore require an -

a pplied stress of 1734 N1l a to sepi i(a e. ifs fitf,rence in opening loadls is

caused by the sharp stress gradlient rcsernt along- le hole direction.

Figure 4.42 presents the crack opening profiles for various parametric

angles o under a given remote bending stress of 862 KPa. Note here that

the displacement magnitude again increases as one moves away from either

the free surface or hole locations. Recall that similar opening behavior was

observed earlier for the remote tension phase of the experiment. Here the

free surface displacement field at 0' is significantly larger than the 90'

profile due to the fact that, under a remote bending stress of 862 KPa, the

K level experienced at the free surface location is significantly higher than

the K value at the 90' crack tip location. For the crack dimensions under

consideration, a remote bending stress of 862 KPa corresponds to K levels of .

123 and 42 KPa-m /2 at the free surface and the hole bore locations

respectively. -, F

Figure 4.43 presents the crack opening profile for increasing remote

bending stress at the free surface location (6 = 00). Note here that an

applied bending stress of 862 KPa (K - 123 KPa-m t /2) is needed for the

crack opening curve to pass through the origin (crack tip) in order to give

complete crack tip separation. Similar crack opening profile plots obtained

along the hole bore (3 = 90") are shown in Figure 4.14. A remote bending

stress of 1734 KPa (K = 84 KPa-m /2) is required here to open the crack tip

completely along the hole bore.

5 %:%
% .
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Figure 4.45 presents the remote bending opening stress (T.) as a

fu nction of paramnetric angle '. The opening stress is normalized here with

rt.>,pect to the itaxitnrlii cyclic r(i ,iot e bhe litng stre:-s (In.+) N ote i tieS(e

ti gurcs hat as the (r:1cw ' gros, the ,/r Value is rediced, ai(d a larger

portion of the crac-k front re .iains propped open under zero load. For

example, the residual displacement field for a crack with a 7.7 and c

4.6 mm is smaller than the residual field for a crack with a 7.7 and c =

8.8 niii. , --.
a-,

I.-2

4.4 SURFACE FLAWS UNDER CYCLIC BENDING:

The objective of this section is to describe experiments directed at

determining three-dimensional aspects of fatigue crack closure for a surface % .

flaw in a rectangular plate subjected to pure bending. As before, optical

interference technique is employed here with the transparent PMNL"X

specimens to determine the point-wise measurement of fatigue crack closure.

These point-wise measurements are then compared with an average (bulk)

crack opening load obtained via CMOD gage measurements. The test

matrix is shown in Table 4.4.

4.4.1 [nterferometric Measurements: :'

Figure 4.,46 presents a set of interference fringe patterns photographed

for increasing load for tests S13-2 with crack dimensions a = 5.8 mm and 2c '"

=13.5 mm. H[ere (T is the maximum remote stress computed by theli

b

-.. ,
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standard flexural stress formula. The fringe pattern at zero load again

indicates a residual crack opening displacement field.

Note from Fiii re 4.46 that under zero load, fringes are present in the

middle portion of the surface flaw, indicating that sect ion of the crack plane

is open, while the free surface crack tip locations re(Iuire a stress level of

2482 KPa to open. Thus the effective cyclic stress varies along the crack

front. Figure 4.47 shows the opened crack perimeter as a function of applied

remote stress. As before, Figure 4.47 is obtained by overlapping the opened

areas of the crack from Figure 4.46 for increasing applied load.

Figures 4.48 and 4.49 present the crack opening profiles at various w'.

points along the crack front. Here the crack surface displacement is . I

presented in fringe order units as a function of distance from the original OK

crack tip. Figure 4.48 shows the displacement profiles along slices made at

different parametric angles (p) under an applied load of 20% of the
maximum remote cyclic stress. These slices were oriented in the radial

direction. For example, the curve for ) 17' in Figures 41.48 and 4.49

represents the crack surface displacement profile along a radial line %

connecting the crack origin (X = Y = 0.0 in Figure 2.5) and the point on

the crack front where 5 equals 17' . Recall that for the corner cracked hole

specimens, the crack surface displacements were measured perpendicular to

the local crack front. Note in these figures that the crack surface

displacements tend to increase as one moves away from the specimen's free

edge (= 0°). The displacement curve for ¢ 0' indicates that the region

near the crack tip is closed under an applied load of 20% of the maximum

cyclic remote stress. Figure 4.49 shows the opening profiles for a load level

:.'.-
'p-? :
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which is 28% of the maximum remote cyclic load, and indicates that the

entire crack is opened under this stress level.

Vigure 1.50 shows tlie iinterferornetric crack separatloi load dtc-riniiid

at different pararmetric ang es for test S 13-2. Hlere the local opening str,.ss

(rr.) is normalized with respect to the maximum cyclic stress (-maT . As

observed earlier for through-thickness and corner flaw experiments, Figure

4.50 shows that the opening stress decreases rapidly as one moves away from

the free surface location.

Figure 4.51 presents the free surface interferometric opening stresses (at

00) obtained at various crack geometries for all tests reported here.

Recall that the interior 'a' location was always opened under zero load,

while the free surface required a significant portion of the load cycle to open

at the tips. Thus an effective cyclic stress level can be computed at each

point where the 'a' and 'c' dimensions are defined. The effective stress level

at a given point is defined here as the difference between the maximum

applied cyclic stress and the stress required for crack tip separation at the

point under consideration.

Note in Figure 4.51 that the free surface opening loads for the

intermediate cyclic r experiments are somewhat higher than the opening

loads observed under relatively 'low' or 'high' cyclic Tmax For example, in

Figure 4.51 the crack opening loads observed under cyclic r, Max of 8790 KPa

are higher than the opening loads obtained from experiments conducted at

10,340 or 7240 KPa. Similar observations were made with the through-

thickness flaw experiments where the crack opening loads for an

intermediate cyclic Km,, were higher than the opening loads recorded for
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either 'low' or 'high' cyclic Kmax experiments.

Vilgure .1.52 shows the fatigue crack growth rates da/dN and dc/(dN

plotted verrsus the corresponding norinail applied _AK for the five cyclic bend

experitrietits reported here. Illere tle cyclic stress intensity factors :re

computed from the Newman and Raju solution [59 employing the nominally

applied cyclic load. A least square fit through the through-thickness crack

growth rate data (da/dN versus nominal applied AK) is also presented in

Figure 1.52 for comparison purposes. Note here that the through crack

growth behavior lies close to the surface flaw growth rates. Figure 1.53 plots

the surface crack growth rates as a function of the effective AIK at the

respective points 'a' and 'c'. Here the 'effective' A\K is computed with the

'closure corrected' cyclic load which results when the crack faces are always

separated at the points of interest.

Note from Figure 4.52 that da/dN and dc/dN show a systematic

variation when plotted against the nominal applied -_\K. For example in

Figure 4.52, a least square power law (Paris) fit through the da/dN versus

applied AK data shows significant deviation from a similar curve fit with

the dc/dN quantities. However, when the closure corrected effective AK

value is used in place of the nominal applied AK, as in Figure 4.53, the

crack growth rates da/dN and dc/dN indicate little difference.

4.4.2 CMOD Measurements:

As discussed earlier, CMOD readings were also obtained in addition to

the interferometric measurements during the crack propagation period. The

' , -e "" . .. ,# " , -, -, ." " . 4" " ," d .- " e .,' .'_. .- ,'- '. ,- ,, .-. ,r - .- ,r- .- - - ., ,r..,r" -_w ,,,. ,.... %. . .
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bulk (average) crack opening loads were determined from the load-

displacement curves obtained from a clip gage ion nted at the crack nouth.

Jligure 1.51 compares the crack ope 1g h):ts oht:, ired f'rom (.IOl)

readings with the interterornetric free surl'ace opening values. Iflere the ,

opening loads are plotted versus the crack aspect ratios (a/c) to observe the

effect of surface flaw shape on the comparison between the local (free

surface) and global (CMOD) opening values. The (lotted lines represent the

minimum and maximum cyclic stress limits. Recall that at the specimen's

depth location the crack tip was open under zero load. Note from figure

.5.1 that the interferometric free surface opening load generally lies above

the bulk (average) measurements obtained at the crack mouth, although the

difference between these two types of opening loads is not significant.

Similar comparisons for through-thickness flaws in PMNvLA members using

CMOD, BFS, and optical interference measurements showed that the global

crack opening loads (from CMOD and BFS) were significantly lower than the

interferometric free surface opening load. Thus the bulk crack opening load

is lower than the free surface opening value for through-thickness flaws, %

while for surface flaws, these two quantities do not vary significantly.

