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INTRODUCTION:

Thls'report is the final technical report for the subject contract.
It is a summsry of work accomplished during the period October 1976 -
September 1978. During this period the author was Professor of Engineering
at the University of Missouri - Columbia (UM-C). In late summer 1978 the
author moved to the University of Toronto to assume the Cockburn Chair
of Engineering Design and several students concluded work at UM-C under
direction of the author. The last student completed his work in May,
1979. Sponsorship of the research effort from October 1978 to May 1979
was assisted by the University o° Missouri-Columbia, Engineering
Exéeriment Station and Department of Mechanical Engineering. In addition,
the University of Toronto supported travel, time supplies reproduction
costs and various items during the conclusiﬁn of this effort. The
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ul tc all of these organizations for hclging |
of the research.

The following sections provide

1) A list of theses supported fully or partially by

the subject contract.

2) A list of publications(with copies enclosed) prepared

for the open literature under this contract.
3) A copy of the thesis of Mr. James Cox.
4) A concluding statement related to the research.

5) An acknowledgement section.
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presents several models, and is viewed as potentially

significant work in this area.
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A Concluding Statement related to the Research:

This research provided significant progress related to modelling
the corrosion pitting fatigue process in aluminum alloys. It
will undoubtedly provide the basis for extensive work in this

area as time progresses.
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A Fractographic Analysis of Flaw Growth in a High Strength
Titanium Alloy

© DAVID HOLEPPNER

Professor, College of Engineering, University of Missourl, Columbla, Missourf 65201
U.S.A,

.

EDITOR'S NOTE: If vou were educated (n the fifties or earller, you are probably
sunaware of o maodern dexigan method based on the defect tolerance approach, In the old
davs, mictallurgioal designs were based an the simple parameters of wltimate 1ensile
strengih, hardness andlor futigue strength, As many of us recall, these parameters were
always determined through the use of unflawed and highlv-polished st specimens,
Perfornunce characterization tests of today are seldom done with anything except flawed
spectmens and realistic surfaces as exposed 1o typleal environs of stress, temperature,
Jrequieney and corrodents, The destgn concept of today poses the gquestton, "Glven a
COT IO 0 GO, BN T U U ST SIS I UG A e
tons?" On this pusis, the modern aesigner considers defoct tolerance as his prime
criterion. In so doing, the approach Involves certain assumptions for wiahnesses, not
strongths; ov.g.,

o Fracture cannot abwvavy be avolded so it must be understood,

o Fracture is a terminal event that Is preceded by nitiation and propagation of defects.
o [racture cannot ahwavs be halted but it can be effectively retarded.,

This s to say that today's technology is vitally concerned with frae mn' and the mee Iumh s
of fracture through fractography,

Of the many metallingises that work the problem uf unde rs!umlm;,' Jracture, one such
outstamding indiwhtaal iv the dmternationally aenown De, Duvid W, Hoeppner, Professor of
Engineering at the Universite of Missourf.Columbia, D, Hoeppner has ploncerad the ficld
of fracture mechanics in areas that concern the offect of microstructiere, He bas been
diroetdy imvudsedd dnt ssvs 245l teseara s firr o vase beve tindons materisty i coplans erines.
freosvtnre womdin dondi win oy sode it sty gttt Wit sondidi mon o fiiioam lasildi W
Howppaer hay hecome o vecognized expaort i this speciolized field of sody ol o highly-
repurdd comsultant fir the United States Aie Foree, the Llectrie Power Resvard
Institure . Rolls Rovee Limited, the Loe bheod Company and othees ton numerous 1o
mentlon,

Oua duily basis, Professor Hoceppner administers regpulur dosages of vew Rpeswledge on
Sracture medchanics tohis stdents in Megchanical and Aerospoce nvineering at Colume
bia, Missound, He amd Lis studenss are enthasiostically dedicated o the development of o
new diselplinge called the Stroctural Tntegrioy Logineering: Proyram

The Lditoriad Sttt of METALLOGRAPHY 48 pleased 1 feature a sampling of Dr,
Hoeppier's work as an nvitend paper. This aeticle s another of the series that attempts 1o

@ Blsevier Notth-Holland, Ine,, 1974 T 0020 0800/78/0011-0129301,78
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profile professioncls in action. Dr. Haocpprer was asked o submit on invited paper that
best describes some of his rechnical interests and'or problems . Hocppuer's selected
response (8 thiv detaded fractogruphic evaluction of o ttaninm alfoy —JAT 685 This
unpublished worl is technologically significant and . hisiorically maost importane INTOSS
is a titanivm allov thar s capected 1o 7 fIN on airplane engines of thie 1980 cra—an
improved by silicon additions with isothermal forging, METALLOGRAPHY iy proud 1o
offer an cxample of fractopraphic analvses from the laboratories of Dr. David W,
Hocepprer. one of America’s finest metallurgists.

Introduction

Several scrvice failures of forged discs made from a high strength
titanium alloy prompted an investigation of the alloy in an attempt to
understand the mechanism of failure. Mechanical tests on the alloy of
interest were conducted and the results were reported earlier [1].
Selected specimens from these tests were examined fractographically in
an attempt to develop additional insight into the complex relationship
between environment, loading mode. and microstructure. Much of this
work was oricinally accomplished during the first six months of 1973
while the anthor was at Tockheed Ry Canvon Advunced Oesign and
Rescarch Laboratory. Mr. Gary Goss and Mr. Walter Fitze aidcd in
performing the scanning and transmission electron microscopy.

Background

Engincering materials exhibit many different and sometimes complex
mechanisms of fracture. Titanium alloy systems, depending upon com-
position, manufacturing method, thermomechanical treatment, loading
specirum and eavironmental conditions. may fracture by several mecha-
nisms. Dimpled rupture. futigue striations, intergranubar cracking, -
Lumination and cleavage are several of the fracture surfuce appearances
that are encountered in fractopraphic analyses of ataniun, The signil
cance of cach surfuce and corresponding fracture mechaniam is very
important in that cach fracture mode correlates to a corresponding
cencrgy of tracture and resistanee to crack extension.

IMEOES an alpha-beta stractured titamum alloy, would be expected ta
exhibit dimpled rupture, faticue striations wnd ander the proper environ-
mental and stiess conditions, cleavage. Dimpled rapture, a high encrgy
absorbing fracture mode can occur under static loading conditions. as in
a tensile test, or dynamic loading conditions, ws in the stable tear poition




Fractography of Flaw Growth-Invited Paper 131

of a crack growth test or due to oricntation effects in cyclic loading. In
either case the energy absorbed. due to the high degree of plasticity. is
very high—a desirable fracture mechanism.

Fatigue striations are produced by dyvnamic loading conditions. and
arc an indication that a fracture surfuce was produced by other than one
cycle (static) fatlure. A fatigue striation is usually produced by a single
load cycle and the morphology of the striations vary according to the
applicd stress. microstructure. frequency. temperature, chemical envi-
ronment, and radiation environment. ‘

The encrgy relationships of fatigue mechanisms are not understood.
The important fact is that the amount of energy utilized in producing a
striated fracture surface is usually much higher than that for other
fracturc mechanisms described below,

Intergranular fracture occurs in titanium alloys when a foreign or
contaminating species atom such as hydrogen. chlorine, etc. concen-
trates at the grain boundaries and weakens the cohesive force between
adjacent grains. In alpha-beta titanium alloys intergranular fracture
usually occurs at prior beta boundaries, as well as along primary alpha
boundarics. At high magnifications the intergranular fracture has a so-
called “‘rock candv™ appearance. with a hich dearce of secondary

L

R Y | 5 J U . £l | TN apv ~ebkoagion
CldLl\ll.‘c presciit. Droalise of the loss of zrain boundary cohesive

strength the energy absorbed to separate the grains is very low and there
is little. if any. plastic flow involved in the process.

Cleavage is the last fracture mode of interest in the fracture analvsis of
titanium alloys. All of the above processes. with the exception of fatigue
striation formation. have no direct relationship to the crystallography of
the material. Cleavage. on the other hand, is directly rclated to the
crystullogruphy of the microstructure and usually occurs on the basal
(0001) planc. Although cleavage and fatigue striations are related to
crystallography they behave much differently with regards to slip and
plastic deformation. Striation formation is entirelv @ conscquence of slip,
while the cleavage process in the pure sense is totally devoid of ship
(although cleavage can be induced by plastic strain incompatibility).
Pure cleavage s the separation of the atomic bonds with virtually no
“phastic deformation occurring. The fracture surface of a cleaved material
is very flat with “river markings™ that are produced when the crack
front changes atomic Tavers duc o impesfections within the crvstal
lattice. The energy required to propagate the erack once imtiated is very
low; or indeed energy s refeased and the crack propagates very rapidly.,
The total energy to failure iy thus very low, relative to plastic flow
processes. Alb ol these fracture modes can be encountered in fracture of
titaninm,
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This report covers the results of an SEM fractographic analysis of INI
685 Titantum. It covers analysis of static tensile specimens with and
without environment, and cracks induced in the structure during service
that were opened for study of fractographic features of service induced
cracks.

Results and Discussion

Table 1 is a listing of the specimens examined. their type and history.
Figures | and 2 describe the geometry of cach type of specimen. The
test results of each specimen listed. with the exception of the hub
cracks, have been presented in an carhier report {1] covering the test
program,

The discussian section is divided into separite sub-sections covering:
(a) tensile specimen. (b) strain control faticue specimen. (¢) WOL type
crack growth specimens with and without environment. and (d) opened
cracks from a region of the structure.

' .
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Figures 3 and 4 are macro and microphotographs of the fracture
swiface of tonsile specimen A-HFPF-1 The oversit nuora (3aN dinsiraies
the coarsencss of the fracture surface. The high dependence of the

fracture morphology on microstructure can be seen quite clearly in
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Fia. 20 WOL specimen geometty,
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(@) Macro view of fracture surface. (b) View showing dependence  of
10x. fracture on microstructure. 130x,
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(c) Dimpled rupture showing  mi- (d) Equiaxed and shear dimples ncar
crostructural effect, T <. specimen surface. 30«

FiG. Y. Static tensile specimen A-HPT-1.

Figures 3(b). 3(c). and 4(¢). Figures 3(b) and 23(¢) show dimpled
structures that are related to the alpha-beta lamellar platelet structure
and are composed of clongated dimples. Figures dte) and 4(d) exhibit
microstructural dependence but at higher magnification cquiaaed dim-
ples very much smaller that the dimples of Figure 3(¢) are resalved.
Much Tger equianed dimples containing microvoids typical of many
static fractures are illustiated in Figure 3(d). Sceondary cracking and
large flat dimpled arcas can be seen in Figs, 4(a) and $(b). The Large flat
fracture regions are the result of o high degree -of microstructural
dependence of the fracture mechanism and a Lpe prior 8 grain size.
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ing  microstructural  dependence. dimples, 12,500x .

1000 x

FiG. 4. Stttic tensile specimen A-HPT-1.

The results of the fractographic analysis verify the results of the
mechanicul properties as listed for the tensile specimen in Table 1. Fven
though there is a high depeadence on microsiructure, the primary
fracture mode—dimpled ruptine—results in high yield and ultimate
strengths with good ductility.

Strain Control Fatiguc Specimen

Figures S, 6, and 7 arce macro and mictophotographic views of the
origin arca of strain control or low cycle fatigue specimen A-HPTE-LL
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FiGc. 2. Low cvcle futizue speciman A-HET-L

Figures 6 and 7 illustrate the modes of fracture encountered in the origin
area. The origin arca is not composed entirely of fatigue striations but
rather a mixture of striations and a quasicleavage type of fracture.
Figure 6(a) demonstrates this mixture well. In Fig. 6(b) the fracture
mode changes from a quasicleavage microstructural dependent case to
fatigue striations which are independent of the alpha-beta structure. The
lincar transition suggests a grain boundary that demonstrates the de-
pendence of fracture mode on grain orientation. A transition from
fatigue striations to dimpled rupture in Fig. 6(¢) illustrates the region
near the crack front at final failure. Fatigue striations exhibiting sccond-
“ary eracking arc scen in Fig. 6(d). The field is located near the surface of
the specimen and environmental and or stress effects may have caused
the secondary cracking. Figure 7 shows examples of fatigue striated
ficlds in the interior of the specimen. Many arcas such as 7(b) and 7(¢)
exhibit unitormly spuced lincar striations, while others such as 7(a) give
a confusing appearance. In Fig. 7(a). the crack is propagating from
bottom to top and apparcntly chunges ditection by 907 midway. Ac-
tually, at that point the microstructure exerts a strong influence on the
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crack morphology and the alpha-beta microstructure is seen in the
striation topography. Caution must be uscd so that alpha-beta lamellar
ficlds are not mistaken for striation fields.

A strain control fatigue specimen fracture surface exhibits many
fracture modes and appearances and care must be taken lest erroneous
interpretations and conclusions be made. It is important to note here
that the mixed fracture modes apparent on a fatigue specimen could
yield marked changes in crack growth rates at either “*microstructural™

or ““macrostructural’ levels.

B ST T
PRl A s wocmiii aad a sl

(a) Ornigin  area  showing fracture

flow patterns. 220x.
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(¢) Change of fracture mode, 1600x

(b) Change of fructure mode, 1250x.,
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(d) Fatipue strintions exhibiting see-
ondary cracking, 3000 x

Fia. 6, Low cycle fatigue specimen A-HPT-LL




(a) Fatigue striated area exhibiting
microstructural dependence. 2100 <.
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(b) Striuted aren with grain bound-
ary and sccondary cracks. 2100 <,

(c) Well defined striations. 2100 x .

Fic. 7. Low cycele fatigue specimen A-HPT-1.

WOL Type Crack Growth Specimens

Three crack growth specimens were examined. They were selected to
evaluate bascline (16 H7Z, room temperataie, diy ain) fracture behavior,
sustained load (S min. loaded’s min. unloaded. room temperature, dry
air) behavior and environmental (180 min. hold, deionized water, room
temperatare) behavior, They are labeled £-9, E-25 and E-8 respec-

tively.

Figure 8 presents the macro and micr) fracture surfuce appearance of
specimen E-9. Much of the sutfuce shown in 8(b) is composed of Luge
flat regions that show little evidence of ductile rapture or futigue
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striations. At higher magnification as in 8(¢) the flat regions resemble the
quasicleavage as scen in the strain control fatigue specimen A-HPT-I.
As the crack propagited further into the specimen and attained higher
AK values, the Lrge flat regions diminish in size and number. Evidence
of a change in morphology can be seen in 8d-f. Well defined fatigue
striations are evident in S(d) as well as 8(e) while debris covers the
fracture surface in §(f).

The fracture surface is not composed of evenly distributed striated
arcas but a mixed mode of quasicleavage regions and striated fields that
make it ditficult or impossible to assess crack growth rate by striation
spacing measurement. Growth rates are more propetly evaluated by
surface crack measurement techniques.

The sustained load specimen E-23, Fig. 9. demonstrates a dramatic
change in fracture surface morphology at the transition from precrack to
test. The precrack region exhibits much the same appearance as the
basecline specimen -9, Fig. 8. That is. fields of quasicleavage and
striations as secn at higher magnification in Figs. 9(¢) and 9td). Figure
9(d) shows the transition from precrack to test. The precrack striations
propagate from the lefi in a uniform field and abruptly change to more
widely spaced microstructurally affected striations on the right. The test
arca i B (o) s very coarse with many secondarv cracks present. i he
sustained foad appears to have the same eftect on crack morphology as
environmental attack in many other materials, and crack propagation
rates are virtually impossible to determine because of this effect. Some
ficlds of fatigue or cyclic loading striations are present in the test region
as scen in Fig. 9(e). but the major portion is composed of quasicleavage
as scen in Fig. 9(N. Sustained load then has the effect of coarsening the
surface topography and lessening the probability of striation formation.
A comparison of Figs. %) and &) demonstrates this effect. Thus. a
change in the micromechianics of crack growth obviously is occurring
with sustained load.

The cffects of sustained load in combination with an environment of
deionized water on WOL Specimen E-8 are seen in Fig. 10, A compuan-
- son of Figs. 10(b) and Y(b) and 8b) illustrates the dramatic change in
fracture morphology when the wet enviranment is imposced. In Fig. 10tby
the precrack region is on the left with the crack propagating from left to
right. The precrack region is very similar 1o the two previous specimen
precrack regions. In the test region the topography is very blocky with a
high degree of secondary cracking in evidence. Figure 10(¢) is a precrack
to test transition repion where the crack propagating in o flat non-
striated, non dimpled mode after the transition s scen to propagate in a
brittle quasi-cleavage mode. Figuie 10(¢} presents the transition arca
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where the crack front had been propagating by faticue and changed 1oy
mixed mode ductile rupture and gquasicleavage. Figure 100 s reprosent-
ative of most of the test arca being composed of blocky quasicteavige
with sccondary cracking. This is the form of crack cxtension with very

little resistance to propagation.

Specimen -8 futled after four foad

applications indicating the high crack propagation tate. Deionized water
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had the most severe effect on the crack propagation rate which s
corrobuorated by the fracture appearance of Fig.

Service Induced Cracks

A structural component was found to contiin at feast twenty-nine
cracks induced during service and was removed from service. A section
of that dise in the “harpin® radius regton containtg several crack
indications wis removed tor analvsis, The crackhs were opened carclully
by mechamical means and examined by SEM Analysis, Three of the
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fracture surfaces are shown in Figs. 11-15. The fracture surface of
Specimen B-A as seen in Figo 11 exhibits many of the fracture modes
encountered in previous test specimens. Quasicleavage arcas are seen in
Figs. 11(b) and 11(d) while fatigue striated areas are evident in Figs.
LHO)., Y, and THD 1w view of the probable origin arca and is secn in
greater detail in Fig, 12, The darker fan-shaped arca is the suspected
origin because alf fracture flow lines arginate or propagate from this
region, Figs. 12¢h) and 12(¢) detal the eft portion of the region shown in
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Fig. 1. Dise crack B-A.

Fig. 12¢1). The smtace is composed of small fissures and covered with
particles. Earlier reports [2, 3] have shown the existence of precipitate
(Ti, 7r).Si, particles in this alloy and have indicated o correspondence
with fracture origins.

A sceond opencd service crack. Specimen BB-1is shown in Fig. 13,
The surface is very similar to the previous example, but the existence of
a field of fatiguce strintions at the furthest extension of the crack tp
before opening is scen in Fig, 13(0).
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Higher magnification views are seen in Figs. 13(c) and 13(d). This
proves conclusively that after the crack initiated by cleavage the
propagation of the crack involved fatigue. An origin site could not be
identificd but that did not preclude a site at the extension of & secondary
crack subsurfuce to the fracture surface and the major fracture surface
being at some angle to the fracture surfuce. On this surface as with the
previous fracture a large percentage of the crack extension was by a

cleavage like propagation mode.

Figures 14 and 13 are views of a third opened hub crack Specimen
BB-3. On examination i probable origin site was located sind is shown at
higher magnification in Figs, 10, and LI AL fracture flowlines
eminite from the void in the center of Fig. 14(¢).
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(a) Fan shaped origin area. 150x. (b) Void near probable orgin. 1000x
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F1G. 12, Origin area of specimen B-A.

To determine if there is any chemical peculiarity associated with the
void and surrounding arca an EDAX (Encrgy Dispersive Analysis of X-
rays) analysis was performed. Figure i3 presents the resuits of that
analysis. Figures 15¢a) and 13(b) show the 1egion of the void on both
fracture surfaces. It is interesting to note the presence of paaticles
surronding the void on one surfuce and a corresponding depression or
hole on the opposite surface. Figures 15(0) and 13(dy are the EDAX
readouts for the fractores indicated in 13¢) and 15(h) respectively. In
Figure 15(¢) the bars represent the base metal showing aluminum, o
small amount of silicon, zirconium and titanium. The dots represent the
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FiG. 13, Hub crack specimen BRB-4.

chemistry of the particle at the edge of the void. They show a higher
than normal (when compared with the bars representing the bhase
material) reading for silicon. This 18 strong evidence in support ot the
assumption that the particle is a precipitate of the chemical compaosition
described carlier (11, 20,81, The precipitite appears to have a strong
influence on the inittation of the crack: however, the cleavage burst
initiation could occur at other sites as welle For example. under the
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FiG. 14. Hub crack specimen BB-3.

proper strain field, strain vatues. local chemistry and, microstructure.

and texture other local discontinuitics such as voids or grain boundary

triple points could also initiute -ihie {uilure. A higher than normal level of .
silicon was indicated around the void as seen in Fig, 15(d). This is in
agreement with the results presented in reference [2).

Conclusions

The titanium alloy studied herein, IM1T68S, behaves much the same as
other titanium alloys in static tensile propertics. That is, the strength and
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(a) Bars—away from the hole; dots—on {b) Bars—away from hole: dots—at
particle, 2000x. edge of hole. 2000x.
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(c) EDAX composition determination of (d) EDAX composition  determination
surface in Fig. 15(a). of surface in Fig. 15(b).

Fic. 15.

ductility arc within specified limits. The fracture surface is composed of
highly ductile fracture modes, while the fracture morphology exhibits a
strong dependence on microstructure,

The strain controlled fiutigue behavior exiibited wedd defined fatigue
striations mixed with a quasicleavage appearance in the origin arca, The
fructure mode tended to be dependent on grain orientation, olten




154 D. Hocppner

changing modes upon encountering a grain boundary. Again the fracture
appearance was typical for a titanium strain controlled fatigue specimen.

Specimens E-25 and E-8. hold time and hold time with deionized
water. respectively, propagated almost entirely by quasicleavage which
corroborates the accelerated growth rates for the specimens with respect
1o the baseline specimen E-9. The Kinctics of this process and mechanics
will undoubtedly be rigorously explored in the future.

The hub crack specimens probably initiated in regions containing
silicate precipitates but more importantly propagated by a quasicleavage
mode that led to accelerated observed crack growth rates under given
stress conditions. The inservice cracks propagated due to alternating
loads, as indicated by the presence of the striations. The presence of
large amounts of cleavage facets and delamination leads to the conclu-
sion that the hold-time during service loading also was a factor in the
accelerated crack growth that was observed.

The author is grateful to numerous colleagues for interaction and
encouragement. These brief reflections were put together in the hopes
that any insights gained during the 1972-73 period may aid our
understanding of these most interesting phenomena. I owe an extreme
Adohs n.fgr,}fl.fllrl." foamany colleaoues at Lockheed California Co., Roli«
Royee (i971) Liniied ( Derbyy, Navel Ship Dighicering Center, and the
University of Missouri. I am especially grateful 1o Chris Best and Rosie
Jamieson for their patience in 1yping and lavoutr of the manuscript. In
addition, I want to express a debt of gratitude to Dr. Paul Braisted.
Chairman of the MAE Dcepartment at UMC, for providing the opportu-
nity to sift and winnow in a free fashion.
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EFFECT OF MICROSTRUCTURE ON FATIGUE CRACK GROMTH BEHAVIOR IN FORGED MATERIALS

D. Hoeppner

The effect of microstructure on fatigue-crack growth of a model structural
material is investigated. It is shown that fatique-crack growth in this
nmodel material is strengly dependent on local microstructure. A number of
crack growth experiments are presented that dramatize the potential role

of microstructure. It is 5uggested that the current two parameter approach
to fatigue-crack growth study in vogue is not adequate to assess the role of
microstructure in the faticue process. Hather, a riore physically based and
mathematicaTly rational curve fitting procedure is suggested. Use of a
better curve fitting approach will permit the examination of the role of
microstructure in fatigue-crack growth in a more realistic way.

From the results of this study, it is concluded that optimum fatigue-crack
growth resistance can be developed by alloy tailoring through chemistry and
process manipulation.

Professor of tngineering
College of Engineering, University of Missouri

Columbia, Missouri U. S. A.

1. INTROUUCTION. Ever since "scientific" research into factors that aftect
fatigue behavior has been underway thore has been consideratle cffort expended
toward develcping 1nsignt into the role of ricrostructure in fatigue. It
appears tnat after some years, and a large number of publications that have
been directed tovard resclution of diffcrcnccs related to the role of rmicro-
structure, grca; deal of cunfusion still exists. Tne advent of "rodern frac-
ture mechanics” has not nelped to clear things up cither., Tnis conference is
entitled forging and Proncrties of forospace faterials. It seems to re that
there s an irplication 1n the €1t1¢ that forging practise can rodify the
propertics of a material, Inceed, many of tne papers at the conference illus-
trate tnis point. In this btriet paper it is my intention to once again attempt
to show that mncrostructure is a major tactor n the fullquv-CIdCb growth
bechavior of materials,

Tnis concept certainty is not new. Alan Griffitn] pointed the way for us in
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his classic treatise on flow and tracture. tLet us take a bricf look at some
of the statements that Or. Griftith made reqgarding the potential ter modifying
tne mechanical properties of a structural material, “From the cngineering
standpoiat the chief interest of the foreqoing work centres round the sugges-
tion that enormous improvement is possible in the properties of structural

materials. Of secondary, but still cunsiderabie, importance is the deronstra-
ticn that the methods of;strcn?g estimation in cemreon use may lead tn sove
cases to serious error."” 0 P- 199 “In the case of ductile metals, the effect

of scratches is important only under alternating or repaated stresses. On the
theory advanced in the precending section, fatigue taiture under such stresses
fs determined by phencmena which occur at the intercrystaltine boundaries."]
p. 193.

*The most obvious means of making the tncoretical rotecular tenacity available
for technicael purnoses is to oreak up the molecular sheet-formation and so
eliminate the "flaws." In the cace of crystaliine material this nas the fur-
ther advantase of elhminating yietd and probvably also fatigue failure." ......
“These ccnsicerations suggest that if a picce of mctal were renderec completely
amorpnous by cold working, and then suitably neat-ireated, its rolecules might
take up tne stable strong configuration aliready describad. The thesry indi-
cates, however, that cver-straining tends to set up tensile stresses in the
unchanged parts of the crystals which may start cracks long before dacrystal-
lization is ccmplete. Such cracking could be prevented if the over-straining
ware carried out under a sufticiently great hydrostatic pressure, and this
line of research seems to be we2ll worth following up.” ...... “The problem may
be attacied in another way. As has been seen, tha theory succests that the
drop in stress at tha initiation of yield is due to :he surface energy of the
intarcrystal ocundaries. Thus, the yield point may be raised bty "refining”
the rietal, 1.e., so heat-treating it as to reduce tne size of the crystals.
The Timit of refirerent is, coubtless, reached when each "crystal" contains
Mt 2 cinnie molacule and the material is then in the strong stebte state
&lready cescorivad.”

“Retining is also of great value in conncctron with resistance to fatigue
failure. Suppose, in accordance with the forecoing theory of fatiague, that
one crystal has been fractured, then the general criterion ot rupture srows
tnat the crack cannct spread uqless the material 1s subjected to a certain
mininum stress, which is greater the smaller tne crack., Thus, reducing the
size of the crystals increises the stress necessary to cause the initial crack
to extend."], pP. 194-195.

Thus, Or. Griffith suggests that a minimum energy tnreshold for crack growth
exists and that the thresho!d and subsequent rate of growth of the crack is
influenced by "molecuiar attraction,” grain size and texture. Certainly,

since the tim2 Or. Griffith nut forth his classic ideas which served as the
formalizes beoinning of encrcy concepts applied to fracture and led to fracture
rechanics, we have adced to our resarvoir of knowledge regarding tne growth

of cracrs. Actually, even though nethods of modifying tne “strength" of a
s50lid weore suggested by Craffath, tihere sti!) is some confusicn in the toch-
nical ceamunity as to wvnether-rodifying the aicrostructure ‘can meaify the
fatiaue-crach orovuth behavior. ({ven though rany ot us 1n attendance at this
conference generally acree that microstructure is a major factor intluencing
the “strength” ot solids.) Let me draratize this point by quating frem a
recent paper presented 1n 2 U.S, Journal ot wide "popular” distribution.2s P17

"The fact that the inert-envircerent fatique crack grouwth proparties of differ-
ent alloys within a given metal syctem are simifar indicates that fatique
crack grouth rate tenavaor is essentially iniependant of tne atloy's conven-
tfonal r.echanical and retallurgical properties. This observation further

104

.""
L’--v-.—m-c-'- B e L aa T T Y R N e gt e e R L a LI Y Ll g ol ol

Adie e )

- .

_‘w.u.u‘.ﬁ

indicates
by convent
apparent t
in catera
p.234, sta
rates for

shows that
benign envi
properties
as to whet
things, us

As a resul
elerents o
greatef in
‘brief ffro
of mifrost
many fof ri
mejof intr

“owtn ben
2s the cry
in'ﬁuCe or
may rot ke
Corvenient

eghrple of
tize tie ic
rédterial s
ticn).

Currently,
tniversity

papet proevg

2. CURRENT
vetiicles an
natérial sp
gssure ralj
had been sy
strer ;5 sg
tensi ~ str
controls to

tarly aircr
yiels strer
fatinque das
CORCets, a
fatinue-cra
retnadologi

Q Irpr
® feve

insc
© Estal
¢ Seitil
° COﬁFG

A

-
ws....\.,,w“




. .
i et o IR Sl B AL @ i | o PREUEER R 5 T R e > ¥
..\',J"

Jook at some

1 togrodifying
enq‘ring
nd sugges-
structural
the demonstra-
lead wn sove
Is, the effect
resses. On the
r such stresses

boundaries.”]

acity evailable
ticn angd $O

s nas the fur-
Rilvre." ...,
Kerea cerpletely
Folecules might
theory inci-
sses in the

re dzcrystal-
ver-straining
, 2nd tris

ne preblen nay
ts that the
enercy of the
c "refining”

2 crystals.

1" contains
ble state

reck grewth

he crach is
ertainly,

rvcd 25 the

lec tg fraciure
ng grouth

s %e L2 DI LD e

iy fren
ituticn. 2y P17

tico of differ-
faticue

w'ts (onven-

v furtiier

B L

o an - St Dt i four poore LawaldXs 220 ik A ot Ml ot

indrcates that such fatigue crack growth rate behavior cannot be controllead
by conventional alloy developrent or heat trcating techniques. Thus, it {s
apparent that this fatigue crack growth behavior is not a pertinent factor 3
{n materials sclection considerations.” A recent book on "Fracture Control"
p.243, states "...the use of 3 single equation to predict fatigue-crack-growth
rates for these stecels may be justified." ...... “The preceeding discussion
shows tnat the region Il fatigue-crack-growth rate behavior ot steels in a
benign environment is essentially independent ot mechanical and metallurgicat
properties ot the material." These latter references might raise some question
as to whether ve'd want to take Dr. Griftitn's suggestion and, among other
things, use forging to modity the fatigue-crack growth behavior of a solid.

As a result of certain exciting events of 1973, among other things, various
elenents of the tecnnical commiunity are now directing effort toward developing
greater insight into the role of microstructure in tatique-crack grewth. This
brief effort was in part directed toward aading further insight into the role
of microstructure in crack growth. The hypothesis of this work, as with so
many of my own researches in the past, is that microstructure is one of tne
major intrinsic characteristics of a solid that determines its fatigue-crack
growtn benavior. OQvviously, the basic alloy chemistry is a factor, as well

as the crystallographic texture. For the purposes of this paper, [ choose to
include orientation (texture) effects as part of the microstructure {tiis

may not be convention but in the mannar that the work sheall unfold it is not
convenient nerein to- separate the local orientation effects}. Following tre
exariple of Or. Griffith { and others ) a model material is selected to drama-
tize the importance that microstructure plays in ratigue-crack growth. The
mate;ia! selected is a titanium alloy (T1-6A1-5Zr-0.5 Mo -- nominal composi-
tion).

Currently, a rather extensive etfort on this subject 1s underway at the
Unaversity of fhissouri. A list of. theses and dissertations appended to this
paper provides much more detail than that inciucded herain.

2. CURPENT DLSIGH CONCEPTS.  As the service requirements for aerosnace
vehicles and engincs have ptecome more demanding, the desiqr prccedures and
material specifications have of necessity become more stringent in order to
assure relieble and safe operaticnal performance of tne structure. Initially it
had been sutficient to procure nizterials with concern onty for the tensile
strength specification. As domands orn materials increased the upward pusn of
tensile strenoth level necessiteted improvements in process and inspection
controls to assure proper refiapility.

Early aircratt and engine desiqns were besed, in tne main, on ultimate ana
yield strength criteria. Tne design methoduiony then evolved to include
fatique design mothedology (stress cycling S-ti concepts), strain cycling
concepts, and more recently Yincar elastic fracture mechanics  procedures, and
fatiguc-crack growth concepts. The development of cacn of these design
methodologies has provided another tool to aid the designer in:

€ Improving structural reliability

Devetoping viable material, process, raw material, and
inspections and controls

Establishing the design life

Setting operaling strecs or strain allowables
Conponent sizing and conficuring

-2 (-]
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tach ot these mecthodologies fs somewhat different but al) are directed at
the five stated objectives, This paper deals with the concept of fatigue-
crack growth, as stated.

The development of fatigue-crack growth desiqn procedures nave evolved
rapidly in the past 20 years9. Tne procedure involves an evaluation of a
rate equation from an inmitial flaw size to a critical flaw size. Tne rate
equation 1s typically of the form:

da/aN = (S, a, ¢) (1)

where da/dN is the fatigue-crack growth rate, in./cycle, f({S,a,s) is a func-
tional relationship between the qross stress (S), crack length (a) and part
geometry, o. : .

One of the cormon empirical descriptions of the crack growth rate is the
equation,

dasdii.= ¢ (aK)" (2)

vhere AK is the stress intensity range (Kmax - K‘.n) and C and n are empirical
coenstants. However, this equation is not generaq{y valid over the full range
of da/di values. Unfortunately, many papers related to fatigue-crack growth
have dealt cnly with the lirited ranae of applicability of the above equation
to the fatigue crack extension process.

Even though fracture toughness (KI or K.), initial flaw size, and stress all
have a role in life prediction ana?ysis, it has frequently been found that
microstructural influences, environment, load ratio, wave form, frequency

(or time), and spectrun can have an overriding influence on the fatigue-crack
rate and related life prediction analysis. :

fquation 2 is usually evaluated by conducting fatique-crack growth tests
utilizing "standard” test variables. The data then are plotted in the form of
Figure 1. The curve is comprised of three major line seqments, indicated on
the figure as segments 1, 2, 3. Segrments 2 and 3 are the segmants that have
received the greatest arount of study (eguation 2 normally hbeing agplied to
segment 2). Very little attention has teen given to the area in or near the
threshold - segrent 1. In addition, many of the studies carried out on scg-
rents 2 and 3 have not considered microstructural variables and rarely has
the range of external varisbles such as envirorment, wave-form, frequency,
load ratio, and spectrun been systematicially studied in an evaluation program.
This h3s often resulted in the development of laboratory data which is of
limited applicability to the analysis of actual service conditions.

If any eguation of the form of Equation 2 is to provide a reliable methodology
for fatique 1ife prediction, the contributions of the variables microstructure,
environment, waveform, frejuency, load ratio, and spectrum, rust be considered
in detail, These variables could have major effects in segrent 1, and could
have significant effects in sequents 2 and 3. lote that the low 4K region
(segment 1) where microstructural effects may be qreatest is the region where

the majority of the allowable fatigue life frequently is expended.

It is for the reasons stated above that the authors quoted earlier concluded
that alloy developinent and process development have no effect on fatique crack
growth. It is asserted hera that that statewent is not a correct interpreta-
tion of the data that result from fatigue-crack growth tests.
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3. THE EFFECT OF TITANIUM MICROSTRUCTURE ON DYNANMIC BEHAVIOR. The fatigue
process hegins with dislocation motion aenerating slip bands that lead to
cracking, with the subsequent growth of the crack normally described macro-
scopically in terms of the laws of continuum mechanics. The fatique process
has traditionally been divided into three stages, namely

* Initiation
* Propagation
* Final Fracture

The importance that metallurgical factors play in each stage of the fatigue
process has been discussed by lloeppner.S

Many recsearch programs have been performed to study the mechenisus of fatigue-
crack propagation and initiation in Ti alloys. Houcver, soire conflict exists
when comparing results from different programs.  Some resolution of the
conflicling data and identification of trends can be accomplished by separate
consideration of total fatigue Tife (5-N), time for crack nucleation, and crack
propagation rates.

Total Fatique Life - Several rescarch programs have indicated microstructure
has a significont effect on fatique Vife. Bartlob reported increased fatique
strength for thernal treoatments that produced rine grained alpha-beta or fine
primary alpha and alpha prime,  Lucas 7 examined high cycle fatique and found
that working at 17/74°F produced 40-50 percent increasces in fatigue strength
vhile forging just above the betd transus produced 60 percent increases,
prior bota grain cire had 1Tittle influence, but finer alpha grain sizes
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fncreased fatique strenqth. ‘For low cycle fatigue, Satlar ct al.8 founc
1ittle difference in lives of three separate structures containing 10 percent
primary alpha, 50 percent primiry alpha and transformed beta. In contrast,
Spraque et al.9 found that a cearsencd alpha phase had poor low-cycle fatique
life and that high temperature thermal mechanical working to nroduce a 51ne
alpha-beta substructure incrcasted fatique life. Bowen and Stubbington

found that alpha-beta working improved low-cycle fatique strength. They
ascribed the improvement to a decrcase in the wean free slip path caused by a
reduction in prior bota grain size, refinement of aI?ha qrain size, and intro-
duction of averaged alpha prime martensites. Sparks!l found that refinement
of prior beta grain size increased fatigue life and eliminated directionality.

Differences in fatigue strength between small rolled bar and thick forq?g bar
viere ascribed to differences in microstructure by Stubbingten and Bcwen

The small bar, which showed 50 percent better fatigue strength, had received
largc alpha-beta reductions to produce complete recrystallization and a finer
grain size. In contrast the large bars were only partially recrystallized
and some of the prior beta grain structure remained.

For the rost part, these results all indicate that a fine grained alpha
material will have improved S-N fatique 1ife over a large grained alpha struc-
ture. The fatigue life may be altered by either strong alpha or beta tex-
turing. The fatigue lives of fine grained beta nateriali also appear to be
quite good. Thus, the earlier statements of A. Griffith' are being verified.

Crack Hucleation - Low cycle {atﬁgue-crack jnitiation in Ti-6A1-4V(STA) was
studied by Wells and Sullivan Fatigue cracks initiated primarily in slip
bands within the alpha phase narticles with some cracks forming at the inter-
face batiueen the alpha and transformed beta phases Fatiguo-crack initiation
in Ti-6A1-4V(MA) was investigated by Benson et all4 yho found that under
conditions of low stress at roonm temperature, cracks initiated at the alpha-

-beta phase interface. For high stress at room temperature, high and low

stresses at 600°F, cracks were initiated in slip-bands within the alpha

nhace a relatian could be found between crack initiation and deformation
twins, OS crev iously noted for aloha cicaniumid,

During low-cycle fatique of Ti-6A1-4V, Spraque et al.g noted crack initiation
at prisary alpha phase interfaces, and that finer aloha particle size increased
resistance to crack initiation. Other work also noted that crack initiation
et low stresses occurs more readily for structures containinn coarse alpha,
either acicular or equiaxed.

Work Lty Stubbington and '.Sowen‘2 related low fatigue strength *o early initia-
tion and growth of Stage 1 cracks caused by localized plastic strain in large
prior beta grains. For this case texture of the forged bars linmited the
nuaber of active slip systems and restricted the slip to a few properly
oriented beta grains (inhomogeneous slip). Alpha-beta working of the beta
annealed bars improved the crack initiation resistance, both by a refinement
of prior beta and alpha grain sizes (smaller mean free slio path$ reduce the
magnitude of localized plastic strain) and a modification of the texture
(more horogencous slip distribution).

A recent study used a computer imaging approach to quantify the microstructure
characteristics. A variety of geomatric parameters appeared to correlate with
crack initiation and cycles to a 1/32-inch crack length. \hile some technical
difficulties still exist the potential uscfulness of the approach was demon-
strated for tensile and fracture touqhncss estimations.
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As might be expected, the general trends observed for fatique crack nucleation
are similar to those noted for S-N fatique life in that smaller primary

alpha grain sizes increase the time for crack nucleation. Texture effects
again may reduce the cycles to nucleate a crack and transformed beta struc-
tures may show relatively short crack nucleation times.

The Effect of Microstructure on Fatique Crack Propagation - As was the case
for fatigue life and crack initiation, some disagreement exists concerning

the role of microstructure in fatique-crack propagation. Laird15 maintained
that “...there was only one gencral mechanism of fatique-crack growth, that of
plastic blunting, so that the microstructure of the material being fatigue
cycled can change only the kinetics of crack propagation, not the general -
nature of the process.”

Robinson and Eeevers]6 performed fatigue-crack propagaticon tests on commer-
cially pure alpha-titanium alloys and two distinct modes of crack growth vere
identified. At low-growth rates the crack path was highly deperndent on the
orientation of the grain the crack was traversing. This microstructurally]7
sensitive Stage Il crack growth has also been noted by Hoeppner for copper
and Birkbeck et al.18 for low carbon steel. At high-crack growth rates the
grain exerted 1ittle influence on the crack path.

Robinson and E&eevers]6 have suggested that the extent of crack path dependence
on grain orientation was greatest when crack tip plasticity was less than

the grain size. This would indicate that the rnajor influence of microstruc-

ture on fatigue-crack growth would be most pronounced at low AK and Knax values.

Fatigue-crack propagation in Ti-6AJ-4Y(MA) was studied by Benson et a1.14 who
found thet for low stress at roomtemnerature, Stage I cracking started with
the 1IAKIiNg OF aidna-beta IRTerrace Cracks growifg dai §3 anyit> LU wne
applied stress. At higher stresses at rocm temperature and for all stresses
at 600°F, Stage I cracking proceeded by the linking of slip-band cracks. All
Stage I growth was transgranular, as was all Stage 11 growth. Profuse twinning
accompanied crack grawth but did not appear to affect crack growth rates.
Yuen and Leverant'’ stiowed that a transition from cleavaga to striation
formation occurred at a 4K = 12000 psi /in. for Ti-6A1-4Y(¥A). Stubbington
and Bowenl2 found a transition between Stage I anc Stage Il cracking at a

8K = 12000 psi vin. for Ti-6A1-4V. The transition for both phenorena was
ascribed to a change from 51?81? slip to multiple slip systeris at the crack
tip. The same investigators!Ys 2 also found that a refinement of prior beta
grain size increased resistance to Stage I crack growth.

A significant dependence of fatigue-crachk growth rates on the microstructure
of Ti-EA1-6V-25n was shoun by Amateau et al.€0. Mill anncaled material
containing equiexed prirary alpha had the lowest crack propagation resistance,
with the acicular alpha structure resulting from beta annealinng stowing the
highest fatique-crack grewth resistance by @ factor of four. The solution
treated and aged structure also displayed high fatisue-crack growth resistance
due to Cfack branching and deviation around primary alpha particles.

Farriqan et a1.2] examined the effect of aluminum plus oxygen content and
processing parameters on fatique-crack growth in T1i-0A1-4V.  Improverents in
fatique-crack qrowth cates were ehtained by decreasing oxyeen and aluminm
contents, especially for the RW orientation. The recrystallized anncal (RA)
and beta anncal products showed lower crack growth rates than the anncaled
(MA) and solution-treated-overaned (510A) products.,  For the PA material, the
fmproverent was due to full recrystallizaticn and én equiaxed, finc-grained
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alpha-beta structure. For the heta materfal, the feprovement was duc to
refinement in prior beta grafn stze and a fine aclcular alpha structure.

Bowen22 examined the role of texture In the qrowth of fatigue cracks fn
Ti-6A1-4V bar. Crack grouth was controlled by the texture in the alpha
phase and the relevant slip systems for an orfentation. Crack growth at low
rates was totally crystallographic. Rapid-crack growth was associated with
cleavage or ductile tear nodes of crack advance. Harrigan et al.<® found
g;saérplane textures control the fatigue -crack growth rate in Ti-6A1-25n-
r-6Mo. .

The preceding discussion stresses a general conclusion of all of the papers
reviewed: the more tortunus the crack path, the slouer will be the crystal-
lographic cracking, as long as cleavaqe and ductile tcar are not caused.

Armateau et al.20 also showed that no existing crack-growth model4 could be
used to describe the ranking of .microstructure or the magnitude of crack-growth
rates.

Additional work on the role of microstructure by this author and his collea-
gues has adced further verification to Or. Griffith's earlier observation24-2
Further reference to the effect of microstructure on fatigue is provided in
references 27-35. From the extensive literature available it now appears
possible to state in conceptual energy terms the physical process of fatigue
crack growth. It is possible to cross an energy threshold that will produce
fatigue crack growth. Vhen observatinn techniques permit, that growth can be
quantified in crack groqth rate (da/dil) terms. After this energy threshold is
crossed, "the crack" propagates under continued fluctuations of load. On a
time interval basis it should be clear that the rate of crack extension is
related to tha resistance it encounters from the surrounding material. This
resistance can be presented as surface energy requirerents for crack extension,
plastic work terms, heat dissipation and other thermodynamic factors. As
Griffith stated, and as most of tha literature cited dramatizes, the micro-
Structure 1S CNE OF IARE PPINCIPAT TJLLlls that deioinoads ohd Saorgy r2auirs
rent for ceack extension. 42 may nol Le able to furmulate ail the wathematical
expressions just yet but we are beqinning to understand the phenomena reason-
ably well. A material was selected for this study that would dramatize the
role of microstructure in fatigue-crack growth. Furthermore, it has been

this author's contention for some time that the effect of microstructure on
the fatigue cracking process can be obsarved on one specimen if one pays
attention to detail, watches the crack, does not smooth out real data indis-
criminately and does not attempt to overextend the real meaning of a fatigue
crack growth rate (da/Ji) versus change in stress intensity (AK)} plot. Thus,
this brief study concentrates on observino, with some attention to detail, the
crack growth process as affected by microstructure. Several studies are
underway at other laboratories, as well as some at UM-C, which produce a

wide range in microstructures and then conduct tests on each of the microstruc-
tures. .

4. FATERIAL. The matcrial used in this study had a chemical conposition

as listed in Table 1. Typical microstructures of the material are shown in
Figure 2a-d. Figure 20 and 2b are photomicrograpls at 20X {original raq.).
Figures 2c¢ and 2d are photomicrographs at 500X (original mag.). The material
was forged amd heat treated such that a prior fgrain size of 0.100 - 0.200
inch resulted. As will be scen in the next scction, this prior 8 qrain size
was freguently larger than the specinen thickness. The specimens for this
study were scctioned for actual forgings of compressor discs. Thus, this model
material also is a real structural material,
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5, SPECIMEN. The specimen geometry used for this study is shown in Figure
3, Fiqure 4 is a photograph of one of the specimens used in the study.
Fatigue precracking was conducted in closed loop lead control and the final
precrack length was nearly icentical in all specimens. The fatigue crack
growth tests were conducted in closed loop equipment under load control. The
load was initially set so that the initial calculated K level wes the same in
each specimens, Observations related to the crack growth were continually
made and the raw data resulting from the cxperiments was crack length (a)

and number of cycles of sinusoidaliy reversed load 3t 20 Hz. Crack length
readings vere made on the front and back face of the specimen. Because of the
large prior & grain size and the variation in microstructure possible in a
given specimen the front and back face readings frequently differed a great
deal. However, this difference is attributed to the microstructure - not to
test technique. A1l of the best fatigue-crack growth test practices were
followed. The results from the tests follow.