For a through-thickness flaw, the entire crack front is equidistant from

the CMOD measurement location; thus the global opening load obtained

from the CMOD reflects an average of the mid-plane and free surface

opening values. On the other hand for the surface flaw, the CMO),

measurement location is closer to the free surface crack tip than for the

maximum crack depth point. Thus the opening load determined from

CMOD readings should be significantly influenced by the free surface crack

..
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tip behavior, and may not rcflect the true global (average) quantity for the
Pt.r

entire surface flaw. b
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Tabih 4.1: Test matrix for the through-thickness flaw experiments with

1/2*
TEST K (KPa-m R Thickness (mm)

PX-16 600 0.1 5

PX-13 600 0.1 10

PX-12 600 0.1 13

PX-11 600 0.1 19

PX-10 600 0.1 25

PX-15 440 0.1 25

PX-14 770 0.1 25

PX-6 825-550 0.1 25 -

PX-8 825-550 0.1 19 Ia

PX-5 715 0.1 25 -4

PX-4 935 0.1 19 --

PX-3 825 0.1 19

PX-2 660 0.1 19

PX-7 715 0.3 25

• t

•.%

.%d

"-> "-"-'> --.- ----- - ... .... ,. .... ... -.2
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: :
A, 

STable 1.2: Test matrix for the Polycarbonate through-thickness flaw
experiments.

TEST K (KPa-m 1/ 2 ) R Thickness (mm)

I.,,,,• .'PC-I 330 0.1I 25

PC-7 330 0.1 25
PC-2 330 0.1 19

PC-5 330 0.1 19

.- PC-3 330 0.1 19

PC-6 330 0.1 10

loo.

S.

5."

V
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Ka

maxaTFable 4t.1: Test matrix for the surface flawed plates. J

TEST Bending R Thickness (mm) '-.

KPa

S89 .max
SB-I 8790 0.1 25

SB-2 8790 0.1 25

SB-3 10,340 0.1 25

SB-6 10,340 0.1 25 ]

SB-7 7240 0.1 25

P.

V.-
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Figure 4.1: Crack length versus elapsed cycles response for test PX-6.
Mid-plane and free surface crack lengths are also shown to ,.

characterize tunnelling phenomenon. ,.
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INN

(a) K/Kmax.

(b) K/m =1ax
6=25 mm

Fig-irv 1.2: Intertecrerice fringe' patt rr) obt) :nedi Cor i riols :1 1)1 li(d loadIs
showing the thlrue-lim~ersionlI (crack opening profile ol' PNINIA
'4pccirnen subjected to) vowstant ('yell) K loadling.
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Figure 1.4: Mid-plane crack openizig profile for increasing load. The crack
opening displacement is expressed here in fringe order units.
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igure 1.5: Free surface crack opening profiles for increasing load. KO1
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Figure '1.10: Comparison of crack opening loads obtained from inter-

ferometry, CMOD, and BFS measurements for various crack

lengths.
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Figure .11: Comparison of the magnitude of crack tunnelling with chang-
ing specimen thickness.
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Figure 4.13: Comparison of zero load mid-plane opening profiles for varying
specimen thickness.
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Figure 4.14: Int~errerometric operling load as a lrunction of absolute distance ,
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Figure 11. 13: Interferornetric free surface opening load as a function of crack
length for varying specimen thickness.
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Figure 4.16: Interferometric free surface opening loads for 19 nim thick

experiments with various cyclic K.nax levels.
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Figure 4.17: Interferometri free surface opening loads for 25 min thick

experiments with various cyclic K,,ax levels.
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5.1 TESTING BY RAY:

AS Shown Mii tn;i e 5.1, P~ay .50i, condIu c ted five hend(inrg tests at three

different lo;dlwo I- .(Opticatl i!terrerotict ry was used to ojeteruuue \ IOei h

c'lo u r ci ri v \ p''riiu n t vr'- con d u et d at a n I? ra tio) of 0. 1.

The current mnmerical ruo(leI1 predicts significant closure at the interior

of the surf ace crac ks, which was not observed in any of the experiments with

F)MN!A. Figure 5. 1 shows; the predicted interior closure for test SB1-1. The

ni4),hd ,ooVI( gid 'iorrelation vwith t he vxperimllintal results for clos~ure at

the free suirface for tests 513- I, 13-2, anid S11-7 (fiure 3.2 shows the

prodicteol free surface closu1re for test TBi. 1hese tests were performed ait

ITnaxinnirn11 outer fiber bendin, :4ressce; of 8790 and 72410 Kpa. Tests S11-3

and S11-6 were conducted at loads of 10,3-10 IKpa and exhibited less closure

than the other tests. The free surlface closure predictions by the model were

considlerably higher than the experimentally observed values for tests SB-3

an(1 SBfl6 (figure 5.3 shows the experimental and predicted closure for test

S11-3) B3ecause of the interior closure calculated by the model, the growth in

the a dimension was reduced, and the aspect ratio (a/c) o~f the modeled

crao'k becamne less than that of the actual crack. This is shown in figure .5.4

which plots the experimental and calculated aspect ratios for test SB-7.

As the crack grows, the model predicts a slight decrease in closure at

the free surface, while closure at the interior (lecreases and then increases.

Trhe reason for the decrease in closure at the free surface appears to he the

increase in Km ax as the crack lengrth increases. The value of K( remains

nearly constant as the crack grows. TUhe increase in interior closure at high

values of a/t is probably due to the inaccuracy of the weight function
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method that was used to calculate K,)p. Figures 3.5 and 3.6 show the

inadequacy of the method tor large cracks (a/t > 0.3).

5.2 TESTING tiY nzOIj,.\:

Troha 62 cond hcted f'our cyclic hending tests with surface flaws in

PMMA specimens. These tests were perforined on specimens 76.2 mm wide ',

and 19.05 mm thick, which were inachired frori a different sheet of P.MMA

than that stutlied by lay. Test :- 11 rn'ai:l[tain'wd a colnstanit -1K of 660 LN)a

m ( 1/2) at the interior (crack !ocatlo. A') while 3-11 maintained the sarne -M

at the free surface (crack location (C). These constant K tests were

achieved by appropriate shedding of the applied cyclic moment. A constant

cyclic moment of 72.8 N-rn was applied to 3-15, while test 3-16 was

subjected to block loading (cyclic mnomnents of 72.8, 87.3, 72.8, and 36.4 N-

m).

Troha observed phenomena that were not seen by Ray. Troha viewed

what he referred to as a "Type 11" crack !631. This type of crack, shown in

figure 5.5, exhibits closure at the crack interior, while no contact occurs in

the central area of the crack. Troha reported that this type of crack had an

aspect ratio (a/c) that ranged from 0.75 to 0.65 while a/t varied from 0.084.

to 0.156. As this type of crack grew larger it exhibited the same type of

behavior that Ray observed (no interior closure). This type of crack vas

referred to as a "Type Ill" crack by Troha, which he defined as a crack that

was always open at the interior (point A). In the testing by Ray, the last

portion of the crack to open was at the free surface. For Troha's Type [II

crack, the last point to open was about 12 degrees away from the free
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surface (figure 5.6). %'

Figures 5.7 and 5.8 show experimental and predicted closure for Troha's -

constrant load test 3-t3. Fl-ure 5.7 show,., good :igreerient for free suilrhr,

closure. In figure ;).8 it. cam be seen that there w:s som experinemtally

observed interior closure at small crack sizes. The miodel predicted nich

more interior closure than was observed experimentally. Figu res 5.9 and

5.10 show experimental and predicted closure for test 3-16, which was

subjeced to block loading. In figure 5.9 there is a large invrcasc in

experimental closure at a c/t ratio value of approximately 0.A. This is

because the specimen experienced a fifty percent decrease in applied moment

at this point. The predicted curve does not show this drop because -

predticted the specimen would fail before the load was reduced. Therefore ,.

another computer run was made to analyze test 3-16. In this run crack

growth was not predicted by the model, but instead forced to follow the

experimentally observed pattern. The results of this run are shown in figure

5.11 as the curve marked "Simulated growth." Although this curve shows r.

the increase in closure at c/t=0.4, it also shows it decreasing much too

rapidly as the crack continues to grow. %-%

5.3 TENSION TESTING: -, 0"

Two cyclic tension tests were performed with surface flawed plates.

The specinens were cut from the same sheet of PMMA that was used -V

Ray, and were oriented so that the cracks grew in the same plane. It was

necessary to pre-crack these specimens under bending loads to avoid de-

bonding in the grips. Section 4.4 of reference 58 explains how these

. %---
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specimens were prepared.