. TABLE 1 Chemical Composition*
Constituent Percent of Constituent
Aluminum (A1) 5.7 - 6.3
Zirconiun (2r) 4.0 - 6.0
Molybdenun (Mo) 0.25 - 0.75
Silicon (Si) -0.10 - 0.40
Iron (Fe) 0.2 max

0.006

hydrogen (HZ)

*Cormercial designation IMI 685
Nominal comgosition from IMI Brochure

6. RESULTS. Figure 5a and 5b present the crack lenath (a) versus cycles
(K) plot and the fatigue-crack growth rate {da/dl) versus change in stress
intensity (4K) plot for one of the specimens. Figures 6 to 14 then present

the same two respective plots for nine (9} additional tests. The crack length
plotted is a linear average of the front and back face readings. This proce-
dure may introcuce some error because of the difference sagmatines observed

due to microstructure. Given, however, that the microstructure is rancgom this
may average. It is not my intention to either overkill the point or to

produce a bulky paper. The reason I have presented the larce amount of data is
to show that the discontinuities in the fatique crack growth process are not

a sinole speccinen anormaly, Data are presented herein for four thicknesses, viz.
2.00 pm., 2.25 ., 3.00 rwn., 3.99 mn. Data on thicknesses 12 min and 25 mm are
being genereted at the current time. These c¢ata being generated are important
to the case where the prior {5 grain size is less then the specimen (structural)
thickness. Clearly, a centinuum problem!

during each test, the observer would take readings of crack Tenqth at a
predetermined nurter of cycles. It was frequently ohserved that the crack
vould either decelerate markedly or stop for some period. This is evidenced
in Figures 51 - 14a by chanons in slope of the a vs. H plot. As will be noted
in the plots, frequent herizontal "arrests™ occur. These Marrests™ marwedly
affect the total cycles to failure of a given specimen and obviously alfect
the instantancous crack growth rate. It will be noted thot if an “arrest”
occurs carly in the crack growth process a large extension of life results,

These changes in stope and "arrests™ are the direct result of local
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microstructural changes. In addition to the deccleratfon or arrest of the
crack it frequently was observed that cracks would burst (accelerate rapidly)
at times. This also is related to microstructure. Preferentfal orientation
for cleavege or grafn boundary drcohesion results in acceleration of the crack,
As originally suggested Ly Or. Griffith, and clavorated on by this Juthor on
many occasions, this type of hehaviar 15 the result of the Tocalized Cepacket
size, local crystallographic orientation, prior grain size, lecalized modulus
(compliance), O<type (acicular, equfaxed,ete)*. [t {s not the intent of this
paper to go into the detailed mochanisms of crack growth but to dramatize that
the nicrostructure has an effect,

The da/dN vs AK p]éts pre:cnted in Figa 5b to 14b. exhibit a dispersion of
data. These plots result from the a-M plots. Some investigators viould take

the a-N plots presented herein and smooth them out “by hand” or with a
“smoothing function."

In this study, we let the data speak for itself! A point-by-point (a)
incremental method was used to obtain the do/di values., The &K value was
calculated at the central point. Use of the point-by-point methcd provides

scne assessment of the variation ia da/dN that results from the microstructural
variation.

7. DISCUSSION OF RESULTS. The variation in a-H behavior and dispersion of
da/dN data suggest a large variation that can be attributed to localized
microstructural variation. It has becen known that the fatigue-crack growth
rate is a functional relationship of the following form:

CRACK GROWTH
5-"; -l(c,r{(},uv.,!,W,P {t})

K

4 + CRoTx 12

& - STRESS

€ - STR&IN .
eav- EHYIRONMENT

¥ - JEMFERATURE

W= FRUIQUENCY

#{1) - cenmien runcrion

The factors listed in equation 1 are extrinsic in the rain. [The stress
(striin) must include consideration of internal stresses]. The manner in
which these parercters are ccmbined is directly related to the intrinsic
material character. Intrinsic factors that are telieved to relate to the
fatigue crack growth behavior are: .
rmaterial chemistry .

microstructure {crystallographic texture)

working teature

* A factor being neglected in this current discussion is the residual stress.
It is believed thet the residudl stress is a significant factor in fatigue-
crack growth. Ve have efforts underway to study this variable in rore detail
(sce 1. S. thesis of Ms. Cole on attached list).
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obviously the way these factors contribute to crack growth will be dircctly
related to the processing., The combination of factors thus will yield in
“initial” statistical distribution of fatique crack growth parametrics. It
has been demonstrated that the above factors can relate to statistical dis-
tributions whose central tendencies and dispersion may change in service --
depending on carrier function, environment, etc.

frequently, it is common to attempt to fit a straight line to da/dN vs. &K
data that are plcttedon a log-log basis. MNote that the da/diN vs. &K plots in
Figures 5b to 14b are plotted on a log linecar basis. The common equation used
to "fit" crack growth data is

CRACK CROWTH

et

e
(7Y (ASTS
¢, “‘lell‘l)

(2)

INTEGRATE FCR LIFE

As indicated, after the parameters (incorrectly called constants all too
frequently) C and n are evaluated by exneriment, it is possible to integrate
the eauaticn to determine rosidual fatigue life for a qgiven distribution of
initial flaw cirac dcnfhnv- assumed or determipned from flaw size ﬂes,gn

a)lowab]es) 4

As pointed out by this author and Professor Freudentha]36 on many occasicns,
even though this approach may be simplistic and provides a nice conceptual
package for introducing fatigue-crack growth to life prediction, it may be
quite misleading. Equation 2 is of course the equation of a straight line
of a plot of da/dl vs. &K on a log-log basis. It is now appropriate to ask
how one would "fit" a straight line to the data of this study. Furthermore,
the utilization of equation 2 does not fit the physical buundary conditions
that

A) 11rlt( da )—4» o0 (or some fraclion of the acoustic wave
BK=K dil velocity as proposed)

Klb - instability value

B8) Vimit [dal_
Akoxu(aﬂ) v

-

- threshold stress intensity, bsi Vin
[level of K below which a crack will not propagale -
see quote from Dr. Griffith in Introduction].

Kth

Thus, the fatique cvaLt growlh data bocares an asynptotic distribution func-
tion. Freudenthal 54 proposed a form of evponential that more realistically
fit the data.  However, RPovic and Hoeppner3/ proposed a fitting function  as
shovn below,

LK




CRACK CRCwin

de QY
-‘—’;-co(r.-) [ An(l'ﬂill.)]

CHARACTCAISTIC ZaLutL
s where €1 Lnistanity
o (3)

SHAPL PLAMMETER
THRRESHOLO PARAMETER
CLHATK GRONTH RaTE

This equation has not been fitted to tie data of this stucy- that effort is
underway. However, Equation 3 has been found to fit fatigue-crack growth

data and to provide a physical rationale for changes in the fitting function
that result from changes in microstructure. The above equation is basically

3 four perameter approach. The paraormeters are e, k, v, and Kp- It has been
found that changes in niicrostructure result in changes of 211 four parameters.
Furtherrore, it is not usually realistic in formulating a fatique life pre-
diction to trurcate the lower and upper portion of the curves. These portions
of the curve influence the fit a great deal as demonstrated in (38,39).
Further research is underway at Uil-C to complete the curve fits for different

microstructures of titanium.

Figure 15 is a corposite a-! plot for the ten srecimens. The dispersion of
results is accentuated and the discontinuities in the lower rorticn of the
curve are rore apparent. It is suggested that development of the curves at
even lower rates would accentuate the microstructurel differences. It also is
apparent in the corposite a-il plot that after a length of crack of about 0.95
inch.is attained there is no apparent difference in the curves. In other weords
they could be superirposed. [t is apparent here that the continuum strain
field is now dcminaent and microstructure does not have a discernible influence.
It is, of course, known that microstructure does influence the instability

naramatar
.

Upon detailed examination of the da/dii vs. &K plots it is observed that a
rather extensive dispersion of the data exists. This dispersion is extremely
useful to the curve fitting techniques described and thus gives a good indica-
ticn of the scatter in data for a given microstructure. It is suggested, and
as reviewed in the introduction, that a different microstructure will have a
different distribution and this will be eviderced in the fcur parazmeters. If,
towever, one were to vicw the data at higher crack crowth rates and plot on
log-10g paper it would be possible to conclude that microstructural changes
introduced by processing and alloying produce no effect on fatigue-crack
growth. However, it is asserted that such a conclusion is not valid for many
naterials,

8. CGNCLUJING RIMARK. It is shown that within a given titanium alloy the
local variations in microstructure produce gross changes in the fatigue crack
growth behavior. The potential for alloy tailoring to optinize fatique crack
grewth resistance appeaers very coad. This observation hes already been ex-
ploited in many applications as it was suggested by Do, Griffith. It is hoped
that as we move toward inclusion of fatique-crack growth as a primary desian
consideration we utilize data transformation and presentation procedures that
more realistically represent the pnysics of the cracking process.
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THE EFFECT OF TEMPERATURLE AND R RATIO
ON FATIGUE CRACK GROWTH
"IN A612 GRADE B STEEL

CHEUNG POON
University of Missouri. Colfege of Enginceeag, Columbia, MO 65201, U.S.A.

and

DAVID W, HOFPPNER ’
University of Toronto, Department of Mjchanical Engincering, Toronto. Ontario, Canada MSS 1A4 :

re

Absteact—Fatigue-crack propagation rates in ASTM A612 Grade B steel were investipated at room
temperature and - I0F (= 73VCHwith 8 ratin = -0 and S0 67, The data were eviduated m terms of the
crack propagation rates (daldNY as a function of the alternating <tress intensition (3K}, according 10
datdN = ¢ 4 (v - e}{- In (1 - KK 1t was found that crack growth fates were ancreased due to
increasing R rativ. Ao the depeadeace of crich growth tues on R satio is strangest ab the lowest crack
growth rates where a MK fatigue threshold ts established. Crich growth rtes were decreased due 10
decreasing test temperature in the slow crack growth region, However, it was found 1hat ¢rack growth rates
. were increased due (o decreasing test temperature i the (st crack growth region acar the upper
nstabihily asymptote. Decreased test temperature and increased R ratio sicract svacrgistically 1o increase
crach growth rates for the cntire range of AK. -

INTRODUCTION

MoST ENGINEFRING structures, when subjected to ancinaieg ;-0 oF lomding will fail by fatipue
which i a progressive process involving initiation, propagition and instability of a futipue
crack. Fatigue-crack growth has been known to be alfccted by many external and internal
variables, but test temperature and R ratio are among the most impfl:mt external vanuables.
Fracture toughness of most ferritic and.martensitic steets decreases markedly with decreasing /
test or operating temperature. Clark and Trout, in their studies on the effect of test temperature
in the range from 0°F 2170) 1o - 1007 (~73°C1 on {atigue-crach growth rates in a forging
prade Ni-No-V steel. found that the crack growth rate for o given aiternating stress intensity
decreased as the test temperature deereased [, Andreasen and Vitovece investicated the effects
of temperature on fatigue crack propagation in an AP SL Grade B steel in the range from
470°C to ~ 60°C and concluded that fatigue-crack propagation rate ot o fined stress intensity
has a maximum at roem temperature{2]. Rolfe and Munse found for mild stecl that as the test
teaperature decreased from 70°F (21°C) 1o = 40°F (- 40°C), the [latiguc-crack growth rate
decreasedidy. )

The effects of R ratio on {atigue-crack growth has heen studied by many investigators in
many diflerent materials(4-74. Generully. R ratio is found to influence fatigue-crack growth
rates, with increased K oratio was most influential at the fowest crack growth rates were a K
fatigue threshold is established.

The Paris relation JafdN = DIARY has liited usage in Btting o curve to the entire range
of fatigue-crack growth rate data, There is no term i this simple relation (o account for the R
ratio effects, the tampetatiure cffects and the combined cffects, Becanse these evternal

(Y

pacamcters canmodifly dhe response of the material to e cyehie Toads the empincal parameters
from any fitting fanction must be such that they setlect these effect There are other potential
fitting functions that more accurately relect changes i external paoameters. The Paris rekition
has been modilicd by many iavestipagon® 1) hat none of these proposed models can account
for the combaned cifects satnbactonty. Bowie and Hoeppier proposed o relatien Based on the
Foue Parameter Wobull Susinvonship Tanction to it o median corve to crack growth rate
dataf 12} Many nvestipaton fave used this celation and conchuded that it accnrately s dafIN
ve SR over the entne V16 The T pacameters of the cuve aitmy chtion, which
can be determmmed analyv ety account for tie effects of test vaniabdos on Latipee-coack prowth

rates. e e e
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EXPERIMENTAL PROCEDURE

The material used in this mvestigation was ASTAM A612 Grade B steel. The chemical
composition and mechanical propertics are listed in Table 1.

Four Wedge-Open Loading (WOL) specimens were machined according to the dimensions
shown in Fig. 1. The suiface of the specimen was polished by 400 Gt Silicon Carbide paper.
The direction of polishing was peipendicular to the direction of crack growth. The specunen
wits mounted in o servo-controtled clectrohydradic fatigue muchine and was subjected lo a
sinusotdal cyclic load for precracking. During precraching, the totad crack growth was ap-
proximately 0.1in. (0.284 cm). The final 4.025 i, (0.063 cm) of the crack growth was uccom-
plished by a reduced load such that the alternating stress intensity at the end of precracking did
not excecd that at the beginning of the fatigue crack growth test which was performed
immediately after precracking.

Fatigue-crack growth tests were performed at room temperature {about 70°F 121°C)) and at
=100°C {=73°C) with an R ratio (ratio of minimum load to maximum load) equal to +0.1 and
4+0.67. A sinusoidal loading waveform at a frequency of 10 Hz was used for the tests. The
specimen was cveled to failure. The crack length was measured periodically during the test at a
predetermined number of load cycies by a forty-power (40 x ) travelling microscope.
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Fig. 1. Dimensioncd wedge-open loading specimen used in fatigue-crack growth testing.

4 Table 1. Chemical compostion and material propertics of the test matenal

Elerent dnvghit Percent
Cartion 0.25
Minqanear 29
Phophorous .on
Sulfur 027
Silicun .30
Capper .2
Niche! .2
Chramiye: .20
Holyhob s 06N

Material Projerties.

Yicld Steeny 65900 pad (473,488 m/n’)
Vitieate Tenstle
$erength 95200 ot (450, 40 101/

{longation L )
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A stainless steed cooling tank with o transpinent viewing side was construgted for fow
temperature testing. A mixture of freon and dry ice was used as a couling medium in wheih the
specimen was submerged. The test temperature was monitored by a thermocouple Jocated close
to the crack tip of the specimen.

PRESENTATION AND DISCUSSION OF TEST RESULTS
The raw data obtained in this investigation consisted of puirs of crack leagth, a. vs the
number of Joud cycles, N. The pairs of ¢-N values were further reduced to erack growth rate,
daldN, vs alternating stress intensity, MK, values. The raw data and the reduced dita where

shown in the appendix. The methods of the calculations were given in Ref [ 17].

Pairs of dafdN vs AN values were plotted on a log-lincar basis as shown in Figs.2-5. A
curve fitting relation bised on the Four Paramcter Weibull Survivorship Function was used to
fit a median curve to the data. This curve fitting relution is given in egn(i), below:

dafdN = ¢+ (v =e) (- In (1= AKIK )" )

where k. ¢ and v are parameters related to the intrinsic material parameters and the extrinsic test
paramcters. K, is the alternating stress intensity which his the following charccteristic:

lim (da/dn)—infinity ' (V3

(3K=Ay L

These four parameters were computed using regression techniques. The results were shown in
Table 2. A comparison of the curve fitting relation used in this investigation with other relations
can be found in Ref.[13). A discussion of the theory of the analytical procedure is given in
Refs.{13~15). -

Rearranging eqn(). AK can be solved for in termstof da/dN:

AK = Ky (1 - exp—(da/dN = ¢)i(v — ¢))*}. 3

The lower asymplotic condition of the da/dN vs AK curve can be solved for by substituting
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Figs. 4 and 5. Log-lincar graph of Ju/dN vs QK fitted with a Weibull curve.
Tiible 2. Results of the caleutations for the values of the four Weibull parameters and the fower threshold
Upper instadility Lower
para-cter, YE Thre<hold Chargctoristic threshold, X
Cnorfron nwhee pueaTNE . € verue, v —
47a cascription vei g infupcle injeycte yo1An
‘ of test ccnZitions (r73.7) {er/cvete) {r/cycie) (A~a ")
_ WP 60.37 -8.19x1076 19121075 19.15
Rae.l0 (65.33) 0.80 (-2.0710°%)  (4.8501074 (21.04)
Roon Tergorature .
KP-2 2.8 RN 3.25010°¢ 8.24
Res.87 {35.71) 0.56 (-1.00x10°%)  (8.25:10°%) (9.05) .
Racm Te-gerature
-3 44,43 _— 4371077 2.831078 20.95
8,10 (48.81) Lty (2 aeth (23.03)
~103°F {-73°C)
uo-a 19.53 99.01 -2.710107? -4.28010°8 1.1
Ree.67 (21.26) (-6.99210°7)  (-1.09x10°%) (16.1)
-100°F (-73°C)
/
daldN =0into eqn(3). Let Ky, = AR when dafdN = 0, eqn(3) can be writlen as:
ko= Kall=eapl= (= ftv = e)). (d)

The values of the Tower thieshold Koy, were calculated by ustng eqn (40 s were shown in Table
2. A composite plot of daldN v AK vadues and median cutves for comparison of temperature
and R oratio offects s given e by b
By increasing the vadues of the vinnable R ocatio from 1001 1o 1667, the Tollowing cifects
were observed wader both temperature conditions, The crack prowth rate curve was slisfted to
‘ the left; the upper istatihiy pacameter, Ko, and the lower thieshold paramceter, Ko were both
reduced to Jower IR values: the size of the interval of 3K between the vpper and the lower
asymptotes was compressed, wnd the slope of the medun curve between the two sy mptotes

it

-
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Fig. 6. Conposite log-lincar plot of de/dN vy AK used to compare temperature and K ratio.

was increased. Thus, at higher R ratio, fatigue crack can be inttiated from a smaller critical flaw
dimension. These results were in agreement with those of other tnvestigators.

At R =401, decreasing the test temperature from room temperature to —100°F (=73°C)
reduced the valuc of Ky from 60.37 kaiV(in) (66.33 MPaVm) to 44,43 kaiV(in) (4881 MPavVm).
However, the value to Ky, was increased shightly from 1945 ksiViiiny (2104 MPaVa) to
20.96 ksiV/(in) (23,03 MPaVm). The median curve for low temperature remained below that for
room temperature until al AK = 4SKaVGn) (49,448 MPaV ), it then crossed over the other
curve and remasied above it The size of the interval of AR between the hwo asymiplotes was
reduced from 4123 KaiVany (1S3 MPavm) to 237 haVin (26.04 MPaVm) when the test
temperature was lovered. Note that the value of Ky, of 20096 baiv/Ga) reported herein was high .
when compared with the threshiold stressntensity for fow alloy steels reporied in the literature.
The discrepancy may be cansed by extrapolating the hinuted amoant of data points i the
threshold repime avinlable i this stady to the mat of 7cio arack growth rate.

AU R = 4067, decreasing the  test temperature reduced Ky from 325 hsiViing
(ASTEMPOV I o 19 STRaN g 2146 MPaN m) K was crcased frome 82408\ G
G0 M ) to TR KON Gy CLLTENMPaN mo The meduan canve Tor low temperating
renvained below the medum curve for toom temperatore from Ky, to AN 1650V (in)
(7S MEPN M then it crossed over the other arve amd remanned ahove it The size of the
mtceval of AR between the two cevinptotes was compressed from 24826 kaVm)
Q6 OHS MPAN M) e LN png (6 7S M m). n

fovestrators exammng the fow temperature clfects of Latine crack prowth cdes reported

that the crack provth rate soas decreased for o poven vabie of YK when the test temperaituee
was rediced The results of dis expermment showed that the Giack prowth rate was dedicased
for a piven value AN between Ky and same nghet SKovatoe i the show crack prowth oy,
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Higher crack growth rates were ublained when 3K was in the fust crack growth region near the
upper instability asymptotic value, )

Low temperature and high R rutio apparently mteract (o produce higher fatigue-crack
growth rates in the entire interval of AK between the two asymptotes (compare the median
curves for R = +0.1, room temperatare and R =2 #0.67, ~H0EF in Fig, 6). The upper instability
paramecter, K. was reduced to a greater extent because lower test temperature tenced to
increase the value of Ky, while higher R ratio tended to reduce it The results indicate that the R
ratio variable produced a stronger cffect in reducing the threshold than the test temperature in
increasing it.

Although further data are desirable to define the variability of the data and obtain a better fit
median curve, the elfeets of temperature and R orativ ioe clear. However, it is emphasized again
that fatigue-crack growth data over the entire range of interest, from Ky, to Ky, are needed.
Also, enough points are needed to allow o numerical optimization of the (it

Variation in fracture appearance of the speciment with test temperature is shown in Fig. 7.
The crystalline facets found on the flat fracture surface of the specimen tested at - [00°F

- clearly indicated a cleavage mode of fracture which was different from the ductile mode

exhibited by the massive plistic tearing found on the fracture surface of the specimen tested at
reom temperidure. This contrastin fracture surface appearance is guite evident in Figs 7(a=d)
for the conditions cited in the figure caption. Note that the size of the region of stable crack
growth was reduced when the test temperature was decreased.

The {racture surface was examined at higher magnifications by using a Bausch and Lomb
SEM I scanning clectron microscope and the fractographs obtained are shown in Fig.8. Details
of the SEM specimen layout for {ractographic studies are presented in Tuble 3. In Figs. &) and
(b). the fracture surface of the specimen fested at =007 with R = +0.67 exhibits cleavage
facets and short intergranular cracks which are typical features of cleavage fracture. In Figs. 8(c)

_and (d). exhibits dimples and fibrous regions which are typical features of ductile fracture. It is

clear from these fractopruphs that the fatigue-crock growth process below the transition

temperature davolves a different mechansm of crack growth than above the transition
temperalure.

CONCLUSIONS

Crack growth behavior of ASTM A612 Grade B steel was examined at room temperature
and at - 100°F (= 73°C) with R ratio=+0.1 and +0.67. The results lead to the following
conclusions.

() A curve fitting relation based on the Four Parameter Weibull Survivorship Function
provided a much more adequate curve fit for crack growth rate data than other proposed
refations. The effects as well as the synergistic interaction of test variables can be accounted for
by the four parameters which can be analytically determined. Also, once the four parameters
have been oblidned, mference can be made on the threshold, K.

(2) The ctfects of increasing the R ratto were Lo cause an increase in the crack growth rates,
a decrease i the values of A and Ky, and a compression of the range of 3K between the
uppcer and the fower asymptotes,

(3) Lowcering the test temperature fromy room temperature to = 100°F decieased the crack
growth rates in the slow crack prowth region between Kyoand some hipher AR value.
However, the crack growth cates i the fast crack growth region near Ky, were increased. In
addition, lowering the tost tamperature ancreased Ky The nnge of 3K between the two
Bymplotes was also compressed

() ‘The combined effects of deareased test temperatire and mereased R l:lli.l\ produced an
increase in crack growth rates m the entite ranpe of AN Ao Ko was reduced to agreder
extent.

(%) Practopraphic analysis andicated that the fracte medhaniam chaneed from duetile
(eacture to Cdeanvape fractore when the test temperature was fowered from voonm temperature to
= (=730

ftas 1o be emphasized that very Timmed data e sivalable o tts stidy and the Tnerature

concernmyg the clfect of temperatore and B ocato, Funthermore, becatne mare data are needed




The effcct of temperature and K catw on Latigue ctack growth in A612 grade B sieel

.""‘."}'il""""""'5!"""':' ! Hbl it y

T

L T P
{uﬁ\ N PN R g
Co s

P

IR RSN

L
s et
I

Fig. 7. 1 racture surfaces of test specimens.