As in the bending tests condticted by Ray, rio interior closire w.a S

observed for the cyclic tension loadiinig. Considerable closur, ex'S4t( at ihe

tree siirt'ace. lhis f'actor, along with the relative increase it IK at the

interior caused the crack to grow miuch more rapidly in the interior than at

the free surface. The K at the interior during bending was not very high

since the bending stress drops off quickly as one moves away from the free

sirface. Initially, the free surface crack dintension c grew very slowly in

both specimens T-2 and T-3. As observed by Troha and Ray, the point of

rnaximunI (lisplacerient at minimum load was internal rather than at the

free surface. The last point on the crack to open was at the free surface, as

Ray observed, rather than at 12 degrees inside the free surface which Troha

observed. Figure 5.12 shows that the model did not correctly predict the

high free surface closure levels that were observed experimentally when the

pre-cracking bending loads were concluded and the tension loads initiated.

In these figures a/t is plotted along the x-axis rather than c/t because so

little growth occurred along the free surface. As in the tests by Ray, the
,.

model predicted significant interior closure when none was observed Il

experimentally (figure 5.12). -

It is not clear why so much more closure is observed at the free surface

than is calculated by the model. The stress distribution inder bending load

is (ifferent from that caused by tension loading (stress tinder tension loading

is constant while stress under bending decreases as distanc, from the free

surface increases), but it is not apparent why this should cause so much

closure. The high closure does seem to be a result of the transition from

%-

I,. , r - , -'-i '= : i "'' ' " " " - :' " I" "" " : ' " " :, '; ' ""
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bending to tensile loading, since closure decreases as the crack grows under

tensile load.

5.A SENSITIVITY ANALYSIS

After the numerical model had been completed and coinpared with test

results, a series of computations were made (see Table 5.2) to determine the

sensitivity of closure to several different parameters. These parameters

were:

* Flow stress

M Maximum load

R ratio

* Constraint factor alpha

* Weight function reference case

Although the modulus of elasticity appears in some of the equations

used, it has no effect on the computed closure. Lowering the modulus allows

greater displacements of the crack surfaces and the elements that are

created are longer, but the contact stresses remain the same, therefore

closure remains the same. In his literature survey, Banarjee [51 reports that

it has been observed by Fuhring and Seeger 63] that K0, should be

independent of the elastic modulus, but this has not been investigated.

experimentally.

5.4.1 Flow Stress:

Yield stress is used only to determine the convergence limit for the

contact stresses. When an iteration causes a change in stress less than two

116
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percent of the yield stress for all elements, the stresses are assumed to have

converged. In all other calculations the flow stress, which is the average of

the yield and ultiriate stress, is used. Case number 1, shown in l:0,ie 5.2,

was bas-ed oi lav's test ,1B-7. [ihis test had a IlaXi[iillil r1ior1erut. or 79.1

N-ni, which corresponds to a Irraxiiinuur outer fiber beriding stress of 7210

Kpa (See Table 5.1 for more information.). This experiment was modeled

using flow stresses of 13,790, 27,580, 41,370, arid 68,950 Kpa (run numbers 2,

3, 1 and 1). aid the effect of varying flow stress can be seen in figlres 3.13

anid 3.1. Note that the effect of flow stress on the closure calculations

appears to be negligible. The initially lower values of closure at the free

surface for a flow stress of 13,790 Kpa are due to an insuflicient arount of

pre-cracking. When the flow stress is lowered, several things happen:

* The plastic zone becomes larger, and therefore

the effective crack length becomes larger.

The elements in the plastic zone and wake become longer.

* The maximum stress that develops in the wake is smaller,

but contact occurs over a much longer distance

It is the last effect which causes the model to initially predict lower

closure values for a flow stress of 13,790 Kpa. Simulated pre-cracking from ,

a=2.82 HIm, c-3.51 mm to a=3.20 mm, c--3.58 mm is sufficient for a flow

stress of .11,370 Kpa, but not enough for 13,790 Kpa. This is because

contact in the 13,790 KiPa flow stress case should extend behind the point 

where the simulated pre-cracking began. Since the model did not generate

any plastic wake in this area (see figure 5.15), it assumes no contact between

the crack surfaces. This results in a closure calculation that is too low.

.%
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IBanarjee 5) reports that while there is somne evidlence that KP

increases :as vie Id stress decreases, mnateria Is withI (ilifere iit v-ie 1 st reiitlis

als) h~ver dJ~epr't 11itcrO~trlictiiral fe:it!ires'. 11115 Could res11li !! ;L %pla tloii%

I S;U'face roiiiienSs wich'l iiight etli he- c~ ' In clc),irc ;t,-v(w.-;it4 4

with \(11d ntres-s.

5.4.2 Maximum Load:

.\CCOrdl to Ne 1 !111n 1I closulre s lldIiL('~ :Lts the 11i:1X'IN11111

a DpI ied load S"flV/ '7T iTrass his e ffect is :iios t iot joeahlie at higher

si res", levelds arid( lower It ratios. Tak inrg ca'se 1111 he(r I aS aL lu Sei re, the

11aXimum11T irionen t was increased to 158.2 N- in and 2:37.3: N-in, The se ri us

showed art iici ally high c losuire du e to the high crack gTrowth rate ('aii sed by

the high loads. This caused the newly rormed( eleinents to execeol1 the five

percent of the plastic zone criterion. Runis that were later mnade with

smnaller load increases showed no significant chanige in Closure. IBararjee -51 w

re por ts in his literature survey that some investigators have found closuire

(lKP/Kmax)) to be independent of Kmax, while others have observed a

(15creasei closure as K M.X increases..

5.4.3 R-Ilatio:

F2 or ires 5. 16 and 5.17 show the e ffect of R~ ratio on crack c losu(re wheii

1I111 is kept constant (run iiibiers 1, 5. 6, 7 anid 8), while figuires 5.18 and a

5.19 show the Rt ratio effect when a constant cyclic mnomenit is mnaintainied

(run numrbers9 1, 9, 10, 11 and 12). increasing the R ratio increases the

amiount of closure because it reduces the comnpressive yielding i the plastic

%S
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1' wake at minimuii load. The compressive yielding shortens the elements in

N the plastic wake which reduces the contact stresses and therefore closure as

well. It should be rioted that the amount of pre-cracking req'ire(l is

,hpeidriit upon the It ratio. For high R ratios, contart ouly occurs very OP

near the crack tip, and very little pre-cracking is required. A colriput er run

with an R ratio of -1. was made but the results were unusable because of an• .5

N insufficient amount of pre-cracking. For figures 5.16 and 5.17 the maximum

load for all runs was kept constant. In figures 5.18 and 5.19 the cyclic load

5- was kept constant instead of the maximum load. These figures show the

same trend that is evident in figures 5.16 and 5.17. For lower R values. -

contact occurs over a larger area, and more pre-cracking is required.

According to an early paper (1971) by Elber [31, closure should be

related to R ratio in the following manner:

Kop/KmaxJ=.5+0. 1RO.R 2  (5.1)

This states that increasing the R ratio should cause an increase in the

opening load. This equation also indicates that Kop/Kmax should have a

minimum value of 0.5 for positive R ratios. According to Banarjee F5! ,

values of Kop/Kmax ranging from 0.15 to nearly I have been reported.

5.4.4 Constraint Factor Alpha:

The effect of varying the constraint factor ((k) was also examined.

Alpha is used to simulate the degree of constraint, which affects the aniorit

of closure since more closure occurs under plane stress conditions than under

plane strain conditions. In his analysis on aluminum, Newman [191 used

I= for plane stress and 1-3 for plane strain conditions. Because of its b

%%

5.



higher poissons ratio, Itwas set equal to 5 for plane strain conditions in

PNIMA. This is explained ini rore dot ail in section 41.1 of reference 1581. The

IVV

PO thesis. Test 88B-7 was modelcd using three different alplia (listrilit onS:

Unfr deph estimain max imrui fk- (u numiber 1) 0

Urn 10rin de0pt h estimation, r1.iaximurn I 3 (run numiber 141)

1 5 (plane [wskr;i fi' ce -r, a hcre (run numnber 13)

The results of these veases are (lisplayed in figures 5.20) and 5.21 a long wITh1

the ex perln -entIally observed closure loads from Ray's test 13-7. .kXii at temnpt

to miode-l 'omlplete planue s t ress around the c rack perimeter( I

everywhere) cauisedl 1(01 to excee(d IKMAXa, which resulted in a stoppage of

crack growth at A. This caused an arithmetic error to occur in the

a lgori t brr. TJhe prografr is riot able to handle cases where the crack

completely stops growing at the free surface or the interior.

Figues 520 nd 521 how hatclosure increases as constraint factor

alpha decreases. This is because lowering alpha simulates conditions closer

to plane stress and allows greater yielding. Allowing a maximium alpha of 5

seemns to correlate better with the test data than a maximumn alpha of :3.

Inicreasing alphia In(:reases the miaximiumni stresses (T 0) htcnocri h

plastic ZOne, but it decreases the size of the plastic zone (1)). Trhe net result

istht lesyilin cijrs, and this results in less closu re.
N

I %:
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5.4.5 Weight Function Reference Case:

eThe computer algorithm utilizes the weight function method to

determine K(.p (,,,m -ection 3.1 of this report for niore detail). This requir(s.

the use of a rel('rerce c:e;e tor vhich the stress intensity factors and crack

displacements are known. To test the effect of the reference case on closure l

calculated by the model, a computer run was made using a tension reference

case (case 15) instead of the bending reference case used in all other runs.

Comparing calculations 1 and 15 in fiou res m.22 and 5.23, it can be seen that

the reference case has little effect on closu re. [he discrepancies that exist

between the curves are due to the reference case approximations for the

surface crack displacements (Ur). The surface crack displacements are .

necessary to evaluate ,"Ur/"'a and ) Ur/,'c in equations 3.2 and 3.3. Initially,

the differences in closure loads between runs I and 15 are only two percent,

but this difference increases as the crack becomes larger. This is consistent

with the results shown in figures 3.5 and 3.6. These figures, which compare

the results from the algorithm using the bending reference case to the

Newman-Raju stress intensity factor solutions, show that the method is less

accurate at larger crack sizes. Mattheck et al ,601, using a tension reference

case, also reported that the method is less accurate at higher a/t ratios.

In summation, closure predicted by the computer model is affected by

certain parameters in the following ways:

Modulus of elasticity has no effect on closure

Slow stress has no significant effect on closure %

SIncreasing the R ratio increases closure

* Increasing the constraint factor alpha decreases closure

• Maximum load has no significant effect on closure
p

:.- %V..... . .. ~. -.-. . .~. ~ -- ,.-- -,
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Table 5.1: Load levels and specimen dimensions of experiments which were
modeled numerically

1 (ro.s Load Test it
i'.xp(riniiter Sectioll I oadilng level 11) P{:atio

Rav 101 .6x2. ) 1 herolirg 8790 Ktpa SB-I 0.1
l6illiI, t(rs riiaxirn'uni

Ray 101.6x23.9 bendin, 8790 Kpa SB-2 0.1
millimeters maximum

Ray 101.6x23.9 bending 10,340 Kpa SB-3 0.1 %
millimeters maximum

Ray 101.6x239 bending 10,340 Kpa SB-6 0.1
millimeters maximum

Ray 101.6x23.9 bending 72,40 Kpa SB-7 0.1
i illiriueters maximurn

Troha 76.2x 19.1 berlding K = 660 3-11 0.035
- millimeters 1Kpa-r(

Troha 76.2x i.t bending AKC= 66) 3-14 0.035

Millimeters Kpa-m(1/2)

Troha 76.2x19. t bending 16,340 Kpa 3-15 0.035
.millimeters maximum

Troha 76.2x19.1 bending block 3-16 0.035
millimeters loading

Pope 88.gx23.9 tension 7000-7930 T-2 0.1
millimeters Kpa maximm

Pope 88.9x23.9 tension 7450-6515-5580 T-3 0.1
millimneters Kpa mnaxiimumn

;.? .. '

% %-
• A,

5-•

S 5 5
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Table 5.2: Summiary of sensitivity analysis runs

Run Flow% St ress RNI aximin WXVt. Fun e tio[n
(K (lpa) I? a t Io Alphia Mioment kefe-rciicc %( as

(N- m) - %

1 .11,370) 0 1 1) is t rib 1,1 ted { 79.1 1 (e ndi InI

,M;_ L Mx -5

2 13,790 01 D is tri 11 Ui ted 79.1 Ile it(d i n g 1

Max - 5 .. ,4~

327,580 0.1 D~istributed 79.1 BenIid in S

468,950 01 D is tribu)11t ed 79.1 Be 11d i11
Max - 5 I.

1 1,7 Distributed 79.1 Bend,111 -

7 41,370 0.3 Dsrbtd 7.
M~ax = 5

6 141,370 0. Distributed 79.1 Beniding
Max = 5

9 13000 Distributed 71.12 - Bending -

14130 02 Distributed 79.1 Bending
Max =-5

14130 0.0 Distributed 701.2 Bending-'
Max = 5

10 41,370 0.2 Distributed 89. Bending
Max=5

111 41,370 0.3 Distributed 101.7 Bendinig
Max=3

12 41,370 0. Distributed 191. Tendin
Max 5
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- CHAPTER 6

SUMMARY

,- S

The ol)jective of this chapter is to summarize the experil,,(:t :1iit !

analytical results of this project. Section 6.1 summarizes ilic res.Ilits

- obtained from the various th-ough-thickness flaw and part..tlirough tlaw N.

experiments conducted with the transparent polymer inembers. In section

6.2 the polymer crack opening behavior is then examined in context with

metal behavior reported by various investigators. The analyti,'al results are

summarized in se-tion 6.3.

6.1 SUMMARY OF POLYMER RESULTS:

Fatigue crack closure experiments were conducted with through-

thickness, corner, and surface flaws located in transparent polymer

- specimens. Optical interference was employed to determine the three-

dimensional crack surface displacement field and to characterize local

" - (point-wise) crack closure levels along the crack perimeter. In addition, bulk

*' "i (average) crack opening loads obt,6ined for certain crack geoii(:tris v'

(IMOD and bhack face strain measurement techniques, vere compared with

the point-wise measure of crack closure obtained from optical interference.

; .5

, . N..
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The optical interference fringe patterns showed that a major portion of

the crack surfaces were separated in the thick polymer specimen at Zero

loal. Ihoxwever, a rlatively Inr,- :i o iit o'f cra k l ,i ir(' wa l, , rv,d at

Hfit, free ,iurIla(-( (pl:mii-tr- ) lImeatioils .. 4 AlhouI~,i the crack >iirl'tr-, , att

specilen interior are propped open un(der ze(ro load, the large level of' free

surface closure affects subsequent opening at the Interior fo(-ation. For

exa mnple, in through-thickness cracked members, the 1(id-plane (lisplacimen t

profile obtained from a nume rical elastic analysis agre e well it Ii the

experimental results from optical intertrerence, provided that th .ftct of

free surface closure was accounted for. WAhen computing the expe.ri iietal

elastic displacement profile at the speciinen's nid-plane. it was 1Cos :Lry to

select load levels which caused a major portion of the free surface crack

surfaces to remain open (additional (letails are given in reference 50).

IAlthough crack tunnelling was observed for various flaw shapes, a

quantitative study of the through-thickness flaws showed that the

magnitude of crack tunnelling was relatively invariant with crack length.

This behavior suggests that the crack growth rate along the specimen's free

edge does not vary significantly from the mid-plane crack growth rate,

although the closure level at the free surface is significanty higher than the

interior location. Thus, the effective cyclic stress experieaced at the mid-
plane location is not only affected by the closure level at that point, but also

-a

by the closure behavior along the free surfaces. This issue is also -.

complicated by the fact that the stress intensity factor for a curved through

crack would b)e expected to vary along the crack perimeter.

a..
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Experiments conducted with varying specimen thicknesses showed that

crack closure was primarily confined to a strip approximately 2-3 mm wide

near each tree edge l'or throu gIi tlhis in 1NI.\ test mncinbers. This .-

transition region (strip) was not siaiiniicantly all'Cted by specirtieri thickness

or the cyclic Krnax level. Thnis, a larger perceiiage of the specimen's

thickness was under this transition region for the 'thinner' members. Since

the difference in the crack opening behavior between the free surface and

the mid-plane was less evident !or a thin inber, the effective cycic stress

experienced at these two locations did not vary signilvantly. As a result,

the magnitude of crack tunnelling was observed to decrease with a reduction

in specimen thickness. Crack tunnelling was also observed with corner llaws

located at holes. Here a comparison belween the experimental crack front

with an assumed quarter-elliptic shape showed that the actual

(experimental) crack front in the specimen interior lies ahead of the elliptic

shape.

Comparison between the global (average) crack opening loads obtained

5 from CMOD and BFS measurement techniques with the interferometric

opening load showed that for a thick member, these bulk opening loads are

lower than the free surface opening load. Since a thick member exhibits a

significant difference between the free surface and the interior crack opening

behavior, these bulk (global) crack opening loads are expected to represent

an average quantity for the entire specimen thickness.

da'p

2'_".

N
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6.2 CRACK OPENING IN METALS:

The objective here is to compare aspects of the polymer results with the b

linited amont o 'itil'ormathtn available for experiments conduicted by

'-'vario s o)thr investigators with ietal m em bers. .

Figures 6.1-6.3 present the crack opening loads obtained from various

measurement techniques in Rene-95 (a nickel based alloy) specimens. These

experiments were conducted with compact tension specimens by Dr. N. E.