CHEUNG POON and DAVID W. HOLFPNER

A

AW s e
\ NERFANREA:
\

{
II.

(b}

Fig Xty Scampng clectron Microesaph of fractine senface of specsmen tested at

facets and short mntergrannbar cracks are found oo the fracture surface (800« paemification). thy o magnificd i‘

view of acleavage facet on the fracture suifuce is shown (1300 < maenification): (o) dimples and brous regions

are found on the fracture surfuce (8K x magnific.tion): (J) dimples and microcrachs are shown (1500 x
magnification).

& PRy -,\‘ i “ e
REYER WY R ¢ o e L
NGB TCAGP R S
NS Ty D I
.‘.\: . .;\ “y, R . .."
N [ - - .- - C -
> P - L.
\.-_‘. -‘ : Y . F A .
\ s, . LoeJs » o ‘.»I vl |~
H \.) ( M ’ s‘ LA 't,’dfv.)
.- ¢ . LR 2
c i (- L F . 4 ./ 5’?’, :-'
$TE AT
. g s/
pitr o A B
s i . ~,’..? vy F
.- ° - Nos - L /0
L' . = N
’ ' IR AN AL .

L TVCywih R - 1067 cleavage




The eflect of wemperatire and R ratie on fatigue ¢r wk prowth in A612 grade B steel q.

Table L SEM specimen bivout for fo toeeaphic studies

Average’ Distance

ﬁo:\h:th;f.;:;" Mj;-m» da/a Ave-'-a')t LA .
Test Conditions Tip, in (rn) 07 an/eycle ks iTn (1ra.m)
«100°F, R = +0.67 0.25 (6.3%) 3.65 (92.71) 14.4 (15.8)
Room Temp., P« ¢0.67 0.85 (21.97) S.49 {11.94) 237 (26.0)

to adequatcely fit the Weibull Survivorship function the results presented herin should be viewed
as lentative until satistacially planned experiments can be conducted and also until more data
can be gencrated in the threshold and instability regimes,
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A WEIBULL ANALYSIS OF FATIGUE-CRACK
PROPAGATION DATA FROM A NUCLEAR
PRESSURE VESSEL STEEL

o Grreduete Studel

/ anocrxx‘b\ o £ Missones
G. C. SALIVAR and D. W. HOUPPNER, Co\u we b Moy (S LUy
Bt =t o+ e — ————— *
Abstract—Technigues of curve fitting, hased upon an cqiation i the forme of the four paamerer \\uhull l 6{
(- 2(33%}
Survivorship Function, ase presented for the teduction of Latcoe crack propacation rate data obtamed from Co{'k: bura ?
a nuclear pressure vessel ateel, The importance of dativin the ncar threshobd and the high crack propagation hP S© __Q
rate regions of the DA/DY ve 3R curve, as it relates to the curve At iv demonstrated with respect e a Uy aefsity ¢
change in the four paramicters of the Weibull function. econto
Tof‘oﬁ‘b\-\ Onter
M5 8 1t A4
INTRODUCTION
Curve rurninG techniques are essentiad to a life prediction utilizing the fatigue-crack propagation
characteristics of a material. An equeation in the form of the four parameter Waibull Survivor-
ship Function is uscd in this work and applied to the data olitiined from three compact tension
specimens of ASTM S33B-1 nuclear pressure vessel steel. The specimens are subjected to
three distinct cavironments while under o constant sinusendal type loading. Fhe Weibull
function is used to determine the variation in the futigue-crack propagation dataas a function of
cavironment, based upon the four paramcters of the curve it The effects of the lack of near
threshold and high ceack propcaeation fate data. s indicated By acamneionn cof el coeeen foo o8 ~
the throe duti sels, will B discunaed.
DATA ANALYSIS TECHNIQUES
An cquation in the form of the Weibal! Survivorship Funcuon1=3] s used to determine the
relationship between BA/DN vs AR data:
L ( (l);\/l)N - .-)‘) M
—--s-=¢ == )
l\p. p v-¢
This represents a four parameter cquation in which ¢ = the thieshold patamceter; ¢ = the
characteristic vadue: A = the shaping parameter: K, = the value of AR at the point of unstable
fracture (DA/DN - x).
Equation (1) may be rearranged as
' AR J "CODAIDN ¢
s ~In l-~---) e e 2
[ ( K, R U . 2)
which is in the form of the equation of o straight line
Nemud b )
where
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Arcanging the equation in this form allows a lincar regression analysis to be performed by
incrementing Ka and the shaping paramcter k. The sample correfation cocflicient (R) is then
determined by

BN St —
(((n x-(X \)3)—(113,\"-(}_',\')‘)) Y

The maximum value of RER = 1} will provide the best hnear fit to the data and will determine
the Ky and k values. Using the dope (m) and the intercept (h) of this line, the values of e and v
can be calculated. :

The purpuse of using an cquation of the form of the four parameter Weibull function s that
it takes into account both asymptates of the sipmondal curve shape to which DAIDN vs AK
data correspond. It allows the four parmmeters of the function o be determined by a lincar
regression analysis rather than arhitrarily selecting one or more of these values. Also, a change
in any once of the four parameters of the function will wifect the remaming three pxnmcltrx

This will affect the curve shape and therefore, a life pruhglmn

RESULTS AND LISCUSSION
The data obtuined from the three tests are plotted in Figs. 1-X along with the appropriate
Weibull curve. Figure 4 is a plot utilizing the dativin Figo 1 with aslight modification. The values
of the Weibull parameters for each set of data in the ficures are given in Table 1,
The values of the four Weibull pasumeters for the Lab aie and the salt water environments
are relatively close while the values Tor the distilled water environment vary significantly (Table
1). The crack propagation in this specimen (distilled water) becme unstable shortly after the

Fable 1 Values of the Werbull parameters
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Iast data paint, however. this is not reflected in the curve in Fig. 2. The curve indicates that the
crack propagation continues in a stable manner until a much higher vidue of Ky is reached. This
higher K, value is due to the Lick of high crack propagation rate data obtained from the
disbiiicd water spoaincen, Fie ¢Hoct oi s Bighel A VIRIC Wi B to Lhange e iennimg
three parameters and result in o curve that does not fit the physical characternistics of the crack
propagation in the specunen.

The threshold of the curve in Figo 2 s shown as being lower than the thresholds in Figso 1
and 3. Lhis is pantly due to the elfect of the hicher Ky vadue, and also to the lack of near
threshold crack propagation datia. Some dhta were abtained in the near threshold eegion for thie
lab air specimen (P 1L but Bttle was obtined for the distilled water and salt water specimens
(Figs. 2 and 3. The “physicd™ fit to the data o Figo 3 results frome the Tast high erack
propagation rate data point and s elluence on the curve. In Fig, T where some near threshold
and high crack propagation rate dati were obtimed, the curve s the physical characteristics of
the data. The curve for the distilled water envitonment would be sinilar to the curves for the
Lab aie and the salt water enswonments, had more datia been oblaned m both the near threshold
and the high crack propagation rate regtons,

Evidence of this fact is provided i Freo 4 where the List data point from the Tab air data set
(Fig. 1) has been deleted. The revulting curve is simnlar to Fig 2 with the Ky value increastng o
L Rsiin, The thieshold i Py 4 is also dower than the thieshold in Fieo | because of the
bigher K, value. Although o large amount of dativ was not obtamed in either the near threshold
ot the bigh crack propagation rate regions foe these thiee specunens, the impartance of these
data are cophasized by o comparison of the cise it A curve that fits the physical
characteristics of the crack propagation i the specimen wall resalt when data i these two
regions are obtained. :

CONCLUSIONS
The importance of the ocar theeshold and the hineh crdk propacation e data to the curve
fit. is cvidenced by o comparison of the values of the Wabalt parameters for the distilled water
test to the L e and the sl water tests The Lk of daty o these tegwons G resnftin a curve
that dues nat e the phvsical chacactenstios of g Fiene crack propaeation i the specimen,
Althoueh datain the e eepions of the D YDA w8 AR cunve is costhy and ddlicolt to obran, the
peinary cfort of L cuach prop aation testing should be concentiated in these two areas of -

accurate hife predictions are tooresule,
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MODEL FOR PREDICTION OF FATIGUE LIVES BASCD UPON
A PUTTING CORBOSION FATIGUE PROCESS.

David W. Hocppner, Ph.D., P.E.
Cockburn Profcssor of Enqgincering Design
University of Toronto, Toronto Ontario.

Abstract

An carlicr paper on fatique crack initiation discussed the manncr in
which fatigue cracks arc initiated by slip, twinning, strain incompatibility
that produces localized clecavage, grain boundary decohesion, constituent
particle fracture, and forcign particle fracture. All of these mechanisms
of localized deformation or elastic fracture may ultimately lead to a mode
I fatigue crack that can be described using conventional fracture mechanics
concepts, as long as lincar elastic behavior exists. In addition, these
mechanisms of initiation of node | fatigue cracking result from application

of cyclically varying external driving force such as load or temperature.

The intrinsic characteristics of the material govern the kinetics of the

initiation and propagation processes. .

However, there are many situations in the fatigue of materials where
initiation of mode | cracking results from the combined 2ction of environment

-
and the a5lt

({]

rating strains. Sometimes the environment/deformation synergism

results in pitting corrosion fatique. A physical model of the pitting corrosion

fatigue process is presented involving the utilization of pitting kinetics and
fatigue crack growth kinetics. It is postulated that pitting theory can be
used to predict the rate of growth of pits. Utilizing information on the
fatiguc-crack growth threshold for the material/environment combination of
intercst it then is postulated that the number of cycles at a given stress to
gencrate a pit of sufficicnl size to become a mode | fatigue crack can be
estimated. An cxperimental technique (o observe the growth of pits forming

under cyclic loading has been developed. Verification of the model is pre-

/
sented and some shortcomings und nceeds for additional rescarch are discussed.

To be published - ASTM presented @ International Conference
on Mechanism of Fatigue, May 1978, X.C., Mo., ASTM.

Kéy words: Fatigue, Corrosion Fatigue, Pitting, Fracture Mechanics, Threshold,
Kineticn, Mode 1) nitiation, Crack tnergy,




INTRODUCT 1 ON

A largc number of studics have been conducted and reported in the
litcraturc related to mechanism(s) of fatigue “initiation" and/or ""'propagation'. It
is now clcar that many processes of physical dcformation can be involved in
the fatigue bchavior of materials. This paper decals with one sgch process,
viz., pitting corrasion fatique. A conccptual physical modcl to explain the
process of this insiduous failure mode is presented in terms of physical
events that subscquently can be mathematically described in order to calculate
the time (cycles) to fatigue failure; or to alternately calculate the time
(cycles) to a defined physical event in the development of fatigue failure.
The model for the pitting corrosion fatigue model is verified herein for
7075-T6 aluminum. '

The utility of the model is its potential usefullness in estimating.
total fatigue life for including pre-Mode | cracking and Mode | crack growth:
The basic features of the model are as follows: ’

1) Usc pitting rate theory to predict the number of cycles required
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to develop at the pit.

2) The size of pit, at a given stress condition, at which a mode |
crack will form is detcrmined from the Mode | fatigue crack

growth threshold.

3) The Mode | fatigue-crack-growth thrcshold is determined from
numerically fitting fatiguc-crack-growth data for specific

boundary conditions.

4) DOctermine the number of cycles to propagate from a Mode | crack

to fracture using fatiguc~crack growth prediction methodology.

5) Sum the cycles to failure for the total fatigue life.
Aside from using this model for fatique life prediction it also allows a
mcans whereby quantitative comparisons of materials operating under corrosion
fatigue can be made based upon the quantitative augcxnmbnt of differences

in cither pitting behavior or fatigue crack growth Lehavior or both,
Thus, quantitative studics of pitting corrosion fatique mechanisms will
Lo ponsible,

The folloving sections present the model and an experimental procedure

used to verify Tt Ty aluo clucidated, Further stadies are continaing and
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more results on the quantitative verification of the model will be reported
at a later date. '
BACKGROUMND :

Durning the past thirty ycars the development of lincar clastdic fracture
mechanics (LEFM) has been very rapid. The application of LEFM, and other arcas
of fracturc mechanics to fatigue offers the attractive fecature of dealing
quantitatively with the '"cumulative ddmagc” (i.c. crack extension) during the
fatigue process. Principal quantities of intercst in applying fracture
mechanics to fatiguc are the initial flaw size, applicd load, location of the
flaw with respect to the stress field, environment, load spectrum and frequency,a
the properties of the material of interest. In this case, the propertics of
intercst are the fatigue crack growth threshold (Kth or Ky), the crack in-
stability parameter, Klb,and the fatiguc crack growth curve for the material(s)
of interest for the conditions of interest. The apparent relative simplicity
of fracture mechanics as a useful tool for dealing with the physical aspects
of fatigue has, howevcr,.a concomitant difficulty. This difficulty is associated

with the initial flaw.

Many investigators have classified the fatigue process as being comprised
of three stages, viz. initiation, propagation, and final fracture. On numerous
occasions, an attempt has been made to ascertain the quantitative mecaning of
researchers when they refer to fatigue crack initiation (1-5)%. Some papers
have been published related to cither the concept of fatigue crack initiation
or a model for fatigue crack initiation. Very few authors, if any, have
attempted to characterize "fatigue crack initiation'" in terms of a flaw size

for a given physical process. It has frequently been discussed in the literature

that subscquent to the attainment of a given flaw size {fatigue crack initiation)

onc necd simply apply fatigue crack growth concepts bascd on LEFM to "predict life"
It is now gencrally rccognized that fatigue of a member (specimen or

structure) occurs as the result of cither microplastic flow or constraint to

flow or both. The physical flow or fracture processcs that may lcad to the

development of a Mode | (Forsyth-Stage II - sce Ref. 6) fatique crack are slip,

twinning, clcavage, grain boundary flow or fracturc, phasc boundary flow or

fracturc, and particle boundary flow or fracturc (h,6). Asidec from time

#*Numbers [n parenthesces refer to the references.




dapendent  synergisms that  occur with cyclic loading, onc of

which is the subjcct of this paper, these physical decformation processes
occur at either an inhcrent continuum discontinuity (notch,stratch, blowhole,
pore, etc.) to crecate fatigue crack extension or are the processcs that may
lead to the development of a Mode | crack to which the brinFiplcs of LEFM or
generalized fracturc mechanics may be applicd. Thus, it is gcnérally re~
cognized that cven though a continuum flaw may not be favourably located

and of sufficient size for fatigue crack cxtension from the flaw, a fatigue
crack can initiate at anothgr point from pure deformétion or léca]ized
fracture from point or line defect motion or interaction (7). Since fatigue
cracks may thercfore be developed without the presence of a continuum flaw,
the many methods of potecntial nucleation must be dealt with in order to

formulate fatigue resistant materials and structural/environmental systems.

Many synergisms for accelerating, or generating, the fatigue process
are possible (8,9). In this brief paper only one will be dealt with as it

relates to fatigue. Pitting corrosion fatigque is one of the most insidious

of the synergisms that can occur (1, 5-7). However, very little is understood
related to the kinelics of corrosion fatique. More understanding is required

L. . . .
to develop materiais, formulate prospecrtive and retrospoctive corresi
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resistant design methodology, and understand the mechanisms of fatigue in a
universal scnse.

There are, of course, many types of corrosion that can interact with
cyclic loading to produce the corrosion fatigue synergism. One of the corrosion
mechanisms is pitting corrosion (1,10). There is very little information in
the literaturc on pitting corrosion fatigue. In a recent ASTM Symposium on
Corrosion Fatigue Technology (ASTM-STP 642} two papers were presented that con-
sidercd the development of corrosion fatique from a corrosion/mcchanical load
synergism. A paper by Vaon derHorst (11) dealt with corrosion fatigue initiated
by stress corrosion cracking and thus is not dircctly relevant to this work
except that conceptually it has similaritics. The other paper by Kitagawa,
et al., dcalt more specifically with the nucleation of faligue cracks at
corrosion fatique Induced pits (12). They showed that probabilistic concepts
could be cmployed to predict the corrosion falique process. This later re-
ference §s the only one in the llterature of corrosion fatlgué that rclates
to formulating a prediction of corroston fatique life based upon the obscrvation
of physical crack sive, s with this paper, Kitagawa, et al., had to cmploy

the ratlonale of fracture mechanles in formulating the analysls methodology.




This effort was indced notcworthy, since following the dictates of the physical
fatlguc process these authors attempted to formulate a method of prediction of
corrosion fatiguc lives by coupling rcliability concepts with fracture
mechanics to yicld a graphical display. This paper provides a slightly
diffcrent approach to the problem. i '

This paper, then wili review a conccptual model of corrosion fatiguc

and apply the knowlcdge of pitting corrosion. to predict when a crack depth, a

o’

will be achicved that will yield a value of stress intensity such that the
“threshold for fatigue crack growth (Kth) shall be achieved. Subsequent to

the prescntation of the model, results of experiments that have been completed
will be presented. Concepts similar to these have been developed related |

to fretting fatigue (12-14) and pure fatigue (4) and this paper is intended
to, illustrate the universality of the concept.

REVIEW OF MODEL: . )

In Reference (1) a conceptual model for the corrésion fatigue process
-was presented and the essential elements of the pfoccss are as follows:

1. Corrosive attack under cvc!fc loadina

2. Generation of Mode | fatigue crack of observable size.

3. Environmentally enhanced Mode 1| fatigue crack growth.
(The opposite is possible). .

k.. Stress intensity dominated fatigue crack growth (Mode I,I1I, or III)
. 5. Unstable fracture.

Pitting corrosion fatiguc was initially selccted for verification of
the model of corrosion fatigue since it physically has all five components
above. Component onc can be the initiaticn of pitting corrosinn duc to the
macerici/environment/cyclic loading combination. Thus, by applying the
knowledge of pitting thecory it should be possible to ascertain the amount
of time (no. of cycles) to propagate a corrosion fatiguc pit to become a Mode
! crack for the crack type/loading combination. 1In order to accomplish this
prediction, the fatigue crack growth threshold of a Mode | fatigue crack in
the material must be known. Thus, the cycles Lo propagate a pil to a dimension
that Is adequate to initiate a Mode | fatigque crack at a pit can be determined.
In o practical case the Mode | crack tienr can grow to become an obscrvable
(inspcclnhlo) crack, 1t Is a knoun fact that fatique cracks usually initiate
well before they are Yobgservalile!. Subsequently, If the load is known TU is

possible to predict the fatigue-crack growth Vife if a prediction methodology




cxlsts and the crack growth paramcters arc known. Fortunately, thcse methods

are well cstablished (2).' The cxact fitting of the fatiguc crack growth
data rcmoins a subjcct of study. However, it appcars that utilization of the
. Weibull Survivorship function (15-18) is an effective way to describe fatigue
' data since the data appecar to be distributed on a Weibull basis (15-19).
Point abovc is attained when the fracturc toughness, Ki., or other suitable
measurc of crack instability is attained (da/dN approaches infinity in the
limit). Thus, initiation of final fracturc (crack instability) occurs when
the crack rcaches sufficient sizec at a given load level.
The fitting power of Weibull's relation lies in part in the fact that-
it fits the physical processes and relates.to the physical boundary conditions.
A power of the Weibull function also lies in its discriminating power of an

effect of a variable on fatigue life. A bricf revicew of fatigue-crack growth

curve fitting is given since it is an essential part of the model.

FATIGUE CRACK GROWTH CURVE FITTING RELATIONS:

[ 4

It is usual to plot fatigue-crack propagation test results in the
form - Da/ON = f (AK) (1)
where Da/ON = crack propagation rate and AK = stress intensity range.
A SUiITaTic curve Titting reiation tor this type appiication is one with a

. mathematical fit to the total physical behavior of fatigue-crack growth.

This relation must have the following properties (12,15):

(1) The relation should lend itself to distinction

betwcen slow and fast crack growth rate scgments.
(2) As K approaches an upper limit, Kb,-thc crack growth

rate should incrcasc indefinitely.

lim pa|_ ' - .
&K 1 ON ) (2)
’ Kb ) o

/s

(3) As K approaches a lower threshold limit, K the crack

th’
growth ratc should diminish Lo zecro

99'._: 0 ' .
KK,y nu] (3)
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A new class of exponential curve fitting relations with mathcmatica)l
form in the fatigue data rcduction Weibull distribution function have bcen

explored fcccntly.

Three members of the class are:

Type Rclationsl
A)‘ I‘F = EX ' - (” - e) k . .
P v -e ' , (4)

or K= e+ (v~ e)|(- log,(1 - F))[V/¥% |

Exp.[- (1090:“; j l) - ] }’ : (5)
or H=-1+Exp (c+ (v—e)[g- ]oge(l -.F))} ]/k)

C) 1-F=Exp [- {1°9°]09°(” texp0)) - e.] k] ) - (6)

v -8

B) 1-f

L4

or H = -Exp(1) + Explxp (e + (v - e){- Tog (1 - F)) k)

These rclatipns meet the threc critcrié of acceptability previously stated.

The fitting routine contains logic for estimating the curve fitting parameters
k, e, and v by a combination of linear regression and correlation coefficient
optimi}ation. In proctice, Da/DN and 4K values of a data set are stored as one
dimensional arrays DaDN and dK. The regression analysis is performed on

variables X and Y, in terms of the cquation of regression

(™~ log, N = bX +a )]
which has alternative form ) :
Y= Exp (- [;g_;__g}k) (®
: v - ¢ -
where ‘ k = 1/w,
c = -alb,
and ve{l 4be)/b

.Thc following operations are perflarmed, for example, vhen applylng
candldate Type -l curve (itting:




'. | DO § = 1 TON
. X & Ioge(DJDH(i) +1)

. ‘ Y = (- |oge(l - dK(i)/Kb))w

-

Regression and Correlation Coefficicnt Logic
END
In this case, the routine yiclds the Type~B reclation

loge(Da/DN +1) - e k

1=~ 8K/K = Exp | - TR , (9)

wthere AK/Kb = F, and Da/DN = H

Parameter Kb is the stress intensity range wherc Da/DN is ,indefinitely

large.. Estimation of K, requires excrcise of judgement in addition to

"interactive computing cffort. At the outset of data set analysis, all
three types of exocnential ecnrvae fiecine - 1.{iuns are tested, with

. F = AK/Kb and H = Da/ON for each type. Measures of goodncss of fit are
used in deciding which, if any, type is suitable. For all three types,
the particular stress intensity rangc where Da/DN = 0 is called the thres-
hold stress intensity, Kth’ where

_ - k : (10)
Kepy = Ky (V- Exp (-(v _°e 1),

Physical significance is attached to threshcld Kth for cases where thres-
hold paramcter ¢ < 0.
a. Fforc =0, Kth =0
b, For e <0, Kth >0
c. For e > 0, the suggestion is that crack growth

begins at some Ua/DN > O for arbitrarily small
AK > 0,
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Mcthods of dctermining goodness of fit arce being developed (19)
and arc discusscd to some cxtent in rcefcrence (16-18). In addition,
proccdurcs for distinguishing between fast and slow crack growth are
avallable. Necither of these procedurcs will be discussed here since

they are rather lengthy numerical statements.

In noting equation (9) it certainly is somcwhat more complex than
the typical Paris rclation da/dN = 0(ak)" utilized in a great'dcal of crack
growth correlation. However, since it is desirablc to formulate an accurate
fatigue life prediction mcthodology herein, it is worth noting that equation

(39) fits the physical data over the entire range of fatigue-crack growth

whercas equation (1) does not. Thus, it would be difficult, if not im-
pdssiblc, to apply the Paris relation to pitting corrosion fatigue situations

since a change in C or n would not necessarily yield a change in Kth or Kb(KIC)'

Thus, a life calculation could be in scrious error. Thus, if
procedures for optimizing the fit of equation (9) were available, and if

a gencralized integration routine can be established, a:physically ration§l
and reliable fatigue life prediction methodology would be available for

pitting corrosion fatigue. This is the subject of other efforts but the

> *a
~
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corrosion fatigue model.
The four VWcibull parameters of interest herc are;

Kb - the crack instability parameter,

o
'

threshold parameter,

v = characteristic value,

K =~ shape parameter,

Equation 10 gives the threshold value of stress intensity required
to establish when a pit becomes of sufficient physical sizec to become a
MHode | crack, for a defined load/environment/frequency to propagate in
the regime where cquation (9) can be applicd.

in order to apply the model an analytical and experimental method
must bc available to establich the size of pit and time (or cycles) to
devclop a pit of qgiven size. This is available from pitting thcory as
It now stands {15,20). However, it is noted after a roview of pitting
Hiterature that it has not been estoblished if dynamic loading accelerates

pltting or not. This was not a subjcct of this study but nceds to be

establlshed tn order to fully understand the mechanisms of corrosion

pltting fatigue, Current rescarch Is being dlirccted at this cruclal

question. In addition, the specific mechanism(s) of corrosion pitting




are not dcalt with herein., This is not to say they arec not important but
the postulated model docs not require knowledge of the mechanism, only

knowledge of the pitting rate and pitting gcomctry.

PITTING:

Corrosion pitting has been found to be related to area of cxposure,
time of cxposurc and the matcrial/environment under consideration. At this
time the cquations that are used to determine pit depth are those due to

Scott (21), et al., and Godard (22). They are, respectively,

d = bAZ (11)
and )
d=c(t)'/3 (12)
where
d = maximum pit depth
A = area of exposure )
t = time : : . : .
C = a parameter related to the material/environméht cembination

Although cxtfcmc value statistics also can be used to represent pitting
data (18) it will not be used in this paper. Uonceptualiy, it is now
clear that to determine the pit depth as a function of time it is necessary
to conduct experiments to get the value of C in equation (12) above. This
procédure was employed to obtain the pit depth at which, for a defined
load/cnvironment combination, the fatiguc-crack growth threshold will be
attained. _

It must be cmphasized that very limited information on pitting
rates is available. The author has numerous studies of this nature under-
way at present and this will allow confirmation of equation (12) or further

development of the model.




Summary of Modcel
for the Prediction of Fatigue Life Basced
Upon Pittling Corrosion

‘ C Fatigue Mcchanism

The model can now be summarized as follows:

1. Calculate the time (cycles) for a pit to develop to sufficient depth,

2 to attain the fatigue-crack growth threshold at the stress level

th’
of interest. The environment and alloy must be known. Pitting data
must be avilable. A flaw geomctry must be assumed. |If a surfare

flaw® is assumed, an a/2c ratio must be assumed for the pit growth.

1a) st = 1.1 S/H(G/ijk

Q=f [(a/ZC), Sty]

1b) 8K h (fatigue crack growth threshold ﬁar Mode |
crack) must be known from experiments for the

environment/material/frequency/spectrum/wave form

Y .
. LUV LI L 1.

2. Calculate the cycles (time) required to grow the Mode | crack that
initiated from the pit to final fracture. Fatigue crock-growth data
must be available for the alloy and environment determined at the
proper test condition. Fracture toughness data should be available
if applicable.

It should be noted that for those conditions where LEFM
docs not apply, plane stress or ''large' strain, some modification of

the model will be necessary, this effort also is currently underway.

Thus, this model nust be verified and tested. In order

to test the model based upon the pitting/corrosion fatigue mechanism ex-

pecriments on pitling corrosion latiguc and fatiguc-crack growth must be

conducted. The verification experiments are reported in the remainder

of the paper. . .
‘ l\ surface Mlaw is assumed as an idealization of the plllinq process

Dt s recognized that other pit geometries can oceur.,




12,

It Is worth noting that scveral inlftiation and propagation cvents
are Involved in this mechanism of fatigue failure. They are:

1) Initiation of corrosion pits,

1p) Propagation of pits

"2) Initiation of a Mode I crack at a corrosion pit site,
2p) Propagation of the Mode I crack
3) Initiation of fracture ingtabklity{
| 3p) Unstable crack proéagation

Thus, to attempt to simply characterize the corrosion fatigue
mechanism by terms chh as initiation and propagation is a conceptual mis-
understanding of the physical process. With tﬁis mechanism of fatigue
it is possible to mathematically determine, for a given material in a
given loading condition, the point at which processes 2 and 3 occur.
However, in a relativistic sense, it decs nof today appcar possible to
be able to mathematically determine the precise nuclicus size which lears
to the initiation of corrosion pits. However, we can determine, on a
statistical basis, the factors that control the growth qf pits.

EXPERIMENTAL VERIFICATION OF THE MODEL:

In order to verify the proposed model it was decided to use
7075-T6 aluminum alloy tested in air and salt water. This material was °
sclected since LEFM can be used to describe its bechavior and also because
it is known to undergo ﬁitting in salt water. .Although sone steels yield
grcater pitting rates in some environments, aluminum was sclected for the
Inltial verification studies in order to avoid oxidation contamination
which would make production of the movies difficult. The unnotched
spccimen used for the studics is shown in Figure 1,

The experimental apparatus uscd for the observation of crack

development s shovn in Flgure 2 with the specimen posltion Indicated
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In the upper left hand portion of the figure. A vicwing ecycpicce was
positioncd to allow the obscrver to view the specimen and sclect the

for detailed studics with recording on the film as shown. The movie
system was quitc claborate and my collcaguc'Vancc Danford and | named

the overall obscrvation scheme A Sync-Strobe System for In-Situ Study

of Fatigue somc ycars ago. The system was designed to allow synchroniza-
tion of the movies with the fatiguc cycle or to allow the synchronization
to be slippcd over numerous cycles if desired. In this manner thc motion
can be stopped for easier vicwing.

The unnotched fatigue tests were conducted under constant de-
flection axial loading with a sine wave at a frequency of 30 Hz. An R ratio
(R - Smin/Smax) of +0.1 was utilized for the initial verification studies.
A small transparent container was constructed to contain the environment
around the central section of the unnotched specimen. The enviranment
always was introduced within minutes of starting the test. Tests were
conducted on a continuous basis from stért to fracture.: Fatigue-crack
growth data for these verification studies were taken from a previous
effort (23) and other unpublished work of the author.

RESULTD:

. The results on the unnotched specimens tested in laboratory air,
distilled water, and 3.5% NaCl are shown in Figure 3. As expected, the
sél( water reduces the fatigue life a considerable amount. The initiation
points indicated on Figure 3 are for decvclopment of a 0.127mm crack. The
lines drawn Lhrough the data are in no way numerical fits of the data and
should not be construcd as such. Figures L and § present the fatigue-
crack growth curves utilized for the model verification for the air and
salt water fotigue crack growth tests. Tests were conducted on 15.2k4cm
wide center cracked panels tested in closed loop load control with a sine
wave at 10 Hz. It was determined {rom previous work (23) that no cffect
of frcquency would occur betucen 10 Hz and 30 Hz. The Weibull parameters
arc shown in the upper left portion of the figures. .

Figurcs 6 and 7 present sceveral photographs that were sclected
for reproduction from the movies that wérc made during the tests. The
speclmen that was tested at 103.4 MPa (Hf = 357,810 cycles) yiclded most of
the photographs shown. Fiqure ba is 5 typical plt from the specimen
tested at 275.8MPa ﬁ“f = 21,822 cyeles) oream pitiing data on 7075 In salt
water a prediction of time to develop a Mode | crack will bhe made for the

specimen tested at 103 MPA Tigures 6b through 7d will be used In conjunctiaon
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with the prediction. From Flgurc i the Weibull paramcicrs are uscd to calculate
*

the threshold from cquation 10. Using the valucs indicated in the figure, a

threshold value of 57.74 MPa/cm results. For an edge crack, through the

edge in this casc, a pit depth of

/5770 1 (57,74 2 '
3eh ;(I.IS ) o .17 x 103.5 = 0.08cm reSL_Jlts..

The actual pit (through cdge crack) that resulted in size sﬁfficicnt to
generate a Mode | crack is .00635 cm., This is reasonable agreement. Further
refinement can occur depcndent on the humbcr of specimens used to obtain the
Weibull parameters and care with which the pit depth is determined.
Use of equation 12 in conjunction with the C value and tiﬁe yield

a éumber of cycles to a crack depth of:

d = C(t)‘/3

t = (g93

substitufc the actual 3eh for d

; ,
t= 0.00635¢cm : .
0.000305 cm/secl/3

f

3th
C

n

9050 seconds.

_ in 9050 scc at 30 Hz approximately 300,000 cycles was required to
initiate the Mode | crack.. It is noted from Figure 6d and 7a that the Mode |
crack developed somewhere between 204,000 cycles. Figure 6d and 324,412 cycles.
A valuc of 300,000 cycles appears rcasonable when an extrapolation on the one-
third power of time is taken. Unfortunately, the cxact ¢(N) at initiation of
thc_Hode | crack was not obtained. Nonctheless, very good agrcement is

obtaincd and the conceptual model has been verified for this material and
cnvironment.,

SUMMARY AND COMNCLUSIONS:.

It is clcar from the photos shown in Figures 6 and 7 that corrosion
plits producc a local discontinuity that acts as the site of initiation of a
Mode | fatiquc crack: The fatiguc process, represented as the total number
of cycles, Is comprised of the cycles needed to produce the pit and the
cycles nceded to propagate the Mode | crack that initjiates at the pit to
fallurc. This Is deplcted in the simplc a~N plot shown in Flgurc 8 below

and In Figurc 9, a representatlon of the Stress-Cycles to fallure curve.

N Yhe computer proagrams currently are weltten for dealing with data acquired in

English units; thus, the parameters Tisted dn Fig. & and § arc for Cngllish
unlts except flor “8 and Kb‘




. The four paramcter VMceibull fits to the fatiguc crack growth data
that rcsulted for the 7075-T6 tested in salt water yicld the fatiguc-crack
growlﬁ threshold, K- This valuc is then uscd to detcrmine the size pit
that will producc a stress intensity of sufficicent magnitude to initiate

a Mode 1 fatigue crack. The verification of the mode] worked well for

the tests that were conducted. Further refinements appcar probable as

discusscd in thc rccommcndations scction.

Figurc 10 shows transmission clectron fractographs taken from

the vicinity of thc origin for the air tests (Figure 10A and 108) and the

salt water tests (Figure 10C and 100). A pronounced difference in the

fracturc appcarance is noted in the origin arcas. The air results show
weli defined fatigue striations whereas the salt water results show the
more typical "brittle striations' (6). Additional cffort will be neceded
to clarify the detailed deformation mechanisms that produce the diffcrence
in fracturc surface dctail.

It is concluded that: .

1) Corrosion pits act as initiation sites for Mode |
fatigue cracks in 7075-T6 cyclically loaded in salt
water.

2) Pitting theory can be used to predict the rate of
growth of pits and their size at various times.

3) The four-parameter Weibull fit to fatigue crack
growth data can be used to obtain the fatigue-crack
growth threshold. '

L) Using the combined knoviledge cn pitting rates and
the fatigue-crack growth threshold it is possible
to predict cither the size pit that will produce a
Mode | fatigue crack or the cycles to do so or both,

5) The total number of cycles to failurc.can be pre-
dicted from a combincd knowledqge of the kinctics of
pitting corrosion and faliguc-crack growth.

6) Continucd cmphasis must be placed on the kinctics of
all potential fatigue mechanisms in order to formulate
fatique reststant materials and fatigue design concepts.

7)  The concepts clucidated herein can be applicd in

. fallure analysis as well as to understond the mechanism

of the Tatique process.
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RECOIMCHDAT IONS ¢

~ From thc success of this mudel and the experimental techniques
developed to verify it is believed that other forms of the corrosion
fatiguc process could be modelled and studicd in the same manner.
Particular success should be attained with stress corrosion induced
cracks, erosion, cavitation, crevice corrosion. As indicated in the
text, very good success has alrcady been attained in modelling fretting
initiated fatigue. Much more data is nccded however.

Several arcas of corrosion pitting fatigue nced increased
attention to improve our understanding of this mechanism. First, we
nced to asccrtain whether dynamic loading changes the kinectics of pitting.
I have several students working on this now but this is a critical question. A
great deal of additional statistically based pitting data also are nceded.
A grcat deal of attention must be dedicated to determining statistical
distributions of fatigue-crack growth data in order to improve the
predictions made with the model. . .
Finally, very little is known about the fundémental mechanism

of pitting corrosion (under either static or dynamic loading) and some

26fnet chail it b Aavrtead ta sndrratanding this mechanism 35 it relates

to the fatigue mechanism in general.
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FIGURE CAPTIONS:

Figurc No.

t. Fatiqguec Specimen Uscd for Pitting Studies.

2. Instrumentation for Obscrvation of Fatique Spccimens Durung Cyclic
Loading. Spccumcn is located at upper left. :

3. Fatiguc Results for Unnotched Fatique Specimens Tested in Air,
Distilled Vater, and Salt Water. "lInitiation' is to a crack
0.127mm long.

L., Typical Fit to Fatigue Crack Growth Data for 7075 T6 15.24cm
wide Pancl Fatngue Tested in Air.

5. Typical Fit to Fatique Crack Growth Data for 7075-T6 15.2k4cm
wide Pancl Fatiguc Tested in 3.5% NaCl Solution.

6. Photomicrographs Taken from Movies for Specimens Tested at (A)- 275.8MPa
and (B), (C), (D) - 103.4MPa

A. Typical pit with Mode | fatigue crack. .

B. Edge of specimen showing area where corrodion pit
initioted that developed a Mode | crack.

C. Pit area after 146,000 cycles.
D. Pit arca after 204,000 cycles.
7. Photomicrograph taken from Movie for Specimen Tested at 103.4 MPa

A. Pit arca after 321,292 cycles.
B. Pit arca after 330,592 cycles.
C. Pit arca after 346,700 cycics.
D. Final fracturc 35h,700 cycles.

8. A Conccptual Crack Lenqgth (a) versus Cycles (N) Plot for the
Corrosion Pitting Fatigue Model.

9. Various Critical Event Curves on the Stress-Cycles to Event Plot.

10. Flectron Fractographs in Oriﬁin Arcas for Fﬂllguu Test In Air (A),
(8), Fatigue Test in Salt Mater (C), (0).
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 ABSTRACT

The presence of a cofrosivé environment may have an effect upon
the mechanical properties of a material. In addition, the corrosive
_propefties of a material may be affécted by mechanical loads. The
following effort deals with several aspects of corrosion pit growth
and fatigue-crack initiation in 2124-T851 Aluminum. Pitting rates
under cyclic loading were to be determined and the pit dimensions at
initiation were to be evaluated.

The results of this investigation indicates: 1) that under the
given test conditions fatigue-crack growth rates are not altered by
environment, 2) that a pitting environment significantly reduces the
fatigue life of an unflawed specimen, 3) that there appears to be an
endurance ]imi£ regardless of envirorment and 4) that fatigue-crack
{nitiation from corrosion pits 1s poorly predicted by the method em-
ployed. Empirical pitting rate constants under cyclic loading could

not be evaluated.
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Kmax

min

ksi

NOMENCLATURE

Crack length or Pit depth (in or mm)

Crack length of minimum detectible crack (in or mm)

Crack aspect ratio, or dimensionless crack length
(in/in or mm/mm)

Thickness of specimen (in or cm)
Constant in Pafis type equation
Cycle ratio (Ni/Nf)

Pit depth (in or mm)

‘Crack growth rate (in/cycle or mm/cycle)

Stress transient

Symbol for a single electron “or Emp1r1cal Constant
In Heibull Curve Fit Eguatien

Symbol for atomic hydrogen
Symbol for ionic hydrogen
Empirical constant

Stress intensity (ksi’/in or MPavm) or Empirical constant
for pitting rate equation

Stress intensity at instability
(ksivin or MPavin

Critical intensity at 1nstab111ty
(ksivin or MPavi)

Maximum stress intensity (ksivin or MPavh)
Minimum stress intensity (ksivin or MPah)

Fatique crack threshold stress 1nten51ty
(ksivin or MPa.fn)

Kilo-pounds per square inch (1 ksi = 6.895 MPa)

1}
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HPa‘

(7]
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(72

min
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‘Stress ratio (S

Mega Pascal or_106

Empirical rate exponents

Number of cycles

Pascal (unit of pressure or stress)

Number of cycles to fatigue crack initiation

Number of cycles to failure

Load (1b or nt)
Fatigue loading

min/smag)

Stress (1b/inZ or nt/cn?)

Alternating stress (kip or nt)

Maximum stress (kip or nt
Minimum stress (kip or nt
Time

Empirical constant

~ Specimen width (in or cm)

Stress intensity range (K
Stress (ksi or MPa)

Yield stress (ksi or MPa)
Strain (in/in or m/m)

Elliptical integral

/

)
)

max

AR

- Kmin

) (ksi/in or MPa/m)
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1.0 INTRODUCTION

As progress has been made in fatigue life analysis, the material

structure, R-ratio, frequency, waveform, load spectra; stress state

. and flaw type have emerged as important factors. Recently it has be-

come more and more apparent that environment also plays a major role
and that synergistic effects between all of the above factors are
more severe than previously anticipated. These factors and their
{nteractions are shown in Figure 1 (1)*.

This relatively new knowledge is quite disturbing in that it
seems to necessitate fatigue tests for each particular combination

of material structure, R-ratio, frequency ... and environment encoun-

t:-:,-l dn Andan Fhat win mw‘ghl’ Aocinr raliahla ctrirtnrac Nawaver 3§
ceT L0 SULCSY Laat o wT magnt fesign raltabla etructurac .

the mechanisms by which the above phenomena occur can be understood,
then it will be possible to circdmvent at least part of that testing.
This work considefs one such mechanism, what might be termed the mech-
anism of mode I fatigue crack initjation by pitting corrosion, and

provides a preliminary attempt at quantifying its effects.

*Numbers in parentheses ( ) refer to References, page 140.
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2.0 OBJECTIVES

The general objective of this investigation was to advance the

development of a method of determining the fatigue life of a.sfruc-

ture subjected to a pittfng attack. The specific objectives were:

a)

b). T

c)

>

e)

To determine the feasibility of surface photography in
establishing pit growth rates in 2124-1851 aluminum.
To 111ustrate environmental effects on both initiation

and propagation of fatigue cracks.

To apply an empirical pitting rate method to actual

fatigue pitting.

To determine if crack initiation values (K, ) derived

Lo _-l. J-—-...' -
(X}

< - - d
[ 11} * ACIERTILOS B RS an AV 4

model correlate with crack initiation values (K0 )
cp
derived from a linear regression Weibull curve fit of

" crack propagation data (da/dN vs AK).

To correlate fracture modes found on pitting initiated

fracture surfaces with those found on the more common

crack propagation type specimen.




3.0 TECHNICAL DISCUSSION

To understand the phenomenen of a fatigue crack initiating at a
corrosion pit and to méet the objectives of this investigation, knowl-
edge must be acquired from a variety of fields. These fields have
been loosely arranged into three areas and are reported upon in the

following sections.

3.1 Fatigue

Fatigue might be generally described as the degradatibn of struc-
tural reliability due to an alternating stress field. More precisely
it might be termed as subcritical flaw extenéion due to an alternat-
ing stress field. (A representation of an alternating stress fie]d
along with other terms typically associated with fatfgue is illus-
trated in Figure 2.) Since nearly all structures are subjected to
alternating stress fields, the potential for fatigue to cccur is enor-
mous. This is borne out by the numerous failures which are attri—
buted to fatigue every yea}.

The fatigue phenomenon has been recognized for centuries but the
first significant analysis did not occur until slightly over one-
hundred years ago (2).' From that time'until the middle of this cen-
tury, fatigue was treated by what may be termed as "the classical
treatment of fatigue" (3). This treatment involved the testing of
what were tﬁought to be unflawed specimens at constant amplitude al-
ternating stress levels. The data generated from such tests were

plotted as a stress (S) vs number of cycles (N) to failure curve.
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RANEESS - STRESS, S,
'S¢ | MEAN --
{ STRESS,Sm
’ . .

: f=—ONE LOAD CYCLE——>y, /14y

STRESS, ps!

STR;ISS,Sm;n
TIME
. R sm(‘!+s_ry\_.n_
. ROTE THAT: Sg= "—-'—2—"—"" ‘S‘-'-'Smox-smin'
. s S¢ _ Smax -Smin .
P T
R or A = STRESS RATIO . ' ) )
..smin ) A = sﬂ - : ’
= nn s 2 —
S max m
= A i-R
and R =+— v As——

t+A +R

!

Figure 2: Typical Loading Cycle and Terminology
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This curve, Figure 3, has become commonly known as an S-N diagram.
Fatigue design during this period was relatively simple and consisted
of keeping the nominal stresses in a component at levels below the

endurance limit (the endurance limit being the maximum stress level

‘at which failure due to cyclic loading does not occur).

The _next major _innovation in fatigue technology, which did not
occur until the 1940's, was conceptually based upon the work of C.E.
Inglis in 1913 (4). Inglis was the first to acknowledge the presence
of f1aws in a material and their rale as stress raisers. Shortly af-
ter the work by Inglis, Alan A. Griffith proposed the first viable

interpretation of flaw extension and developed a mathematical expres-

.sion relating the extension of a crack to elastic strain energy at

the crack tip (5).
Based upon Griffith's model and the observation of subcritical

fatigue crack growth, researchers in the forties and fifties proposed

-that the fatigue phenomenon occurred in three separate stages, namely

initiation, propagation, and unstable fracture. For a period, fatigue
analysis was concentrated almost exclusively upon the propagation
phase and it was not unti1 recently that atteption has been directed
toward that po;tion of the fatigue life devoted to initiation (6,7).
The importance of initiation studies is revealed when one considers
that, dependent upon several factors, initfation can account for a
major portion of fatigue life (Figure 4).

A proper fatigue analysis must account for all three regimes of

crack growth (the third regime, unstable fracture, must be taken into
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b

account for the obvious reason that it terminates the process). Fig-
ure 5 {dentifies theAfatigue designer's problem and suggests some of

the variables which might tend to emphasize one regime or another.

3.1.1 Fatigue Crack Propagation (FCP)

Over the past thirfy years fatigue crack gfowth (FCG) design
technology has rapidly evolved (8, 9 and 3j; The general procedure
{s to determine crack growth rates for given conditions and then to
somehow integrate an equation which describes the growth rate thereby
establishing a 'safe life'. The rate equation is typically of the

form:

=505, 2 8) | N 4}
where da/dN is the FCG rate (in/cycles), and f(S, a, ¢) is a function
of the gross stress (S), the crack length (a), an; the geometrical
or shape conditions (¢).

Numerous proposals foé fatigue crack propagation 'laws' in the
form of Equation (1) have been developed recently. Several of these
may be found in a paper by Hoeppner and Krupp (3). Almost all of
these proposed FCG 'laws' suffer from the sane.inadequacy. Briefly
stated, most of these FCG 'laws' are inadequate either because they
fail to describe all three regions of crack growth (Figure 6) or
because they require one to assume the FCG threshold (Ko) énd/or the

FCG instability stress intensity (Kb).
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. A relationship which does not suffer from either of the above
mentioned inadequacies was developed by Bowie and Hoeppner (10). The
relationship, known as "the four parameter Weibul survivorship func-

tion", is given as:

' - 1k |
gﬁ = e+ (v-e) (-1n (1 - KE) ) - E (2)

where k, e, and v are emp{rical constants and Kb is the stress inten-
sity range where da/dN is infinitely 1arge.. A1l four of these para-
meters may be analytically determined through a regfession analysis.
The ﬁetai]s of this anlaysis (which'was further developed at the
University of Missouri - Columbia (]1£ 12)) will not be discussed
iere. The readsr is referred Lo bhe work of Feeiler {13} Tu an ia
depth discussion.