Ashbaugh, of the University of Dayton Research Institute Ai91. Here the

metal specimens were subjected to constant cyclic Kmax levels. Three

W different techniques, niamely CMOD, BFS, and interferometric displacement

gauge (IDG) measurements were employed here to give global and local

crack opening load. The IDG method is described in references 35-38 and

section 2.2 of reference 50. Recall that the CMOD, and BFS readings reflect

a bulk (average) crack opening load, while the IDG measurements provide a

local crack opening level for a certain distance behind the free surface crack

tip.

Figures 6.1-6.3 compare these various measures of crack opening load.

The crack opening loads obtained from the IDG measurements were taken

at a point 7.62 x 1 - mm behind the crack tip on the specimen surface.

These figures compare the bulk crack opening (CMOD and BFS) with local

free surface ([I)G) crack opening for 10, 5, and 2 mm thick specimens.

Note from Figures 6.1 and 6.2 that for relatively thick members, the

bulk opening loads fall significantly below the free surface opening loads.

This difference in crack opening was also observed with the polymer

specimens, and suggests that these thick metal members also exhibit Z

1%

, %-
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significant three-dimensional variation in crack opening. On the other hand,

Figure 6.3 shows that for a thin member (2 mm thick), the difference -.

between the bulk mid free surface opening is not significant, suggesting an

uniftorn crack opening behavior in the thin members.

This variation in crack opening between 'thick' and 'thin' members was

also observed with the PMMA through-flaw experiments, where the bulk

(average) measure of crack opening load for a thick member was found to be

signiticantly less than the interferometric free surface opening load.

Furthermore, intcrferometric results obtained from polymer experiments

conducted with varying specimen thickness showed that crack opening for a

thin (5 mni thick) PMNLA specimen was uniform across the crack plane, S

while a 25 mm thick member indicated a large displacement gradient

between the mid-plane (interior) and the free edges. Thus the three-

dimensional variation in crack opening decreases with a reduction in

specimen thickness. "' "

Since the difference in crack opening between the free surface and the
mid-plane was less evident for a thin member, the thinner specimens

''

exhibited significantly less crack tunnelling than the thick members. This ,. 2

decrease in crack tunnelling with specimen thickness was also observed in

I-T80 steel specimens subjected to overloads [9].

Crack closure experiments conducted with otiler metal members in

references j65-67 employing electron fractography showed a dilference in the %
_O

crack opening behavior between the free surface and the mid-plane

(interior). Ifere the specimen's fracture surfaces were marked with a special

type of load-sequence, and fractographic studies clearly indicated that the

*q. *,/

%Pr f- ,r
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free surface crack opening load along the free surface of a thick member was

significantly larger than the mid-plane crack opening value. Other b

experirilints conducted with a push-rod displacement gage in inetal

Spec iens 30-31 also showed sinilIar crack opening behavi1or, where the

crack first opens in the interior followed by subsequent opening along the

free edges. %

Recently a three-dimensional elastic plastic cyclic finite element analysis

of a straight-through crack front '18 predicted the variation in fatigue

crack opening load along the flaw perimeter. Here a straight-through crack

located in a finite thickness plate was simulated with a tensile cyclic load V

range between 2.5 and 250 of the material's yield stress. The elastic-plastic _0

finite element analysis was carried out for 10 cycles of load. The crack was

allowed to extend one element size (0.03 mm) each cycle, and the opening

loads were computed after each load cycle. In this model, as before, the

crack first opened in the plane strain interior followed by crack tip opening

at the free surface locations as schematically shown in Figure 6.4. Note here

that under an applied load of 0.1 Smax, the interior portion of the crack

starts to open. As the applied load is increased to 0.36 Smax' a major N

portion of the original interior crack tip remains open, while the the free

surface crack faces are still closed. A load level greater than 0.56 Smax is.,

required to separate the crack faces completely along the free edges. Recall

that the through-thickness flaw experiments also showed that the crack first .-

opened in the specimen interior followed by free surface opening at a

significantly larger load.

.'.
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Note in Figure 6.4 that unlike the polymer results, where a major

portion of the interior crack perimeter remains open under zero load, the I

numerical analviis in reference 18 shows the crack 'aces in the scin'ri "

interior to be in contact at zero load. lowever, the contact stresses at the

specimen's mid-plane were found to be significantly less than those

computed at the plane stress free edges. Vurthermore, the numerical study

does not include the roughness induced crack closure phenomenon, where the

crack surface roighness keeps the crack proppe(l open under zero load. I

Thus, it is believed here that the initial residual crack opening in the

polymer specimen interior may be due to a combination of crack surface

roughness and low 'contact stress' level observed at the plane strain interior.

Although similar crack surface roughness exists along the free surfaces, the

'large' contact stresses force the free edges to come in close contact, and

prevent the crack from opening under a relatively low load at these plane

stress locations.

Although a complete three-dimensional experimental investigation of

crack opening in metal members may not be possible, the indirect evidence

presented above, such as crack tunnelling and fracture surface appearance,

clearly suggest a three-dimensional variation 'n crack opening along the flaw ""

perimeter of a metal specimen. Although it is not known whether the

polymer results obtained here describe the crack opening in metal members

quantitatively, it is believed that the crack opening behavior in polymer

specimens may reflect the corresponding behavior in the metal members

qualitatively.

-'-
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6.3 SUMMARY OF ANALYTICAL RESULTS:

Comparison of the closure calculations performed here with the bending

tests )y Pay and the tension tests performed by Pope reveals a :eroioIs

deliciency in1 the model. The model predicts contact between the crack

surfaces at the specimen interior where no ccntact is observed (see figure

6.5). In Troha's experiments, some interior contact was observed, but only

for small a/t ratios (less than 0.156). His experiments were performed with

a thinner sheet of t)M\A (0.75 versus 0.94 inches) and at a slightly lowvr R

ratio (0.035 versus 0.1)

Fleck's paper 20' on plasticity-induced plane strain closure may explain

this absence of interior contact observed in the experiments. In his studls, a

center cracked panel and an edge cracked bend specimen were examined

with a two-dimensional elastic-perfectly plastic finite element code. ILarsson

and Carlsson t681 showed the importance of the T-stress (the non-singular

stress parallel to the crack plane) for stationary cracks, and Fleck examined

its effect on a growing crack under plane strain conditions. Along slice 0-6 S

in figure 3.3, the surface crack may be assumed to act like an edge crack.

The T-stress for an edge crack in bending is tensile, which results in a

plastic zone at mayimum load like that in figure 6.6. Here ao is the crack

length at which the finite element analysis was initiated, and at is the final

crack size. The plastic zones shown in figure 6.6 occur when the crack

length is at. The portion of the plastic zone along the crack flank yields in

tension in the x direction. This counteracts the earlier yielding that al

occurred in the plastic zone ahead of the crack tip and reduces the size of

the plastic wake elements. The net result is less closure since there is less

N.

%
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material to wedge the crack open.

All experiments reviewed in this report showed that the maximniriti

displacement did not occur at the crack mouth, as might be expected, hlut

occurred at the crack interior. Ileck's paper also sheds some light on this

phenomenon. A crack under plane stress closes continuously, which means

that contact first occurs immediately behind the crack tip and then proceeds

back toward the crack mouth. In a plane strain situation, discontinuous

closure occurs after the crack has grown a short distaice t'rom its initia iHaw

size. Discontinuous closure means that contact first occurs immediately

behind the crack tip and next occurs far behind the crack tip as shown in

figure 6.7. In this figure, the gap between the crack surfaces at minimum

load, min divided by the quantity Kax,/(TyE is plotted along the ordinate.

The distance behind the crack tip, x, divided by Km2x/ 2 is plotted along

the abscissa. Figure 6.7 shows the displacement profiles for both center

cracked panel and bend specimens. Notice that the point of maximum

displacement is much closer to the crack tip than the crack mouth. This is

the same type of behavior that has been observed in the specimen interior

for the surface crack experiments.

Ray conducted experiments at three different stress levels. As expected,

the medium stress level :-xhibited higher free surface opening loads than the

lower stress level tests. The highest stressed tests had lower free surface

opening loads than the rlediulm stressed tests. The computer model does not

predict this trend. As the applied load is increased, the model will always
'

predict higher opening ioads. This discrepancy may be due to the elfect of '.

the T-stress. Fleck reported that for plane strain conditions, no plasticity-

% %.
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induced closure would occur if the ratio Tmax/arys is greater than a critical

value between 0.035 and 0.070. -

'a

In Troha's tests, he noticed that as load was applied, the :ist point on -

the crack perimeter to open was not at the free surface but about twelve

degrees inside the free surface. Elastic plastic finite elemnent analysis by

Trantina [691 on semicircular surface cracks showed that the highest stress

occurred at about fifteen degrees from the free surface. This was due to the

redistribution in load, and may be responsible for the opening beha vior that S

Troha observed. His specimens were thinner than those of the other

experimenters, which may be why this phenromena was riot observed by

others.