A unique feature of this relationship is reiﬁized by extrapolating
to the lbwer asymptotic, condition, da/dN = 0. When this is done the

threshold stress intensity, K0 can be solved for, as done in Equation

3: ™

~

K=Kb{1-exp(( 9%} (1-8) (3)
/. .
3.1.2 Fatique Crack Initiation .
Whenever fatlgue crack initiation is discussed a basic d1ff1cu1ty
1s always encountered. That difficulty being the def1n1tion of ini-
tiation itself. In the field, initiation is most often defired as a

fatigue crack of size 2, which is the smallest size the nondestructive

12
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testing (NDT) equipment emp]oyeé can detect. Initiation, defined in
thig manner, then becomes a function of the NDT technique involved,
the NDT properties of the material tested, and the location and orien-
tation of any particular flaw sought. While this particulaf Hefini-
tion is adequate and applicable to many situations, it is not related
in any way to fatigue crack initiation. Since the mechanistic theory
of initiation is just beginning to emefge.it would be presumptuous
‘for this author to define what constitutes true initiation at this
time. Instead, some proposed fatigue crack initiation mechanisms will
be discussed. From this discussion it is hoped that at least a basis
for the definition of initiation can be fqdnd for the case.af hand.

It is becoming generally recognized that both fatigue crack ini-
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straint to deformation. The known processes that may lead to fatigue
crack initiation are slip, twinning, cleavage, grain boundary flow or
fracture, phase boundary flow or fracture, and particle boundary flow
or fracture (14, 15). These processes are generally thought to cccur
at continuum discontinuities, however under specific conditions they
may develop from pure'deformation and the subsequent interaction of -
point or ]ine!defects. It is interesting to note that all processes
mentioned are internal phenomena rather than surface phenomena.
As a result of this plastic flow Ltheory some researchers (16) have

attempted to determine Ko values from plastic parameters such as the

shear modulus. Attempts of this sort, while claiming success, scem

to neglect the fact that macroscopically determined parameters, such

’
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as the shear modulus, are gross generalizations when they are applied
to the microscopic level (17). |

It now appears that the dislocation structures generated near a
fatigue crack are different from those found in the general bulk (18,
19). In the bulk, the dislocations are arrangea in veins or cell
walls in what might be termed an open weave density. Near the crack
tip, dislocations are found to arrange themselves in well definea lad-
der or ée1] structures (18, 19). These dislocation structures near'
the crack tip are the résult of both generation and transfer of dislo-

cations from the surrounding matrix. The highly defined ladder or cell

structure approximately corresponds to the plastic zone size calculated

by fracture mechanics (18).

While the above discussion pertains to a preexistént crack it
{s found that the same type of structure develops, at initiation sites.
When these structures are found at initiation points they have been
termed persistent slip bands (PSB). Some researchers have theorized
that the PSB result in intrusions and extrusions (Figure 7) which
develop into fatigue cracks (19, 20). While this particular theory
{s far from proven it does appear that the development of bands of
high dislocation density surrounding a matrix of relatively low dis-
locatibn density is a prerequisite for both initiation and propagation

of fatigue cracks.

3.1.3 Corrosion Fatigue

As fatique research has progressed, it has become more apparent

14
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tha? environment is an important factor. Laboratory air tests which
weré once thought to represent pure fatigue have-since been shown to
be sensitive to the testing humidity among other environmental para-
meters. As a fesu]t, extensive research on corrosion fatigue has led
to the traditional model which superimposes the stress corrosion
cracking phenomenon upén the fatigue phenomenon. As a result the
phrase, 'the synergistic effects between corrosion and fatigue', has
become popular in recent years. This synergistic interaction is known
to affect both the initiation and propagation stages of corrosion fa-
tigue in several ways (21). In general, the more severe the environ-

ment the less time is required to initiate a fatigue crack and the

higher the fatigue crack growth rate.

Since fatigue crack initiation is poorly understood it is no
wonder corrosion aided fatigue crack initiation is even 1e§s well un-
derstood. It has been reported that there is a relationship between
the previously mentioned persistent slip bands and the electrochemical
dissolution rate (22). It is theorized that more severe environments
accelerate the process by which PSB lead to initiation (19). It is
not clear at this time whether this acceleration is due to the dis-
solution of cértain sfructures within the PSB.or some other mechanical-
chemical process. However, it does seem evident that any comprehen-
sfve theory on corrosion fatigue crack initiation must take into con-
sfderation the process of oxide or film growth, passivation, and dif-

fusion, and their effects upon the near-surface dislocation structures

and local mechanical properties.

16
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When fatigue crack growth occurs in an active énvironment, inter-
act{bns occur at the crack tip which generally decreases the fatigue
1ife. Several different theories have been developed which attempt
to explain these ihteractions, however most of them are based upon
the same theoretical driving force. That driving force might be ex-
plained in the following way. As the local stress is increased and
the crack begins to propagate, resulting in the formation of two new
surfaces, the freshly exposed surfaces are anodic to the rest of the
structure. Under normal circumstances the anodic crack tip area is
much, much smaller than the area of the rest of the structure and thus
extremely high dissolution rafes should occur there, Figurg 8 (23).
As a result, transient oxidation or passivation effects on the brder of
milliseconds become very important (19). This exp]ainé the often ob-
served frequency effects in corrosion fatigue growth rates (24, 25).
Another parameter which is often seen to have an effect on the growth
rate is the R-ratio (26, 27). This effect may be explained on the
basis of the crack tip opening displacement which limits the access of
the corrosive environment to the freshly exposed surfaces. It should
be noted that the local chemistrj near the crack tip is quite different
from that of the bulk solution (19). '

As mentioned previously, several theorieﬁ, all based on the same
theoretical driving mechanism, have been developed which attempt to
explain corrosion fatigue. These theories might be divided into three
separate categorfes (19):

1) theories fnvolving dissclution of metal at the tip,

17
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2) theories involving essentially mechanical crack tip

effects,

3) theories involving changes in the local deformafion

character of the material at the crack tip.

Theories of the first type (28) simply att}ibute the increased
crack growth rates to the anodic dissolution at the crack tip. From
this type of theory if follows that increased anodic reactions fesult
fn increased growth rates. However this {s not always the case (29 ).

The second group of theories Suggests that the mechanical proper-
tfes at the crack tip are altered or that the crack tip geometry it-

self is altered. This alteration results from the environmentally |

camteatllad abheacan Ja dha amanl, &3a —.\.-4,. :-1n and €3 'I-n awn. Hn le an
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example, & ductile to brittle transition of the oxide film might in-
crease the growth rate by effectivé]y sharpening the crack tip (30).
The third group of theorieé relates the changes in crack growth
rate to changes in the mechanical properties in the plastic zone.
These theories depend upon the diffusion of elemental species into
the meta]1fc lattice. It is proposed that the diffused specie either
reduces the coéesive strength of the material sufficiently to promote
a cleavage mode of fracture (31) or, dependent upon the conditions,
has a hydrogen embrittlement fype effect (32). Interestingly, hydro-
gen would be expected to be generated ncar a propagating crack tip in
an aqueous environment (23). Figure 9 (23) conjeckura]ly illustrates

how crack tip dissolutionment could result in atomic hydrogen entering

the metallic lattice. For an in-depth veview of hydrogen cmbrittlement
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Figure 9: Schematic Representation of .Crack Tip Dissolution
and Hydrogen Embrittlement :
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the reader is referred to references 33, 34, 35 and 36.

'Since none of the above mentioned theories can completely accouht
for all cases of environmentally accelerated fatigue cfack growth, it
{s suggested that all of them may play a role with particular environ-
ments in combination with specific materials determining which mech-
anism(s) is (are) dominant. If this is indeed true, corrosion fatigue

effects will not be analytically predicted for some time to come.

3.2 Localized Corrosion - Pitting

Corrosion has been described as the destructive attack of a metal
by chemical or electrochemical reaction with its environment (37).

_The monetary cost of corrosion to the civilized world each year is
staggering. WMuch of this wmonetary 1oss is accounted for by Torms of
corrosion which lead to an obvious degrédation and eventual replace-
ment of a part. But perhaps ethically more impo;tant are those types
of corrosion which are difficult to detect, since they could often lead
to the leakage of hazardous materials or to sudden fracture, either of
which could endanger human lives. A prime example of this type of
corrosfon is known as pitting. While pitting occurs in many materials,
attention he;e will be directed specifically to the pitting of a]uminum
alloys in a sodium choride solution. '

Mctals which owe their corrosion resistance to passivation (passi-
vetfon fs a result of an oxide barrier film.betwecn the base mefal and
the environment) may be susceptible to pitting when certain environ-
meats are encountered (38). Aluminum fs generally resistant to corro-

sfon due to fts passive film and therefore is potentfally susceptible
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to pitting. For'pitting to occur the environmental'presence of cer-
tain anions is required. The most prevalent pitting anion is C17,
ﬁowever Br', I7, and F~ are also encountered (39). Pitting is an
extreme]y local1zed attack of a metal Corrosion pits may genefa]]y
be descr1bed as sem1e111pt1ca1 cav1t1es in a mater1a1 and are caused
by chemlcal or electrochemical react1ons. Pits may be found singly,
or more ‘ofter, distributed in an apparently random fashion across the
metal’s surface (38). The pits' small size plus the fact that they
are often filled and obscured by corrosion producfs and other debris,
makes them difficult to detect (38). . |

Any evaluation of pitting must addreés two distinct and sequen-
tial subjects: 1) pit initiation and 2) pit growth. Pit initiation
fnvolves the understanding of the mechanism and the possible retarda-
tion of that mechanism. Pit growth involves the ;hemical kinetics of

a2 pit once it has been initiated.

3.2.1 Pit Initiation

Hhen approaching the subject of pit initiation on an unstressed
aluminum surface expcsed to a brine solution, two major questions pre-
sent themselves:

a) By what mechanism does pit initiatfon occur?

b) Why do certain areas on the aluminum surfage induce a pit

to fnitfate? In other words, what kind éf physical dis-
continuities, in efther the metal or the solution, establish

the chemical or electrochemical forces necessary to initiate

a pit?




b - - Lt et v b e Pe S M oh

e cmrm e . -

74

The first question might be answered in the following way.
Alum?num immersed in a sodium chloride solution forms a protective
surface film (i.e. it becomes passi?e) which slows the corrosive pro-
cess to a minimum. Iéiis hypothesized that chloride ions (C17) local-
1y breakdown this passivity and initiate pits. The process by which
this breakdown occurs is not definitely known but is thought to in-
volve two steps: 1)'adsorption of C1” on the oxide-solution interface
under tﬂe inf1uen¢e of an electric field and 2) the formation of a
basic hydroxy chloride é]uminum salt which is readily soluble (Figure
10). As the bassive layer is locally dissolved, chloride ions are
3?awn to thét area due to the increased 1o§a14corrosion rate. This
increase in C1~ concentration causes an incfeased dissolution of the
oxide iayer, which causes more £1° to be drawn to the site and on
and on until the oxide layer no longer forms because its constituents
immediately go into solution (37). At that point, the pit can be said
to have completed initiation and be in the pit growth bhase.

The answer to the second question has not yet been formalized into

a precise theory, but general observations may be made. First it seems

obvious that the initiation site is determined by some sort of local
discontinuity since a localized attack occurs. The cause of the initial
imbalance in corrosion rates (and therefore the initial imbalance in

C1™ concentration) could be due to any number of things such as a small
surface scratch, a discontinuity in the protecfiic-oxide film, a dislo-
cation which intersects the surface of the metal, certain grain orien-

tations, grain boundaries, or perhaps Just the random variations in

23
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solutfon composition (37, 38f. It {s apparent that during the initia-

tioﬁ and early growth stages of a pit, conditions are especially un-
stable in that any stray convection current can easily sweep away the
localized chloride ions responsible and thus allow the relatively
stable surface film to return. This instability has been experimental-
1y observed (38).

Pit initiation up to this point has qn1y been discussed for the
situation where the material is statically stressed. Literature con-
cerning how the mechanism is altered when the base material is experi-
encing a stress (and nécessari]y a strain) transient is sparse. This
is surpfising since most materials experience stress transients of one

type or another. Since 1ittle has been published on this subject the

‘avther will propose a theorv based ubon a oroijecticn of what has been

published and upon the author's basic mechanical knowledge. It should
be remembered that this theory has.not, to the author's knowledge, been
experimentally proven.

Since the oxide film is both chemicai]y and structurally different
from the base material we must consider the mechanical system to con-
sist of two separate materials with different physical properties. A
truly effective passive film (such as the type typically associated
with aluminum) is continuous and coherent. It also has a strong af-
finity for the base metal and is normally very thin relative to the
base materfal (38). Also oxide films tend to be much more brittle
than their base materials.

When a structure which {s imnersed in a pitting environment {s

25
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subjected to a stress transient (16 this case simple tension (Figure
1)) khe base material may be under either stress controlled or strain
controlled conditions. It seems reasonable to assume that the oxide
film's qddition-to the load carrying capacity is negligible. There-
fore the oxide film is always subjected to straih controlled condi-
tionsisipce it adheres to the base material. When certain strain
levels are attained thé brittle oxide layer should fracture exposing
base maéerial and thus accelerating initiation. |

The fracture of the oxide layer might occur in either of two ways.
the first way would involve fracture through the oxide layer in a di-
rection normal to the tensile strains. Since the strain is primarily
transferred from the base material to the film through shear 1o§ding'
along the interface rather than through the oxide layer itself, frac-
ture should occur in numerous places causing a ladder type appearance
(Figure 12). As a result we would expect numerous initiation sites.
The second type of fracture which might occur would begin along the
oxide-base interface effectively separating the oxide layer from the
base on a 16ca1 level. As these local separations become larger,
fracture would eventually occur in a direction normal to the surface
causing the ox{de 1ayef to flake off. This type of process would ex-
pose relatively large areas of‘basc metal to the environment thus sig-
nificantly accelerating pit inftiation (Figure 13). '

When strains in the oxide layer are {insufficient to cause frac-
ture, pit initiation should sti11 be accelerated. The acceleration

would be duc to higher diffusion rates in a strained structure. This
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{s assuming that pit initiation i{s in fact at least partially con-
trolled by a diffusion process. N

When a structure is subjected to a fatigue type loading rather
than a single transient,'one would expect the minimum strain at which
oxide fracture occurs to be lowered. ‘In édditién, %%-tﬁé"mechanically
fnduced, newly exposed surfaces repassi&ate the process would start
again. This suggegtslthat under certain conditions, fatigue craék

fnitiation might occur as a result of successive cracking and subse-

quent passivation.

3.2.2 Pit Growth

Orce a pit has been initiated the question arises as to what
mechanism continues its growth. A corrosion pit is a unique type of
anodic reaction. It is an autocatalytic process (37). That is, the
corrosion process within a pit produces conditions which are both
stimulating and necessary for the continued growth of the pit. The
mechanism in effect involves the rapid dissolutfon of aluminum ions
within the pit, while oxygen reduction takes place on adjacent sur-
faces (37). (The presence of copper containing phases accelerates
the reduction of oxygen and thus the pitting'prgcess (38)). The
rapid dissolution of metal within the pit tends to produce an excess
of positive charge in this area resulting in the migration of chlo-
ride {ons so'as to maintain electroncutrality (38). These chloride
fons combine with the a]uminumlions, usually in the form of A]C]3 (40},
and disperse into the solution due to that compound's high solubility.

This then adds to the force driving the pit's growth at an ever-
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accelerating pace which {s limited only by the diffusion rates. In a

sense, pits cathodically protect the rest of the metal's surface (37)

Figure 14 illustrates the pit growth mechanism.’ - |
The effect of stress; and in particular fatique stresses, upon
! pit growth is about as poorly understood as it {s for pit initiation.
However, in the author's opinion, at least two opposing effects are
1nvo]veq. The first‘e%fect would be that the dissolution of aluminum
would be aided by the potential energy increase due to the material

straining. The second effect is a result of the volume change within

% the pit as the structure is cycled. As the volume is expanded and

then contracted a pumping action would occur which would tend to aid
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.. add to pit growth instability.

3.2.3 Pit Growth Rates
f Corrosion pitting has been found to be related to area of expo-
' sure, time of exposure and the material/environment under considera-
tion. At this time the two equations used to determine pit depth are

due to Scott (41) et al., and Godard (42). They are, respectively,
/ . :

a = bA? S - (4)
and
a=c, ()3 - (5)
vhere
. a3 = maximum pit depth
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A = area of exposure
zt = time
b,C] = are parameters related to the material/environment -
combination

The first equation above is based upon allowing exposure timé to
be constant while the second is based upon ;11owing exposure area to
be constant. Since C1 and b are materia]}environment parameters they
must be determined experimentally. ‘

Another applicable method of determining pitting rates under spe-
cific conditions is the use of extreme value statistics. An excellent

analysis on this subject is presented by Aziz (43).

The importance of pitting to the present work is that pits are

natural stress raisers and therefore potential sites for fatigue

crack initiation (Figure 15). As such it is important to establish

an analytical method for determining the stress at the pit. The
first step in determining any analytical method is to geometrically
describe the flaw (pit). As is generally the case, this step is a
major barrier which can only be overcome by idealization of the true
geometrical shape (most often extremely complex) into a manageable
shape, Manageable shape in this case being a.shape which is casily
defined mathematically. The validity of any evq]uation will be depen-
dent upon the degree of idealization. Therefore it seems necessary

to determine the true geometrical shape of the flaw before the validity
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of any analytical method can be evaluated.

.Pits come in a wide range of shapes and sizés however most of
them which are encountered may be generally described és semiellipti-
cal surface cavitfes (38). As such they are typically described by
two parameters, the pit depth (a) and the pit d}ameter at the surface
(éc) (Figure 16). Being cavities they are three dimensional in nature.
These gavities are ra}er smooth surfaced and in fact can often be
extremely irregular. From the above it can be concluded that fhe oﬁ-
timum mathematical shape Would account for:

1) the three dimensional nature of the flaw,

2) the irregularities along the cavity walls,

3) the statistical variations of both one and two above.

The first requirement could easily be satisfied efther analyti-
cally or more probably numerically. The second pequirement is more
difficult to satisfy but might be handled by modeling of the 'largest!
surface irregularity at the point of maximums stress and then idealiz-
ing the remainder of the cavity as being smooth (Figure 17). The
third requirement is without doubt beyond the capability of present
day technology and is therefore impossible to analytically treat at
this time. ‘

One analytical method woﬁ]d be to devise a three dimensional
finite element analysis around the geometrical shape shown in Figure
17. This method seems to approach the problem with the lcast distor-
tion of the actual shape.

An alternative approach would be to idecalize the threce-dimensional
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shape of the pit as a two dimenéional semielliptical surface flaw
(Figure 18). While this at first appears to be a gross idealization
it does provide a simplified-nonnUMerical method for evaluating the
stresses surrounding the flaw. In addition, if pit initiation occurs

by means of oxide fracture as menfionéd incfhe.previous section, the
semielliptical surface flaw id;;iigafidn‘ér;or would tend to grgatly
diminish. It should be noted that this tybe of idealization would re-
sult 1& the prediction of higher stresses than actually would occur (44).
The initial analysis of a semielliptical surface flaw is credited

to Irwin (45) and was later refined by Paris (46). The form of the

_equation for the stress intensity (K) at the bottom of a semiellipti-

cal crack is of the form:
- o2 za M 1/2

0% ~ 0.177 M (=2)°
. Oys

(6)

where M = 1+ 0.12 (1 - a/c) and is the front-face free surface
correction factor, ¢ is the elliptical integral as is described in

Figure 19, g is the gross stress, gy

material, and a and c are as defined before. The above equation as-

s is the yield stress of the

sumes that there are no back surface or net section effects (i.e. the
crack dimensfons are much, much smaller than fhe part dimensions).
Having developed the technical background to support the objec-

tives, the theory was investigated experimentally using 2124-T851

aluminum,
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4.0 MATERIAL CHARACTERIZATION

F&r this investigation the aluminum alloy 2124-T851, in the forﬁ
of a 3"-thick blate, was chosen, (formerly designated, "Alcoa 417
Process 2024") (47). (the: since 2124 and 2024 are so similar they
will be compared throughout this material chérécterization.) The alloy
ftself is 2124 while T851 indicates the heat treatment. In this case,
a solution heat trehtment followed by cold working, artificial aging,
and stress relief provided by stretching to a 0.5 to 3% permanent
set (48). A]lo} 2124 is a high purity derivative of 2024 in WHich.irdn;
and si1{con concentrations are more c]o;e]y,confrofled (47’. The éObO
series, of which 2024 and 2124 are bQFh a part of, can normally be
Tdeutified Ly Uiein figh cupper cunieinl (9.3 -~ 2.3%; (597

Copper is one of the most important alloying elements in é]umi-

num systems because of its high soluability and.strengthening ef-
fects (48). Copper can contribute to the strengthening of aluminuﬁ
alloys in two ways, 1) as a solid solution inhibiting dislocation
movement and, 2) as part of a precipitate which also inhibits dislo-
cation movement but to a much greater degree (48)._ It is this second
feature, precipitation'hardening, which is by far the most important.
By using various heat treatments a wide rahge of broperties may be
obtained (48). .

The pbecipitates normally encountered are either CuAl2 or, if
enough magnesium is present, CuMgM2 (48). The magnesium is normally

added to increcase and accelerate age hardening at room temperature (48).

Other phases onc might possibly encounter are Mg,Als, Mg,S1, and MgZn,
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provided adequate concentrations of these elements are available (48).
" Other general properties of the 2000 series allqys are that they
do not have a corrosion resistance as good as that of mosf otﬁer alu-
minum'afloys aﬁd Qnder given conditions are sometimes subject‘to inter-
granu]ér-borrosion (50). Howevef the a]ioys'{n tﬁis-séries are gener-
a11y fhoﬁght to bé high]y reéistant to streﬁs corrosion cracking (51).
Hﬁen fhese'a11oys are in the heat-treated condition they have mechan-

fcal properties approximately equivalent to those of mild steel (50).

4.1 Chemical Analysis .

_In Table 1 the chemical compositions of_2124 and 2024 a]umihum
systems are given. The constituent Timits are listed along with the
composition experimentally determined for the 2124 plate used in this
fnvestigation (52). The experimentally determined composition.falls
within all given limits set for this alloy. .

KWhen comparing 2124 composition limits to 2024 composition limits
the only differences are for the elements iron, 0.30 max to 0.50 max;
silicon, 0.20 max to 0.50 max; and titanium 0.05 max to 0.20 max,
respectively. In other words, assuming that these'are tramp elements,
2124 is a s1ight1y cleaner alloy. The reduction of iron and silicon
concentrations would be expected to iﬁprove'the frécture toughness

of this alloy (20).

4.2 Orientation Terminology

In order to describe the anisotropic properties in the following

sections it scems best to introduce a reference system at this time
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b _ © TABLE 1
' COMPARISON OF CHEMICAL COMPOSITIONS
| | 2124 2028

- : 2124 - Green Letter ASTM

Element Actual, % Limits, % (47) Limits, % (53)
Copper 3.8 3.8-4.9 3.8 - 4.9
Magnesium 134 L2-1.8 1.2 - 1.8
Manganese ©0.52 7 0.30 - 0.9 0.30 - 0.90
Zine 0.08 0.25 max  0.25 max
Iron © 0.06 0.30 max 0.50 max
Silicon 0.06 0.20 max 0.50 max
Titanium 0.02 —- 0.10 max
Chraminm am N 10 may ——
Nickel 0.01 --- -
Lead 0.01 - e
Tin 0.01 --- ---
Others

Each == 0.05 max 0.05 max

Total -—- 0.15 max 0.15 max
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which will be adhered to throughout the remainder of this work. Re-
feriég to Figure 20, three directions are required, rolling (R), thick-
ness (T), and width (W). - |

With these directions as a reference, a plane is specified by the
direction normal to it. For example, a T-p]ahe.is any plane which is
parallel to the rolled surface. Whenever a specimen is under consid-
eration, two lettérs sﬁa]] be used, the first letter Specffies tﬁe
loading direction while the second letter specifies the directicn in
which the crack will propagate. For example, a specimen in the RW
orientﬁtion is loaded in the R-direction and fractures in the W-direc-
tfon.” When a specimen is to fracture in more than one direction (i.e.
fadia]ly on a plane) it shall be de;cribed by two letters. The first.
letter specifies the loading direction as before but the second spe-
cifies the normal to the fracture plane. For example, a specimen in
the RR orientation is loaded in the R-direction while the fracture

occurs in both the W and the T directions.

4.3 Hardness and Tensile Tests

Hardness and tensile tests were conducted at midthickness of the
three inch plate. The averaged values for those tests are found in
Table 2 along with the tensile properties for 2124-T851 as specified
in Alcoa's Green Letter (47) and those for 2024-T851 as specified by
ASTM (53). The tensile specimens, (three separate specimens were tested
and the results averaged), were machined from the midplane of the

plate according to Figure 21 and were in the RR orfentation.
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TABLE 2
MECHANICAL PROPERTIES OF 2124-T851 AND 2024-T851

RR -~ Orientation

2124-T851 2024-T851
Property Actual Specified, (47) Specified, (53)
Tensile Strength 65.0{448) min 66.0(455) min
Ksi (MPa) 72.5(500) 69.8(481) avg 70.0(483) avg
Yield Strength 57.0(393) min 58.0(400) min
Ksi (FPa) 63.0(434) 63.5(438) avg 65.0(448) avg
E]ongation,'% ’ ' 6 min 5 min

9.0 avg 8.0 avg

Hardness (2124-7851)

Hardness, (Rockwell - B)

i

| Pane 1 2 3 o
‘ R 79,9 79.0 80.0 79.6
’ W 74.9 76.8 74.0 75.2
T 77.5 78.5 79.5 78.5
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‘From the mechanical properties table we see that the actual ten-
si]é and yield strengths for the 2124-T851 3-1nch.p1ate compare favor-
ably with those specified. Also the specified 2124-T851 tensile and
yleld strengths are slightly less than those specified for 2024-7851
while the 2124-T851 is slightly more ductile.

4.4 Fraéture Toughness
Fraéture toughneSs tests were not performed on the test material,

however KIC values from the literature (54) have been includeq in

Table 3 for béth 2124-T851 and 2024-T851. While these values must

be viewed cautiously in reference to the particular material used in

this investigation they giVe a general idea és to the probable ranges

&na ﬁﬁEACAte ine Tracture TtOUQnNess Superivriily ui ¢

2024-7851.

4.5 Microstructure

The microstructure was examined at three different levels through
the plate thickness: a) ﬁear the surface, b) at the quarter plane
(1/4-deep) 0.75 inches below the surface, and ¢) at the mid plane
(1/2-deep) 1.5 inches below the surface, (Figure 22). The three prin-
cipal orthogonal planes, (R, W. and T), were prepared for each level.
Each specimen was metalographically prepared and then etched with
Keller's etching reagent (55). The three levels were chosen with the
fntenl of showing microstructural variation through the thickness of
the three inch plate.

The resulting photomicrographs are shown in Figures 23, 24, and
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TABLE 3
FRACTURE TOUGHNESS VALUES FOR 2124-T851 AND 2024-T851
' ENVIRONMENT - LAB AIR

Published KIC : Published KIC
(Ksi /in) (Ksi /in)
Orientation 2124-7851, (54) 2024-1851, (54)
RW . 23.6* C21.6%*
KR 22.8* , 18.4%*

*Thickness = 0.75 inches

**Thickness = 0.625 inches
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25. From these photomicrographs 1f was noted that:

1) The concentration of dark spherical particles, (CuMgAl, or
Cu2Mn Alzo precipitates), decreéses as the center of the
plate is approached. | - e

2) The degree of deformation of the gra{ns decreases as the
center of the plate is approéched.

3) Strain lines appear at all levels and in all orientations.

4) There is a high contrast between érains which is normally
associated with the precipitaf%on of thé-hardening phase,
CuMgA]z, on the matrix slip planes (1). | |

5) In comparing‘these microgréphs with fhose in literature,
(26,56), for 2024, one may observe that the precipitates
are much smaller and more dispersed in the 2124 alloy.

From the above observations, it was concluded that:

1) The test material is typical of cold rolled, artificially
aged aluminum, with grains flattened in the thickness direc-
tion and elongated in the rolling direction.

2) The reduction in size and density of distribution of the large
precipitate pgrtic]es correlates with the increased fracture
toughness properties found for the 2124 alioy.

3) Specimens should be machined from the midplane so as to

provide the most uniform microstructure and properties.

4.6 Summary of Material Characteristics

In summary, the materfal used in this investigatfon, (2124-7T851
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Figure 23
- - Microstructure of 2124-7T851 Aluminum
Near Surface

(Keller's Etching Reagent)

(a) R-orientation 50x
(b) W-orientation 50x
(c) T-orientation 50x
‘i'
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"Figure 24
Microstructure of 2124-T851 Aluminum
 1/4-Deep
(Keller's Etching Reagent)
(a) R-orientation 50x
(b) W-orientation 50x

(c) T-orientation 50x
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'fiﬁure 25
Microstructure of 2124-T851 Aluminum
.1/2-Deep
(Keller's Etching Reagent)

(a) ‘é-orientation 50x
(b) W-orientation 50x

(¢) T-orientation 50x
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in the form of a three inch thick p]ate); meets or exceeds all pro-
pefty specifications which were evaluated and is fypical of heavily
cold worked, solution heat treated aluminum alloys. Furthermore,
this material is very similar to the -more widely known 2024-7T851 and
has sfmi]ar mechanical properties with the eiceﬁtion of fracture
toughness values which range somewhat higher for the 2124-T851. Fi-
na11y,»?he material may be susceptible to intergranular corrosion but

should show a high resistance to stress corrosion cracking.
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5.0 EXPERIMENTAL PROGRAM AND PROCEDURE

Up to this point the objectives have been stated, the technical

background presented, and the material characterized. This chapter

will present the actual research conducted in order that the initial

objectives might be met. In so doing, this cﬁapter covers all aspects

of the research project, from the p]aﬁning and actual testing stages

- through to the reduction of the data acquired.

5.1 Ekberimental Hypothesis

The hypothesis suggested for this investigation consists of six

parts;

1)

2)

3)

4)

6)

Test environment will alter fatigue crack growth rate with

A brine environment will accelerate initiation of fatigue
cracks on polished 2124-T851 aluminim su;faces and thus lower
ihe S-N curve.
S-N tests of 2124-7T851 aluminum in a brine solution will not
show a fatigue limit.
Pit growth can effectively be monitored using a photographic
system wﬁich is described later. .
The empirical pitting rate equation ‘

ax C]t]/3 . (s)
can be applied to pitting under fatigue conditidné. |

Fatigue crack initiation from ccrrosion pits can accurately

be predicted by modeling the pit as a semielliptical surfeace
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flaw and the use of a threshold stress intensity determined

fromvpropagétion data.

5.2 Test Matrix
- The test matrix followed in this investiéation consisted of two
parts. The first part consisted of cfack propaéation tests, two
tested in lab air-and two tested in a 3.5% sodium chloride solution.
The second part consisted of S-N tests, some to be tested in lab air,
with the majority to be tested.in a 3.5¢ sodium chrloride solution.
ance S-N data for this material was not available the exact num-

ber of tests of this type, in.any particular environment could not be

~ established before actual testing began. Eighteen specimens were avial-

sDie Tor iesting. It was oxpected thal ihree to four tests would be re-
quired to estab1ish the lab air baseline with the remainder of the spe-
cimens available for salt water pitting tests. The oﬁjective was to
establish a cycles-to-failure range extending from around twenty thou-
sand cycles to runout (four million cycles, plus). In addition, a mini-
mum of five salt water tests were to be tested at the same stress level
(that level corresponding to the S-N midrange). Both propagation and
S-N tests were to ﬁe conducted under sinusoidal loading (load control)

at a frequency of 10 Hz and an R-ratio of +0.1.

5.3 Test Equipment
The test system employed for the fatigue crack growth and S-N
experiments used MTS Systems Corporation control elcctronics and a

load frame designed and constructed at the University of Missouri-

N




Columbia (26). A schematic representation of the system is shown in
~Figure 26. Table 4 lists thelcomponents of the system.

The operation of the test system may be summarized as follows:

i) ‘A program signal is produced by the function generator and

* and routed to the 406 controller.

- 2) ‘The program signa] is used to provide a drive current to
. tﬁe servb valve on the actuatof. The actuator is 'slaved’
to the servo-?alve and thus responds to moveﬁent of this
valve. _

3) A.signal is produced by the load cell (for load control
operation) or the LVDT (fér stroke or displacement control
operation). This so-called feedback signal is routed ta
the 406 controller.

4) The feedback signal is compared to the program signal and
any deviation results in the addition of an 'error' current
to {he program current. This alters the servo-valve drive
current, thus completing the 'loop'.

5) The purpose of the 436 control unit is simply to allow re-
mote control of the hydraulic power_supp]y and the function
genefator.

6) The relative magnitudes of the load and stroke signals are
displayed on the digital voltmeter,

The photographic system used in this investigation (used for

S-N tests only) is shown schematically in Figure 27.. Essentially,

the system amounts to a pulsed 11lumination source and a camera, with
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TABLE 4

Test System Component List

Component Description

Digital Indicator

Controller

“Control Unit

Function Generator
Hydraujic'Power Supply
Accumulator
Accumulator

Hand Valve
Serve-Yalve

Hydraulic Actuator
Load Cell

63

Model or Part Number

MTS Model 430

MTS Model 406 .

MTS Model 436

MTS Model 410

See Reference (26)
Greer Model A107-200
Greer Model A108-200
Moog 5 gpm Valve

MTS Model 204.62




MTS
FUNCTION

GENTRATOR

R

SYNC PULSE
LAAIN - - - -
£ v _
SLiPp- CALlSERA 24V
SYNC SYNC ¢ POWER
STYROGBEX COHTROL SUPPLY
LLDlGIMARK
COUNTER
v R S
' STROBE):] ! SOLENO&DI

POVIER
SUPPRLY
136

Y

STROBEX

LAMP
73
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=

CAMERA
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Figure 27: Block Diagram of Camera System
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both synchronized to the function generator program signal. A de-

tafled explanation of the camera system may be found in Reference (26).

The on1§ major %6di%ication to the system was that a 35 mm SLR camera
was attquedvfo theheyepieée. This allowed for single 35 mm photo-
graphs to be taken as well as 16 mm movies provihg the diversity of
this basic test system.' )

Figure 28 is a schematic of the optical train, while Figures
29, 30 and 31 show different views of the camera system:- Figure 32
shows the-complete test system as used in the lab air testﬁ.' Some
changes were made for the salt water tests and will be discussed
below. | N

| The cnviroiment sysien T Uie SN {usis wds desighicd tu pru-
vide a continuously flowing corrosive environment while effgctively
fsolating the specimen from possible galvanic corrosion with the
grips or 6ther parts of the test system. The system, shown in Figure
33, consists of a sump (1500 m] beaker), a chamber that fits around
the specimen, and a pump to provide the constant flow of corrosive
fluid. _

The environ%ent chambers were designed to fit around the speci-
men, This arrangement effectively contains the fluid, eliminating
the problems of galvanic corrosion between the specimen and grips.
Small slots were cut in the container and glass plates epoxyed in
these slots. These 'windows' allowed a clear view of the specimen

suiface, ossential to this photographic technique. Inlet and outlet

ports were provided on each side of the chamber (Figures 34 and 35).
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Figure 28: Optical Train Schematic Diagram
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Figure 29: Camera System Component Arrangement

Figure 30: Optical Train and Camera
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Figure 31: Camera System and Hydraulic Lift Table

i

Figure 32: Load Frame and Control Electronics
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Figure 33: Load Frame and Environmental System
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Figqre 36 shows the arrangement of specimen, chamber, and grips.
Only those tests conducted in salt water had the environment chamber
attached. However, tests on the chambers effects on the loading of
the_sgggimen showed it to have negligible effects.

Crack propagation tests did not include tﬁe photographic system.
The air tests were conducted according to ASTM Standard E399-74 (57)
with the crack ]engths being monitored usiné a Gaertner 40X traveling
optical micrometer. The crack propagation environmental tark was con-
structed by Poon (25) and Panhuise (24). This tank was constructed of

p1exi§1ass allowing for the same type of crack growth monitoring as

mentioned for the air tests.

5.6 Testing rProcedure and Dala ALuuisitiv

Since two entirely different types of tests were conducted, this
section will be divided into two subsections. The first subsection
will desﬁribe the testing procedure and data acquisition for the pro-

pagation tests while the second will describe that for the S-N tests.

5.4.1 Testing Procedure and Data Acquisition For FCG Tests

The specimen type used in the FCG portjon of this investigation
was a modified WOL specimen (wedge opening IOaBing) of the Mode 1
design (crack propagation ortﬁogona1 to loading direction) with a
height-to-width ration, h/W, of 0.486, where h is the h;]f height of
the specimen and ¥ is the distance from the centerline of the pin
holes to the cdge of the specimen (Figure 37). The specimens were

machined from the midplane of the three-inch-thick plate and were in

\
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Figure 36: Specimen, Chamber and Grip Arrangement
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the RW orientation.

Each specimen was brccracked one tenth.of an inch or more. Both:

water tests were then tested under sine

the air tests and the salt
wave loading at a frequency of 10 Hz and an R-ratio of +0.1, Data

was acquired in the form of crack length and number of loading cycles.

5.4.2 Tésting Procedure and Data Acquisifion For S-N Tesis

Unnotched axial fétigue specimens were used for the S-N tests.
Figure 38 shows the specimen geometry. The spe;imens were machined
from the midplane of the three inch plate in the RR orientation, with
the specimen thickness in the same direction as the plate thickness.

The stress concentration for this type of specimen is apprdximate]y

1.0 (Neubér Ltheory gives the siress conceniration, Kys @S Decweer 1.0
and 1.1 (54)). Axial tensile, sine wave loading was applied to the
specimens at a frequency of 10 Hz and an R-ratio‘of +0.1.

Prior.to testing, all of the specimens were sanded tc a 600 car-
bide grit quality on all surfaces (front face, back face, and radii).
Subsequent to the sanding, the 'front' surface was polished to the
nine micron aluminum oxide level and then cleaned with ethyl alcohol.
Next, the back surfaces and radii were completetly covered with epoxy.
The front surfaces except for an area approkimate]} .25 by .25 in.
centered at the point of maximum stress were aiso covered with epoxy.
(This was done to isolate the area of pitting attack thus aiding the
photographic technique.) |

Two types of data were acquired during the actual testing

1) photographic scans of the pitted surface at times t to tgy .o
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tf (for those specimens subjected to pitting environment only) and
2) number of cycles to failure at a given load. Subsequent to the
actual tests the photographic scans were to be examined to determine
1) the diameters of all observable pits at different times and 2) pit
diametet at first observable crack. Also fractographic examination

was to yield the (a) and (2c) of the 'fracture' pit providing a 'charac-

teristic' geometry.

5.5 Data Reduction
This section will also be divided into two subsections for the

same reason as before.

E.5.1 UData Keauction ror rua Tesis
The raw a-N data are used to calculate values for da/dN and AK.

These values are obtained from the following equations:

da _ 3+1 7 )
- = ;s where 1 =0, 1, . . ., n (7)
N Ny - Ny . ’ ’
P
_ max 1/2
Kmax ~ TBW (a) ‘ (Ya)
for L/W = 0.486
Y, = 30.96 - 195.8 (a/) + 730.6 (a/W)?

- 1186.3 (/)3 + 754.6 (a/u)® (8)

81




o AP S G b P A PRSP

and

K =K. (1-R) . (2)

vhere

Pmax = the maximum load applied

B = specimen thickness
K = specimen width
& = crack length

R = stress ratio (q“in/qhax)
K has -units of ksi/?ﬁ'énd may be converted to MPas/m by multiplying
K by 1.098855. | . '

Heibull curve fits (of the form given in Equaticn 2} tc the com-

bined air and the combined salt water da/dN - &K data are determined
numerically on a computer. With the k, e, v, and Kb constants evalu-
ated, the threshold stress intensity Ko , determined by crack growth

cg
tests can be evaluated from Equation 3 which is reprinted here:

Koy~ Ko - e (2%)} (1-) (3)

5.5.2 Data Reduction For S-N Tests

For the S-N fatigue tests the stress is determined as the maxi-
mum gross cross-sectional stress without stress concentration correc-

tion. This 1s done by dividing the maximum load (P

max) by the mini-

mum cross-sectional area (A') as given by:
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S = Pmax

S (10)
where A' = minimum width times thickness.

From an SEM examination of the fracture surface, the (a) and (2c)
measurements of all pits which initiate cracks .and are in the frac-
ture plane are made. From these measurements, a/2c ratios are cal-
culated for each pit. This provides an estimate of the a/2c ratio
for the remainder of the pits on that specimen (when there are more
than one pit on the fracture plane the a/2c ratios are averaged).

Pit diameters (2c), at times ty, tz, eee b, for all observable
pits (which are measured from the photograbhi¢ scans at times t],
t2’ cee tn) are then multiplied by that particu]ar‘specimen's 'char-
acteristic! o¢/2c ratio. This results in an estimated pit depth (a)
at time t for each pit on the surface of each specimen.

From this data the pitting rate constant (C]) for each specimen

can be calculated from the following equations:

aoo
e )
G /3 (n
i ¢t
J
I ]
C
Ly Ly 1] .
C, = L ;;] , (12)
where
aiJ = estimated pit depth for pit i at time tJ'
tj = {{me to photographic scan
n = number of pits on the particular specimen's surface
m = pumber of photographic scans
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This results in pitting rate constants (Ci) for varfous alter-
natiég stress levels. Also for the specimens tested at the same load,
varfance in C] can be determined (for that alternating strésg level
on]y) from the standard stat1st1ca] equation for variance. |
" Finally, the validity of the model for the stress in a pit (semi-
elliptical surface flaw) is evaluated from the (a) and (2c) measure-
ments made by examination of the fracture surfaces in the SEM. This
{s done for each pit observed to initiate a crack in two ways. First
the agtual pit depth (aa),'the'actual pit diameter (2Ca), and the max-
fmum cross-section gross stress &Jmax) are used in Equation 6, which

{s reprinted below:

orznax ma M Ve _
Ko = 2 ' (6)
c 2 (-%)
¢ - 00]77 M CJS .

where M, ¢2, and Oys are as described before, to determine a calcu-

lated threshold stress intensity, Ko . The calculated threshold
c

stress intensity for each pit is then compared to the threshold stress
intensity determined from the propagation tests. The second way in
which the validity of the model for the stréss in a pit is evaluated
begins by determining the actual a/2c ratios. .Next pit depth values

are calculated from Equation 13 (which {s Equation 6 rearranged);

K2 2077 m (-2)?
a = P %s (13)
¢ O;ax M
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where a. is the pit depth calculated using actual a/2c ratios and

K, “, M {s determined from actual a/2c ratios, and the remainder of
cp

the terms are as described before.
The calculated pit diameter values (2cc) result from dividing

a. by the a/2c ratio.

5.6 Fractography Procedure
The fracture surfaces from both the propagation and S-N tests
kere removed from each test specimen. These surfaces were prepared
for examinafion in a scanning electron microscope (SEM). A Bausch and
Lomb SEM-II was utilized in examining fhese fracture surfaces.
' The primary effort of this examihatioh was to correlate frac-

ture made< in the S-MN coozimen with those fn Lhie prupagation specimen.
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6.0 RESULTS AND DISCUSSION

6.1 Results and Discussion of FGG Tests
A total of four fatigue-crack growth tests were conducted, two
fn lab air and fwo in salt water. The raw data was obtained and
processed as described in Chapter 5. The raw data along with the
prbcessed data may be found in the Appendix. The a-N data and the re-
duced d?/dN - &K data for each test are plotted in Figures 39 through
46. Weibull curve f{ts for the combined tests are plotted in Figures
47 and 48 along with their respective threshold change in stress in-
tensity values AKocp calculated from Equgtion‘3. Figure 49 compare;
the curve fit of the air tests to that of the salt water tests.
In comparing the curves several things may be observed. fhese
observations are listed below.
1) Both curves are fitted to data which is.'heavy' in the low
da/dN range. .
2) The low end of the lab air curve fit appears to be shifted
to the right of the actual data.
3) The instability stress intensities (Ky) for lab air and
salt water are separated by a large range of stress in-
tensity.
4) For intermediate values of da/dN the two curves are approx-
{mately equivalent and actually cross each other,
These obscervations are interpreted as follows:
1) The K, difference is most 1ikely a result of the lack of
high end data rather than any actual difference in K

bl
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‘2) The Kocp difference between the two environments {s suspect
because of the seemingly poor curve fit for the lab air low
end data. | '

3) The above two interpretations (along with the fact that the
{ntermediate portion of the da/dN curves are apbroximately
equivalent) indicate that the crack growth curves for the
four tests are not.detectably different from one environment
to another. _ |

This at first seeﬁs inconsistent with reported results (Chapter

3) indicating that salt water environments increase crack propagation

‘rates over lab air base line crack propagation rates. However, if

one considers the frequency effects on corrosicn fatigue, +the abové
similarity in da/dN curves could be explained by assuming that the

10 Hz test frequency did not a110w'time for the corrosion effects to
occur. Another possible reason for this apparent inconsistency would
be that the test procedure biased the data somehow. The author has

no reason to suspect this.

6.2 Results and Discussion of S-N Tests
This section is divided into four separate parts each of which
center upon one particular aspect of the data generated from the

S-N tests.

6.2.1 Results and Discussion of S-N Data
A total of two air and twelve salt water S-N tests provided

useable data. The base data are listed in Table 5 where they are also
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reduced according to the method described in Chapter 5. A plot of

the é-N data is presented in figure 50. While there was not enough
data generated to statistically determine relationships, two basic ob-
servations can be made. The first observation is the obvious degra-
dation of the %atigue life of those specimens tésted in salt water.
The second observation is that the salt water S-N curve appeérs to
reach runout. | ) | |

The first observation was expected, however there are two inter-
esting things that should be noted. The first is the severity in the
degradation éf fatigue life (the approximate endurance limits for lab
air and salt water environments are 35 and 10 ksi respectively, while
at a stress level of 35 ksi the salt water test failed after 43.6
K1locycles wnile the lab air test did not fail even éfter 4,500.0
kilocycles). The second interesting thing to note is that, in light
of the observations made concerning thé similarity in the fatigue-
crack propagation curves, the degradation in the fatigue life can be
attributed almost entirely to the initiation stage.

The second observation (an endurance limit in the pitting environ-
ment) was not expected. This result might be explained in one of two
ways. First {t is possible that pit growth did not occur or that it
stoppéd before a large enough bit size was reached to fnitiate a
fatigue crack. The second way this might be explained is that the
tests were simply discontinued too early and that fai]ﬁre wou]d.have

eventually occurred.
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6.2.2 Results and Discussion of Pit Growth Analysis
(Photographic Technigque) ‘

The analysis of pit growth was not accomplished because the
photographic tethnique employed failed. The photographic technique
failed for two reasons. The first reason was that the reactions at
the corrosion pits produced gaseous bubbles which adhered to the spe-
cimen's surface an& effectively covered the pits from view. Photo-
graphs .of a spec%men surface during teéting are shown in Figures
51 and 52. The second reason the photographic technique failed is
that the corrosion pits were 'closed corrosion pits'. €losed corro-
sion pits in this case means that the'advancing surface of the pit
cannot be seen because of the oxidé and other debris which fill and
'cover the pits. Figure 53 is an SEM photograph illustrating the cover-
ing Of tue pits.

It must be stressed that this technique only failed on this ma-
terial and only under the specific environmental conditions and specific
surface preparation previously described. This technique has been ef-

fectively used upon another material (14).