The computational model used in this project is based on the

plasticity-induced closure mechanism only. The roughness induced

mechanism, which is usually significant only for small crack or near

threshold cases, is not accounted for in this model. In most cases analyzed

in this paper, the predicted closure is greater than the actual closure, so the

inclusion of a roughness induced mechanism would not reduce these

discrepancies. Visual inspection of the fracture surfaces of specimen T-2

showed smooth transparent surfaces. Also the interference fringes appeared

to be reasonably distinct. In the case of polycarbonate [7], the interference -V

fringes cannot be seen when the crack is grown at high values of AK, which ..%-

causes the crack surfaces to be become rough.

From this project the following conclusions can be drawn:

1. The free surface closure values predicted by the model

correlate well with most of the experiments examined.

• " " ." . - * ',. " " 4" - ," ,. ," 1/" - - 4 ./ " " ,," w" . ." . ." .* " " •" ,' ,," ,e " 4" . . . . ' , " "• ",'q. " ". '
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2. The model predicts closure in the interior where none

or very little is observed.

3. At ninlilliul loal t he r11axiui iii (lisplac :enie t is observed

to occur at an internal location, while the model

assumes it occurs at the crack mouth.

4. Experiments show that Kp miay decrease when load

is increased. The model predicts Kop always increases

as the load increases. S

The basic method of the model appears to be valid, but the equations ,

used to calculate yielding and displacement seem to be inadequate. Since

the observed contact is very different from that predicted by the model

(figure 6.5), either the calculated displacements of the crack surface or the AA

lengths of the plastic wake elements are incorrect. In the current model, the

effect of yielding along the crack faces in the plastic wake is ignored. This

could cause elements in the plastic wake to be too large, which would result

in erroneously high values of Kop. In determining the displacement of the

surface crack under remote loading, it is assumed that the crack displaces

along various slices (figure 3.1) like a center cracked panel. This results in

the maximum displacement occurring at the crack origin. Under minimum

load it is observed that the maximum displacement occurs well inside the '

crack. This indicates that the displacement of the surface crack is much

more complex than the model assumes. ",.

Several recommendations can be made for future research work on

surface crack closure modeling:

1. A three-dimensional elastic-plastic finite element analysis of a

" ~ ~'j*.p~ ~ I ~ &< %*% % P.~' . % ..



172

growing surface crack should be performed. This type of analysis

has already been done for an edge crack by Chermahini 1181, and if I

performed for a sirIa'ace crack, wold 1 i. a better iriderstandingM

ol the conltact str(e-ses oc'lirring in the plastic wake.

2. A better elastic displacement e(tuation for the surface crack

needs to be developed. The method used in the present model

incorrectly predicts the location of the maximum displacement.

3. Nlore testinI sbooild be peIrformed to determine the effect of

spccimienl thickness on surface crack blehavior. Some differences

in behavior have been noted between Ray's 0.94 and Troha's 0.75

inch thick specimerns. _

4. More testing should be performed to deterrnine the effect of load

level for constant amplitude loading. Testing by Ray has indicated

that Kp can decrease or increase as applied load is increased.

Accomplishing these four items should lead to a better understanding of

closure in surface cracks and facilitate improved closure modeling.

.">

L

Ile

p-

4.

~ ~ ~ p ~ p .~



173

c 10~

CD0 u

I-. U M

0 U0

00

0

0- -

8 ol-

E)U -~cr

.1 -

E0E ~

oC: S-

80 0

-n Q

(W i8D 8JW)N O



174

CD \1

U') CDOC)w

I- LOC wC z

7. CD -- -

oz
W'LLJ

E 8 x +
8+

8l + +

-I-

(W 180~9 HdW) N3-dO M4



Pt-RI92 2%~ THREE-DIMENSIONAL ASPECTS OF FATIGUE CRACK CLOSIIRE(U 23
PURDUE UNIY LAFAYETTE IN SCHOOL OF AERONAUTICS AND
ASTRONAUTICS A F ORANDT ET AL. FEBD S RAE-99-1

UNCA.SSIFIED AFOSR-T26FR-9-9196A F 0 S'20 1 ML

II.'



ILL2 128L2I
L132 2K,

11111 111112 .0

11111 .25 111 4 11 1.



175

X: Q~ -U -o

Eo -X

o --

CD 5

C) -

Z~ 0..

E30 W

rn r.
C) -

C; Q

Sr v



xwu 'e'w WV-

178

wA

QA
x C-) -
a -< LL A

0 w

(~.E W

L).

Il-



~177

I,,,

p -m

r. 
V

"--2-

Vi

, o 
I

.,°.

4 t. .

S.



178

/ Post,c zone
Liat K O,.

P:oslnc zoneQ t K~o

x

Figure 6.6: Plastic zone for an edge crack (reference [201)

..

,p

003,-

002- -,

2-d roo to close \ .-0 ' -'d p eru lt~m a', 2 -tt
a.' 001 r: jzto open, for C C P,

" znd CCP ' -.
I 7'!

.-. 0 L_ _ . . .L _ -'. -. .. ....

-03 -02 . -01 0

of crC k t'Drccx J,p

Figure 6.7: Discontinous closure (reference [201)

'a.

'U.



179

LIST OF REFERENCES

[i Elber, W., "Fatigue Crack Propagation," Ph.D Thesis, 1968, University
of New South Wales.

[2] Elber, W., "Fatigue Crack Closure Under Cyclic Tension," Engineering
Fracture Mechanics, Vol. 2, No. 1, 1970, pp. 37-45.

[31 Elber, W., "The Significance of Fatigue Crack Closure," Damage
Tolerance in Aircraft Structures, ASTM STP 486, 1971, pp. 230-2,42.

SI[ Paris, P.C., "Twenty Years of Reflection on Questions involving Fatigue
Crack Growth," Fatigue Thresholds, Fundamentals and Engineering

-" Applications, Vol. 1, ed. J. Bachland, A. Blom, and C. Beevers, Proc. of
an International Conference, Stockholm, June 1981, pp. 3-32.

[5] Banerjee, S., "A Review of Crack Closure," Technical Report AFW.AL-
TR-84-4031, AFWAL Material Laboratory, W-PAFB, Ohio, January
1984.

IL
[61 Suresh, S., and Ritchie, R.O., "Near-Threshold Fatigue Crack

Propagation: A Perspective on the Role of Crack Closure," Fatigue
Crack Growth Threshold: Concepts, D.L. Davidson, and S. Suresh, Eds.,
TMS-AIME, Warrendale, PA, 1984, pp. 227-261.

P [7] Fuchs, FI.O., and Stephens, R.I., Metal Fatigue in Engineering, John
Wiley & Sons, 1980, pp. 46-48.

[8] Mills, W.J., and lertzberg, R.W., "The Effect of Sheet Thickness on,%
Fatigue Crack Retardation in 2024-T3 Aluminum Alloy," Engineering
Fracture Mechanics, Vol. 7, No. 4, 1975, pp. 705-711.

0

i.o

at'

% a'..~ o



180

(9] Matsuoka, S., and Tanaka, K., "Influence of Sheet Thickness on
Delayed Retardation Phenomenon in Fatigue Crack Growth in 1T80
Steel and A5083 Aluminum Alloy," Enginee ring Fracture Mechanics,
Vol. 13, No. 2, 1980, pp. 293-306.

1101 Saff, C., "F-4 Service-Life Tracking Program ((rack Growth Gages),"
Technical Report AFFDL-TR-79-3148, Air Force Flight l)ynanics
Laboratory, WPAFB, Ohio, 1979.

[11I Hess, J.P., Grandt, A.F., Jr., and Dumanis, A., "Effect of Side-Grooves
on Fatigue Crack Retardation," Fatigue of Engineering laterials and
Structures, Vol. 6, No. 2, 1983, pp. 189-199.

(121 Walker, W., and Beevers, C.J., "A Fatigue Crack Closure Mechanism in
Titanium," Fattgue of Engineering Materials and Structures, Vol. 1,
1979, pp. 135-148.

[131 Morris, W.L., James, M.R., and Buck, 0., "A Simple Model of Stress
Intensity Range Threshold and Crack Closure Stresses," Engineering
Fracture Mechanics, Vol. 18, No. 4, 1983, pp. 871-877.

[14] Minakawa, K., and McEvily, A.J., "On Crack Closure in Near-
Threshold Region," Scripta Metallurgica, Vol. 15, 1981, pp. 633-636. 4-

.4-,

[151 Ritchie, R.O., Suresh, S., and Moss, C.M., "Near-Threshold Fatigue
Crack Growth in 2 1/2 Cr-Mo Pressure Vessel Steel in Air and
Hydrogen," Journal of Engineering and Material Technology,
Transaction of ASME, Series H, 102, 1980, pp. 293-299.

1161 Suresh, S., Zamiski, G.F., and Ritchie, R.O., "Oxidation and Crack A

Closure, An Explanation for Near-Threshold Corrosion Fatigue Crack
Growth Behavior," Aetallurgical Transaction, 12A, 1981, pp. 1435-1.1,13.

[171 Newman, J.C., Jr., "A Finite-Element Analysis of Fatigue Crack
Closure," Mechanics of Crack Growth, ASTM STP 590, 1976, pp. 281-
301.

N.

4'

? o' " .' o '. . -%', " .o °,' . .'%C o-,r..n-.r.--.'.." '. " . ." ." " € ." . ." " " . .". - € o" .. . € . . .r.%'. ,-.,



181

[181 Chermahini, R.G., "Three-Dimensional Elastic-Plastic Finite Element
Analysis of Fatigue Crack Growth and Closure," Ph.D Thesis, Old
Dominion University, August, 1986.

j191 Newman, J.C., Jr., 'Prediction of Fatigue Crack Growth Under %e

Variable-Amplitude and Spectrum Loading using a Closure Model,"
Design of Fatigue and Fracture Resistant Structures, ASTM STP 761,
1982, pp. 255-277. %-

[201 Fleck, N.A., "Finite Element Analysis of Plasticity-Induced Crack

Closure Under Plane Strain Conditions," Engineering Fracture
Mechanics, Vol. 25, No. 4, 1986, pp. 441-4,49.

S

211 Fleck, N.A., "An Investigation of Fatigue Crack Closure," CUED/C-
M4TS/TR.104, Ph.D Thesis, Engineering Department, Cambridge ..

University, May 1984.

i22; Minakawa, K., Newman, J.C., Jr., and McEvily, A.J., "A Critical Study
of the Crack Closure Effect on Near-Threshold Fatigue Crack Growth,"
Fatigue of Engineering Materials and Structures, Vol. 6, No. 4, 1983, pp.
359-365.

j231 Irving, P.E., Robinson, J.L., and Beevers, C.J., "A Study of the Effects
of Mechanical and Environmental Variables on Fatigue Crack Closure,"
Engineering Fracture Mklechanics, Vol. 7, 1975, pp. 619-630.

[241 Gan, D., and Weertman, J., "Crack Closure and Crack Profile Rates in
7075 Al.," Engineering Fracture Mechanics, Vol. 15, No. 1-2, 1981, pp.
87-106.

'25j Blom, A.F., and Holm, D.K., "An Experimental and Numerical Study of
Crack Closure," Engineering Fracture Vechanics, Vol. 22, No. 6, 1985, .
pp. 997-1011.

1261 Frandsen, R.V., Inman, R.V., and Buck, 0., "A Comparison of Acoustic
and Strain Gauge Techniques for Crack Closure," International Journal
of Fracture, Vol. 11, 1975, pp. 3,15-318. ,.

b

%



182

[271 Bouami, D., and de Vadder, D., "Detection and Measurement of Crack
Closure and Opening by an Ultrasonic Method," Engineering Fracture.j,

Mechanics, Vol. 23, No. 5, 1986, pp. 913,920.
4b

i28! Fleck, N.A., "The lse of Compliance and Electrical Resistance %
Techniques to Characterize Fatigue Crack Closure,"
CUED/MIATS/T?.89, Engineering Department, Cambridge University,
1982.

[291 Bachmann, V., and Munz, D., "Fatigue Crack Evaluation with the
Potential Method," Engineering Fracture Mechanics, Vol. 2, 1979, pp.
61-7 1.

1301 Fleck, N.A., and Smith, R.A., "Crack Closure-Is it .Just a Surface
Phenomenon?" International Journai of Fatigue, Vol. 4, No. 3, 1982, pp.
157-160.

A

131j Fleck, N.A., Smith, I.F.C., and Smith, R.A., "Closure Behavior of
Surface Cracks," Fatigue of Engineering Materials and Structures, Vol.
6, No. 3, 1983, pp. 225-239.

S
1321 Turner, C.C., Carman, C.D., and Hillberry, B.M., "Fatigue Crack

Closure Behavior at High Stress Ratios," Presented at International
Symposium on Fatigue Crack Closure, Charleston, SC, 1986.

[331 Carman, C.D., "Fatigue Crack Closure Behavior During Constant 40
Loading Conditions," M.S. Thesis, School of Mechanical Engineering,
Purdue University, West Lafayette, IN, 47907, 1986.

i34l Sharpe, W.N., Jr., and Grandt, A.F., Jr., "A Preliminary Study of
Fatigue Crack Retardation Using Laser Interferometry to Measure
Crack Surface Displacements," Mechanics of Crack Growth, ASTM Stp
590, 1976, pp. 302-320.

1% .

1351 Sharpe, W.N., Jr., "interferometric Surface Strain Measurement,"
International Journal of Nondestructive Testing, Vol. 3, 1971, pp. 56-76.

-*4:h. '



183

[361 Macha, D.E., Sharpe, W.N., and Grandt, A.F., Jr., "A Laser
Interferometry Method for Experimental Stress Intensity Factor
Calibration," Cracks and Fracture, ASTM STP 601, 1976, pp. 490-505.

[371 Bar-Tikva, D., Grandt, A.F., Jr., and Palazotto, A.N., "An
Experimental Weight Function for Stress-Intensity Factor Calibrations,"
Experimental Mechanics, Vol. 21, No. 10, 1981, pp. 371-378.

[381 Sharpe, W.N., Corbly, D.M., and Grandt, A.F., Jr., "Effects of Rest
Time on Fatigue Crack Retardation and Observation of Crack
Closure," ASTMSTP 595, 1976, pp. 61-80.

f39[ Sunder, R., and Dash, P.K., "Measurement of Fatigue Crack Closure
Through Electron Microscopy," International Journal of Fatigue, Vol. 4,
1982, pp. 97-105.

401 Bowels, C.Q., "An Experimental Technique for Vacuum Infiltrating of
Cracks with Plastic and Subsequent Study in the SEM," Technical
Report LR-249, Department of Aeronautical Engineering, Delft
University of Technology, 1977.

[411 Macha, D.E., Corbly, D.M., and Jones, J.W., "On the Variation of
Fatigue Crack-Opening Load with Measurement Location,"
Experimental Mechanics, June, 1979, pp. 207-213.

[421 Ohta, A., Kosuge, M., and Sasaki, E., "Change of Fatigue Crack -
Closure Level with Gauge Location Along the Crack Line," International
Journal of Fracture, Vol. 15, 1979, pp. R53-R57.

[431 Pitoniak, F.J., Grandt, A.F., Jr., Montulli, L.T., and Packman, P.F.,
"Fatigue Crack Retardation and Closure in Polymethylmethacrylate,"
Engineering Fracture Mechanics, Vol. 6, 1974, pp. 663-670.

[441 Ray, S., "Three-Dimensional Crack Closure Measurements in '
Polycarbonate," MS. Thesis, School of Aeronautics and Astronautics,
Purdue University, West Lafayette, IN, 47907, December, 1984.

'.

7'

'p

2 e. 2: . % t2 a 2a @ . 22e J -¢ ¢ - € " . ."



184

[451 Ray, S., Grandt, A.F., Jr., and Andrew, S., "Three-Dimensional
Measurements of Fatigue Crack Closure and Opening," ASTM STP
Devoted to Symposium on Fundamental Questions and Critical
Experiments on Fatigue (in Press).

461 Ray, S., and Grandt, A.F., Jr., "Comparison of' Methods for Measuring
Fatigue Crack Closure in a Thick Specimen," Accepted for Publication
in ASTM STP devoted to the International Symposium on Fatigue
Crack Closure, Charleston, SC, May 1986.

[471 Ray, S., Perez, R., and Grandt, A.F., Jr., "Fatigue Crack Closure of
Corner Cracks Located at Holes Loaded in Tension or Bending,"
Accepted for Publication in Fatigue and Fracture of Engineering
Materials and Structures, 1986.

[48] Troha, W.A., Nicholas, T., and Grandt, A.F., Jr., "Three-Dimensional
Aspects of Fatigue Crack Closure in Surface Flaws in a Transparent
Material," Accepted for Publication in ASTM STIl devoted to the
International Symposium on Fatigue Crack Closure, Charleston, SC,
May 1986.

[491 Private consultation with Dr. N. E. Ashbaugh, currently associated with
University of Dayton Research Institute. Experiments conducted at Air
Force Wright Aeronautical Materials Laboratories, Wright Patterson
Air Force Base, Dayton, Ohio, March 1987.

j501 Ray, S.K., Phd. thesis, Purdue University, August 1987, "A Three-
Dimensional Investigation of Steady State Crack Closure Behavior for
Through-Thickness and Part-Through Flaws."

(511 Packman, P.F., "The Role of Interferometry in Fracture Studies,"
Experimental Techniques in Fracture Mechanics, SESA Monograph 2, ed.
A.S. Kobayash, 1975, pp. 59-87.

[521 Crosley, P.B., Mostovoy, S., and Ripling, E.J., "An Optical Interference
Method for Experimental Stress Analysis of Cracked Structures,"
Engineering Fracture Mechanics, Vol. 3, 1971, pp. 421-433.

'



185

[531 Liechti, K.M., and Knauss, W.G., "Crack Propagation at Material
Interfaces: I. Experimental Technique to Determine Crack Profiles,"
Experimental Mechanics, Vol. 22, No. 7, 1982, pp. 262-269.

[541 Sommer, E., "An Optical Method for Determining the Crack Tip Stress
Intensity Factor," Engineering Fracture Mfechanics, Vol. 1, 1970, pp.
705-718.

[551 Doll, W., "Optical Interference Measurements and Fracture Mechanics
Analysis of Crack Tip Craze Zones," Advances in Polymer Science,
52153, Kausch, H.H., 1983, pp. 105-168.

561 Ilalliday, D., and Resnick, R., Physics Part II, John Wiley & Sons, Third
Edition, 1978, pp. 1006-1012.

r571 Newman, J.C., Jr., and Raju, I.S., "Stress-Intensity Factor Equations

for Cracks in Three-Dimensional Finite Bodies Subjected to Tension
and Bending Loads," NASA Technical Memorandum 85793, April 1984.

5-

[581 Pope, J.E., Phd. thesis, Purdue University, December 1987, "A Three-
Dimensional Model of Fatigue Crack Growth Incorporating Crack
Closure."

159] Newman, J.C., and Raju, I.S., "An Empirical Stress-Intensity Factor -,

Equation for the Surface Cracks," Engineering Fracture Mechanics, Vol.
15, No. 1-2, 1981, pp. 185-192.

[60] Mattheck, C., Morawietz, P., and Munz, D., "Stress Intensity Factor at
the Surface Crack and the Deepest Point of a Semi-elliptical Surface
Crack in Plates Under Stress Gradients," International ,lournal of
Fracture, Vol. 23, 1983, pp. 201-212.

[611 Petroski, II.J. and Achenbach, J.D., "Computation of the Weight
Function from a Stress Intensity Factor," Engineering Fracture
Mechanics, Vol. 10, 1978, pp. 257-266.

5.

.5'

f5



186 @

[621 Private consultation with W.A. Troha, currently associated with
AFWAL Aero Propulsion Laboratory, Wright-Patterson Air Force Base.
Experiments conducted at AFWAL Materials Laboratory, Wright-
Patterson Air Force Base, Dayton, Ohio, July 1987. -

(631 Troha, W.A., Nicholas, T., and Grandt, A.F. Jr., "Three-Dimensional
Aspects of Fatiaue Crack Closure," Presented at ASTM International
Symposium on Fatigue Crack Closure, Charlseston, South Carolina,
May 1986., Accepted for publication in ASTM Special Technical
Publication devoted to conference proceedings.

1641 Fuhring, 11. and Seeger, T., "Dugdale Crack Closure Analysis of Fatigue
Cracks Under Constant Amplitude Loading," Engineering Fracture

Mkechanics, Vol. 11, 1979, pp. 99-122. F_

65i Pelloux, R.M., Faral, ., and McGee, W.M., rFractographic ,,
Measurements of Crack-Tip Closure," Fracture Mechanics: Twelfth
Conference, ASTM STP 700, 1980, pp. 35-48.

66' Sunder, It., "Fatigue Crack Propagation Under Spectrum Loading,"
National Aeronautical Laboratory, Vol. 14, No. 1, January 1986,
Bangalore, India.

67} Anandan, K., and Sunder, R., "Closure of Part Through Cracks at the
Notch Root," Document Af T 8625, National Aeronautical Laboratory,
Bangalore, India.

•

68 Larsson, S.G. and Carlsson, A..J., "Influence of Non-Singular Stress
Terms and Specimen Geometry on Small-Scale Yielding at Crack Tips
in Elastic-Plastic Materials," J. MVech. Phys. Solids, Vol. 21, 1973, pp.
263-277.

'691 Trantina, G.G., deLorenzi, II.G., and Wilkening, W.W., "Three-
dimensional Elastic-plastic Finite Element Analysis of Small Surface
Cracks," lE'ngineering Fracture Mfechanics, Vol. 18, No. 5, 1983, pp. 925-
938.

S

p.

S.%
'; "



187

APPENDIX A

Summary of Personnel, Publications, and Presentations -

k. A.F. Grandt, Jr. served as principal investigator for Grant Number AFOSR-85-

0106. He was assisted during the three-year grant period by the following graduate

students from the Purdue University School of Aeronautics and Astronautics: G. Kistler,

R. Perez, J.E. Pope, S.K. Ray, and W.A. Troha. Mr. Troha is an AFWAL Propulsion

Laboratory employee who is conducting his Ph.D. dissertation in absentia at the AFWAL

Materials Laboratory. Although Mr. Troha was not supported directly by AFOSR Grant

Number 85-0106, his research efforts were closely coordinated with those conducted on

the Purdue campus. Mr. Troha's work at AFWAL employed laboratory facilities under

the direction of Dr. T. Nicholas.

-, The following technical publications and presentations resulted from work

sponsored by this grant.

Publications

[1] S.K. Ray, R. Perez, and A.F. Grandt, Jr., "Fatigue Crack Closure of Comer

Cracks Located at Holes Loaded in Tension or Bending," Fatigue and Fracture of

Engineering Materials and Structures, The International Journal, Vol. 10, No. 3,

1987, pp. 239-250. "6

5 [21 R. Perez, S.K. Ray, and A.F. Grandt, Jr., "Application of a Weight function

Method to Predict the Fatigue Life of Comer Cracked Holes Loaded in Bending,

Engineering Fracture Mechanics, vol. 28, No. 3, 1987, pp. 283-291.

[31 S.K. Ray and A.F. Grandt, Jr., "Comparison of Methods for Measuring Fatigue

Crack Closure in a Thick Specimen," Symposium on Fatigue Crack Closure,

ASTM Special Technical Publication 982 (in press).

[4j W.A. Troha, T. Nicholas, and A.F. Grandt, Jr., "Three-Dimensional Aspects of

Fatigue Crack Closure in Surface Flaws in a Transparent Material," Symposiun

on Fatigue Crack Closure, ASTM Special Publication 982 (in press).

[51 S.K. Ray and A.F. Grandt, Jr., "Fatigue Crack Closure of Surface Flaws Loaded
in Pure Bending," Experimental Mechanics (in press).

[61 S.K. Ray and A.F. Grandt, Jr., "Thickness Effect on Fatigue Crack Closure in

Polymethylmethacrylate," Proceedings of Twentieth Midwestern Mechanics

.%*,'% ,



K188

Conference, Purdue University, August 1987.

(71 R. Perez, Stress Intensity Factors for Fatigue Cracks at Holes under Cyclic Stress

Gradients, Ph.D. Thesis, Purdue University, W. Lafayette, Indiana, May 1986.

[81 S.K. Ray, A Three-Dimensional Investigation of Steady State Fatigue Crack

Closure Behavior for Through-Thickness and Part-Through Flaws, Ph.D. Thesis,

Purdue University, W. Lafayette, Indiana, August 1987.

191 J.E. Pope, A Three-Dimensional Model of Fatigue Crack Growth Incorporating

Crack Closure, Ph.D. Thesis, Purdue University, W. Lafayette, Indiana,

December 1987.

Presentations

[1] S.K. Ray and A.F. Grandt, Jr., "Comparison of Methods for Measuring Fatigue
Crack Closure in a Thick Specimen," presented at ASTM International

Symposium on Fatigue Crack Closure, Charleston, South Carolina, May 1986. %

[2] W.A. Troha, T. Nicholas, and A.F. Grandt, Jr., "Three-Dimensional Aspects of

* Fatigue Crack Closure in Surface Flaws in a Transparent Material," Presented at

*" ASTM International Symposium on Fatigue Crack Closure, Charleston, South

Carolina, May 1986.

131 S.K. Ray and A.F. Grandt, Jr., "Thickness Effect on Fatigue Crack Closure in

Polymethylmethacrvlate," presented at Twentieth Midwestern Mechanics

Conference, Purdue University, August 1987.

141 R. Perez, A.F. Grandt, Jr., and C.R. Saff, "Tabulated Stress Intensity Factors for

Corner Cracks at Holes Under Stress Gradients," to be presented at ASTM/SEM

Symposium on Surface Crack Growth: Models, Experiments and Structures, 25th

April 1988, Las Vegas, NV. Paper also submitted for publication in ASTM STP
devoted to conference. ,"

Z! n Z f Z ?pZ p, Zt = Z ' e Z t Z - Z! ZZ Z.



- /7M#
* --)rl e."