6.2.3 Results and Discussion of Fatigue Loaded Pit Geometry

The SEM was used to examine the fracture surfaces of the S-N spe-
cimens tested in salt water. One result of this examination was to
enable the determination of all pit widths and depths which initiated
cracks in each specimen's fracture plane (in some specimens more than
one crack was inftiated). The measurements made are illustrated in

Figures 54 through 56, and are listed along with various values
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Figure 51: Bubbles Obscuring Pits During Testing (16X)

Figure 52: Specimen With Corrosion Debris and Bubbles
* Near End of Test (16X)
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Figure 53: Pit Size Obscured by Corrosion Debris

) (a) Fracture Plane (150X)
(b) Pitted Surface (100X)
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Figure 54: Example of Pit Dimension Measurements

(a) Fracture Plane (400X)
(Pit Depth)

(b) Pitted Surface (400X)
(Pit Width)
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Figure 55: Examp]é of Pit Dimension Measurements

(a) Fracture Plane (003X)
(Pit Depth)

(b) Pitted Surface (200X)
(Pit Width)

109




°

Figure 56: Example of Pit Dimension Measurements

(a) Fracture Plane (SOOX)
(Pit Depth)

(b) Pitted Surface (300X)
(Pit Width)
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calculated from them in Table 6.

.The actual pit depths for crack initiation are plotted against
the specimen's maximum alternating stress in Figure 57; This plot
reveals decreasing pit depths with increasing maximum alternating
stress. Tais would be expected since the stress intensity is directly

proportional to both the nominal stress (¢} and the flaw length (a)

and therefore theoretically the flaw length will decrease with in-

creasing nominal stress.
Anothe}, and perhaps niore interesting result may be found in
Figure 58. This figure is a plot of the a/2c ratio for each pit

which initiated a crack against the maximum alternating stress. While

“there is not enough data to actually say, it does appear that a pit's

a&/2c ratio increases with incrga;ing maximum alternating stress. If
this relationship is indeed tfue, it would have a significant impact
upon the life preﬁiction of a pitted structure due to the a/2c¢ effect
upon the stress intensity.
6.2.4 Results and Discussicn of the Semielliptical Surface Flaw
Model of a Pit

| Using the pit dimensions measured with the SEM, the data reduc-
tion methods described in Chapter 5 were used to ca]culate 1) the
threshold stress intensity for the actual pit§ and 2) the pit depths
and diameters based upon the threshold stress intensity from the FCP
curves (Kocp = 3.20 ksi/in) and the actual a/2c.ratios. The base data
and the reduced data can again be found in Table 6.

Figure 59 relates the calculated threshold stress intensity from
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actual pit dimensions to the maximum alternating stress. From the
figure it may be observed that all of the calculated threshold values

fall below the threshold values predicted from the FCP threshold (Ko )

cp
of 3.0 ksi/in. However, it may also be observed that as the maximum

alternating stress increases, the calculated Kd increases which in ef-

fect reduces difference between calculated Ko and K& .
cp

Because of the pit's three dimensionality, theory would predict
the threshold stress intensity calculated from the actual pitS to be

greater than or equal to Ko (i.e. actual pit dimensions should be
cp
greater than those calculated from Ko ). Since the exact opposite
. cp .
occurred (actual pit dimensions were less than those calculated from

K, (Figures 60 and 61)), the validity of K, comes into serious

i3] cp
doubt. Ko could be incorrect for two reasons. First there is pos-
cp :
sibly not enough data to accurately predict it.  Secondly Ko evalu-

. cp
ated by this method may not accurately predict the threshold stress

intensity.

6.3 Results and Discussion of Fractographic Examination

Fractographic examination of both the crack growth and S-N speci-
mens resulted in the frdctographs presented in Figures 62 through 74.
The fractographs for the air crack growth specimen (Figures 62 thrbugh
65) and the salt water crack growth specimen (Figures 66 through 68)
f11ustrate the changes in fracture mode as AK increases. As may be
observed both specimens show the same transitions in fracture mode as

&K increases. (Tbc salt water sbeéimen's fractographs actually appear
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Figure 63:

Figure 62:

g

FRACTOGRAPHY
FOR
CRACK PROPAGATION SPECIMEN
~ AIR TESTS

Typical Fracture Surface In Low &K Region

&K 4 ksi/in |

(Fiat cleavage with c]eévage steps parallel to
advaﬁcing crack front)

200y

(Arrow Indicates Direction of Crack Propagation)

Typical Fracture Surface In Lower Intermediate
AK Region '

AK 7 ksi/in

(Transition between cleavage with steps parallel
to advancing crack front and é]cavagc with steps
perpendicular to advancing crack front)

200x
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F{gure 64:

Figure 65:

-

FRACTOGRAPHY
FOR

LRACK PROPAGATION SPECIMEN

AIR TESTS

Typical Fracture Surface In Intermediate

&K Region

AK 9.5 ksi/in
(Flat cleavage fracture wfth cleavage steps

perpendicular to the advancing crack front)

200x

Typical Fracture Surface In High &K Region

"MK 20 ksi/Tn

(Ductile tearing)
200x
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FRACTOGRAPHY
FOR
CRACK PROPAGATION SPECIMEN
~ SALT WATER TESTS

ngure 66: Typical Fracture Surface In Lower Intermediate
_ &K Region
8K 5.5 ksi/fin
(Transition between c]éévage with steps paré11é1
to advancing crack front and cleavage with steps
perpendicular to advancing crack front)

200x

Figure 67: Typical Fracture Surface In Intermediate
« &K Region
& 10.5 ksi/in
(Flat clacvage fracture with cleavage steps
perpendicular to the advancing crack front)

200x
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Figure 68:

FRACTOGRAPHY
FOR =~

. ~CRACK.:PROPAGATION SPECIMEN -2’

SALT WATER TESTS -~ -

Typical Fracture Surface In High AK Region™ -

8K 24 ksi/Tn
(Ductile tearing)

200x
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FRACTOGRAPHY
FOR
S-N SPECINEN
© AIR TESTS

Figure 69: Fracture Surface Near The Initiation Point

200x

Figure 70: Fracture Surface Away From the Initiation Point

~ 100x
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FRACTOGRAPHY
FOR
SN SPECIMEN
SALT WATER TESTS

figure 71: Fracture Surface Near The Initiation Point

200x

Figure 72: Fracture Surface Away From The Initiation Point

100x
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Figure 73:

F{gure 74:

"FRACTOGRAPHY
- FOR
.~ S-N SPECIMEN

Striations On Air Specimen At Cleavage -
Ductile Tea;ing Transition

striation Spacing 9.5 x 107 in

1300x _ ;

R
.

" -

Strﬁét};hé OB‘SQifuﬁatéf Specimen At
C]eaQage-Ducti1e Tearing Transition

" Striation Spacing 1.02 x 1074
1300x
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rougher than those of the air specimen's, however this is attributable
to the corrosion of the fracture surface being exposed to the corro-
sive environment for an extensive period of time and not a.dffference
fn fracture mode.) Cleavage fracture with cleavage steps parallel to
the advancing.crack front-wés observed ét Tow &K values. Cleavage
fracture with cleavage steps genera]Iy perpendicular to the advancing
crack ftont was observed in the intermediéte 4K range. Pfimari]y
ductile tearing was observed at high AK levels. Fatigue striations
were not observed on any of the crack propagation specimens.

Figures 69 and 70 illustrates -typical fracture areas of the air

S-N_tests while Figures 71 and 72 do the same for the salt water tests.

" The air and the salt water S-N fracture surfaces were extremely simi-

lar to each other. In Figures 73 and 74 are fractographs of two stria-
tion areas which were observed. These were found near the cleavage-

ductile tearing transition and thus at relatively high AK levels., The

~ striations spacing indicates da/dN rates of approximaté]y 9.6 x 10'5.

This da/dN rate on the crack propagation curves is the approximate

transition between Region Il and Region III of the fatigue-crack growth

curves. This {ndicates that the change in slope of the da/dN curve

from Region II to Region III is attributable fo a fracture mode change.
In comparing the fracture surfaces of the S-N specimens to those

from the propagation specimens it was observed that they were surprising-

1y similar (considering that the stress intensiﬁy gradient is much

higher for the S-N specimens) with the areas ncar the crack initiation

pofnts (S-N specimens) corresponding to the intermediate 8K ranges

135




®

- o

L bt et a4 A

(crack propagation specimens).




.z

7.0 CONCLUSIONS

The foliowing conclusfons about the test hypothesis can be drawn

from the experimentél results:

1) The fatigue-crack growth rate of 2124-T851 aluminum (under
the given test conditions) is essentially unaffecfed when
the environment is changed from lab air to 3.52 sodium

- chloride solution. ,

2) A 3.5% sodium chloride solution (as opposed to a lab air
environment) accelerates the initiation of fatigue cracks
in the material investigated by a ' 'significant’ amount.
(This 'sionificant' amount is indicated by 2 drop in the
endurance limit of approximately 40% yield strength.)

3) An endurance limit appeared to be reached for the test

~ material when subjected to a 3.5% sodium chloride solution.

4) Pit growth in the test material could not be effectively
monitored by the photographic technique emp]oyed because
bubbles and corrosion debris effectively covered them.

5) Since thejpit growth could not be monitored, empirical
pitting rates could not be evaluated.

6) Fatigue crack initiation from corrosion pits was poorly
predicted by a threshold stress intensity determined from
propagation data.

In addition, the following observations resulted from the work pre-

sented:
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? . 1) Pit size at initiation appears to decrease with increasing
maximum alternating stress level as would be expected.

2) A pit's a/2c ratio appears to be a function of maximum
5tre§§‘1eve_ﬂ‘(cmax), w?th an.incr_ea.se' in Omax: resulting
in an increase in the a/2¢ ratio.
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8.0 RECOMMENDATIONS

The foi]owing is a list of recommendations for further study and

exper%mentation. It is based on the results of this investigation and

fncludes aspects of this investigation that céq]d be improved.

1)

2)

3)

gn
g

5)

6)

7)

Conduct more fatigue-crack growth tests to better evaluate
the FCP curve, expecially Kocp. | .

Determine, by any method, pit growth rates under fatigue
loading so that accurate life predictions can be made.
Pitting upon cyclicly loaded materials should be studied
on specimens with a much larger surface area so as to

take into account the area depehaehce of pitting.

Analysis of pit initiation under cyclic loading should be
conducted in the form of more tests and examination of the
pitted surfaces. |

Chemical and electrochemical conditions should be closely
monitored and controlled in future tests.

A three dimensional method should be developed for evaluating

the stress at a pit.

The stress-a/2c¢ relationship should be further investigated.
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Fatfgue Crack Growth Reduced Data
Specimen AF4

2124-7T851 Aluminum

Sine Wave

Crack Length = ,5013 + a°

Frequency = 10 Hz
R = 40.1
3.5% NaCl Solution Environment

Pmax(lbs.) a'(in.) N(kilocycles) da/dN K(ksi’in.)
{in./cycle)

1200 0.0996 — =0 - .. 0.0 --
1200 0.1109 50 2.260 E-7 4.07
1200 0.1287 100 3.560 E-7 4.11
1200 0.1375 - . 150 1.760 E-7 4,13
1200 0.1505 200 2.600 E-7 4.17
1200 0.1626 250 2.420 E-7 4.20
1200 0.1731 300 2.100 E-7 4.23
1200 0.1963 350 4.640 E-7 4.30
1200 0.2106 400 2.860 £-7 4.34
1200 0.2138 450 6.400 E-8 4.35
1200 n_24sk ran €.240 E.7 LI
1209 0.263¢ 550 3.540 E-7 4.51
1200 0.2848 600 4.320 E-7 4,59
1200 0.2958 650 2.200 E-7 4.63
1200 0.3170 700 4,240 E-7 4.71
1200 0.3461 750 5.820 £-7 4.82
1200 0.3761 800 6.000 E-7 4.95
1200 0.3909 850 2.960 E-7 5.01
1200 0.4088 900 3.580 E-7 5.09
1200 0.4436 950 6.960 E-7 5.24
1200 0.4659 1000 4.460 E-7 5.34

E-7 5.40

1200 0.4795 1050 2.720




Fatigue Crack Growth Reduced Data
Specimen AF3

2124-7851 Aluminum

Sine Wave

Crack Length = ,5021 + a°

= Frequency = 10 Hz
R = 40.1
3.5% NaCl Solution Environment

max(lbs ) a‘(in.) N(kilocycles) da/dN K(ksi/in.)
- : (in./cycle) '
1000 . 0.1345 0 0.0
1000 0.1374 40 7.250 E-8 3.44
1000 0.1412 . 80 9.499 E-8 3.45
1000 0.1430 120 - 4.500 E-8 3.46
1000 0.1484 160 1.350 E-7 3.47
1100 0.1683 200 4,975 E-7 3.51
1200 0.1782 240 ) 2.475 E-7 3.89
1200 0.1831 280 1.225 E-7 4.26
1200 0.1949 320 2.950 £-7 4.29
1200 0.206% 360 2.900 F-7 4.33
1200 0.2124 4C0 1.475 ¢-7 4.35
1200 0.2285 440 4,025 E-7 4.40
1200 0.2887 540 6.020 E-7 4.61
1200 0.3367 . 640 - 4,800 E-7 4,79
1200 0.3740 690 7.460 E-7 4.94
1200 0.4047 740 6.140 E-7 5.07
1200 - 0.4289 790 4,840 E-7 5.18
1200 0.4796 X 840 1.014 E-6 5.41
1200 0.5285 890 9.780 €-7 5.65
1200 0.5793 940 1.016 E-6 5.90
1200 0.6320 930 1.054 E-6 6.18
1200 0.7087 1040 1.534 €E-6 6.63
1200 .0.8373 1090 2.572 E-6 7.54
1200  0.9264 1120 2.970 E-6 8.36
1200 1.0745 1150 4.936 E-6 10.28
1200 1.2078 1160 : 1.333 E-5 12.94
1200 1.2411 1164 8.324 E-6 13.80
1200 1.2919 1166 2.495 E-5 15.27
E-4 24.28

1200 1.4971 1167 2.001
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. Specimen AF2 (con't)
(1bs.) a‘(in.) N(kilocycles) da/dN K(ksi/3n.
max . ~(in./cycle) )
800 1.0598 3620 8.149 E-07 6.63
800 . 1.0798 3640 1.000 E-06 6.64
800 "1.1027 3660 1.144 E-06 7.09
800 ' 1.1327 3680 1.500 €£-06 7.46
800 1.1537 3690 2.100 E-06 7.73
800 1,1753 3700 ’ 2.160 £-06 8.03
800 -- 151901 - 3705 - T 2.96U E-06 8.25
800 . 1.2026 3710 2.299 E-6 8.43
800 1.2186 ' 3715 3.400 E-6 8.79
800 1.2332 3720 2.920 E-6 . 8.95
800 - 1.2508 - 3725 3.520 E-6 9.27
800 - 1.2721 3730 4.260 E-6 9.67
800 1.2999 3735 5.559 E-6 10.24
800 1.3320 3740 . 6.420 E-6 10.96
800 1.3454 3742 6.700 E-6 11.28
800 1.3589 3744 6.749 E-6 11.61
800 1.3792 3746 1.015 E-5 12.15
' a0 14032 2748 3.12% £-¢ i2.C2
. §030 1.4305 3750 1.365 E-5 13.64
800 1.4667 3752 ‘ 1.810 E-5 14.84
800 1.4918 3753 . 2.509 £-5 15.74
800 1.5216 3754 3.980 E-5 17.31
800 1.5578 3754.5 5.239 E-5 18.44
800 1.5677 3754.7 4.974 E-5 18.89
E-4 20.29

800 1.5971 3754.9 1.470




Fatigue Crack Growth Reduced Data
Specimen AF2
2124-7851 Aluminum
Sine Wave
_ Crack Length = ,500 + &’

P___(1bs.)

max

A ———————

800 .

800
800
800
800
800
800
"800
8C0
g2
830
800
800
800
800

800 -

800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800

fFrequency = 10 Hz
R = 40.1
Lab Air Environment

a'(in.)
0.4317
0.4345
0.4379
0.4450 -
0.4538
0.4619
0.4691
0.4803
0.4904

------

H(kilocycles)

0
50
100
200
300
400
500
600
700
800

- - -

U0
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000
3100
3200
3300
3350
3400

da/dN

{in./cycle)

0.0
5.600

6.799.
7.100

© 8.800
8.100
7.200
1‘120
1.010
1.110

(29N alata)
NS

§.900
6.800
1.440
9‘000
7‘900
1.800
2.5%0
6.700
1.540
1.350
1.860
1,680
1.880
1.570
1'420
-1.320
1.480
1.550
1.710
1.980
2.280
2.350
2.480
3.310
3.840
3.540

£-08

E-08
£-08
£-08
E-08
£-C8
E-07
£-07
£-07

C NnQ

-

£-U8
£-08
£-07
£-08
£-08
£-07
£-07
£-08

£-07

£-07
E-07
E-07
£-07
E-07
£-07
£-07
£-07
£-07
£-07

K(ksi /m.)

3.45
3.46




q - Specimen AF1 (con't)
' [ ]

P__ (1bs.) a'(in.) N(kilocycles) da/dN Ki{ksin.)
max . (in./cycle) _

1000 1.2234 3895 8.400 E-6 10.89
1000 1.2270 3895.5 7.200 E-6 10.97
1000 1.2325 3896 1.100 E-5 11.03
1000 1.2371 3896.5 9.203 E-6 11.18
1000 1.2407 3897 7.200 E-6 11.26
1000 1.2440 3897.5 6.597 E-6 11,33
1000 1.2486 3898 9.199 E-6 11.43
1000 . 1.2510 3898.5 4,800 E-6 11.49
1000 1.2554 3899 8.02 E-6 - 11.59
1000 1.2585 3899.5 6.197 E-6 11.66
1000 1.2703 3900 2.360 E-5 11.94
1000 ' - 1.2745 3900.5 3.400 E-6 12.04
1000 . 1.2834 3801 - 1.779 E-5 12.26
1000 1.2895 3901.5 1.219 E-5 - 12.41
1000 1.2950 3902 - 1.100 E-5 ."12.55
1000 1.3039 3902.5 . 1.780 E-5 12.7°9
1000 1.3114 3903 1.499 E-5 12.96
‘ 1000 1.3164 3903.5 1.000 F-S 12 11
1000 1.3234 39C4 1.400 £-5 13.31
1000 1.3366 3904.5 2.639 E-5 13.78
1000 1.3434 - 3905 1,359 E-5 13.90
1000 1.3529 3905.5 1.900 E-5 14,19
1000 1.3667 3906 2.759 E-5 14,63
1000 1.3732 : 3906.5 1.300 E-5 14.84
1000 1.3796 3907 1.280 E-5 15.05
1000 1.3974 3907.5 3.560 E-5 15.66
1000 1.4165 . 3908 3.819 E-5 16.35
1000 1.4326 3908.5 3.220 E-5 16.96
1000 1.4507 3909 3.620 E-5 17.69
1000 : 1.4922 3909.5 8.300 E-S 19.49
£-5 21.85

1000 i 1,5401 3910 9.579
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ﬁh

‘ [ ]
P . ,
| S

‘. Specimen AF1 (con't)

' Pmax(lbs.) a'(in.) N(kilocycles) da/dN K(ksirin.)

,_ , (in./cycle)
1000 0.3373 1740 1.51 E-7 3.96
1000 0.3434 1840 . 5.60 E-8 3.98
1000 0.3642 1940 . 2.08 E-7 4.05
1000 0.3818 2040 1.76 E-7 4.11
1000 0.3926 2140 1.08 E-7 4.15
1000 0.4082 2240 - 1.56 E-7 4.20
1000 0,4315 2340 2.33 E-7 4,29
1000° 0.4526 2440 2.11 E-7 4,37
1000 0.4873 2540 3.47 E-7 4.50
1000 0.5062 2650 1.89 E-7 4.57
1000 . 0.5419 - 2740 3.57 E-7 4.72
1000 © 0.5720 2840 3.010 E-7 4.64
1000 0.6038 2940 3.180 E-7 4.98
1000 0.6248 : 3040 2.100 E-7 5.07
1000 0.6310 3090 1.240 E-7 5.10
1000 0.6541 3140 4.620 E-7 5.21
1000 0.6627 3190 1.72 €-7 5.25
10U V.68 2200 2.b8G E-/ H, 38

‘ 1000 . 0.7190 3390 2.950 E-7 5.32
1000 0.7537 3490 3.470 E-7 5.71
1000 0.7940 3590. " 4,120 E-7 5.95
1000 0.8453 3690 5.040 E-7 6.27
1000 - 0.8968 3740 1.030 E-6 6.64
1000 0.9176 3760 1.040 E-6 6.80
1000 0.9315 3780 6.950 E-7 6.92
1000 0.9545 3800 1.150 E-6 7.12
1000 0.9773 3820 1.140 E-6 7.33
1000 1.0281 3840 2.539 E-6 7.86
1000 1.0722 3860 2.205 E-6 8.39
1000 1.1072 3870 3.500 E-6 8.87
1000 L 1,1181 3873 3.632 E-6 .03
1000 1.1260 3876 © 2.633 E-6 9.15
1000 1.1392 3879 4,399 E-6 9.36
1000 1.1493 3882 3.367 E-6 9,52
1000 1.1665 3885 - 5,732 E-6 9.81
1000 1.1844 3888 5.967 E-6 10.13
1000 1.1879 3889 3.500 E-6 10.19
1000 1.1935 2890 5.600 E-6 10.30
1000 1.1978 3891 4.300 E-6 10.38
1000 1.2043 3892 6.500 E-6 10.51
1000 1.2089 3893 4.598 E-6 10.60
1000 1.2162 3894 7.301 E-6 10.74

. 1000 . 1.2192 3894.5 5.996 E-6 10.60
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Fatigue Crack Growth Reduced Data
Specimen AF1

2124-7T851 Aluminum

Sine Wave

Crack Length = .496 + a‘

Frequency = 10 Hz
R = 40.1
Lab Air Environment

P__.(1bs.) a‘(in.) N(kilocycles) da/dN K(ksi,/n.)
max (in./cycle)
1000 0.1269 0 0.0 --
1000 0.1282 20 6.50 E-8 3.40
1000 . 0.1437 120 1.55 E-7 3.44
1000 0.1502 160 1.62 E-7 3.45
1000 0.1580 200 1.95 E-7 3.47
1000 . 0.1620 - 240 9.99 E-8 3.47
1000 - 0.1675 230 1.37 E-7 3.49
11000 0.1769 320 2.35 E-7 3.51
1000 0.1776 360 - 1.75 E-8 3.51
1000 0.1801 400 . 6.25 E-8 3.52
1000 0.1868 440 1.67 E-7 - 3.53
1000 0.1892 480 6.00 E-8 3.54
1050 Vellis 3¢ 0.25 t-8 3.04
1000 0.1931 560 3.50 E-8 3.55
1000 0.2023 600 2.30 E-7 3.57
1000 0.2045 640 5.75 E-8 3.58
1000 0.2084 680 9.49 E-8 3.58
1000 0.2133 720 1.22 E-7 3.60
1000 0.2175 760 1.05 E-7 3.61
1000 0.2242 800 1.67 £-7 3.63
1000 0.2295 840 1.32 E-7 3.64
1000 0.2349 880 1.35 E-7 3.65
1000 0.2394 920 1.12 €-7 3.67
1000 0.2463 960 1.72 E-7 3.69
1000 . 0.2508 1000 1.12 E-7 3.70
1000 "~ 0.2566 1040 1.45 E-7 3.71
1000 0.2612 1030 1.15 E-7 3.73
1000 0.2652 1120 1.00 E-7 3.74
1000 0.2678 1160 6.50 E-8 3.75
1000 0.2703 1200 - 6.25 E-8 3.75
1000 0.2777 1240 1.85 E-7 3.78
1000 0.2838 1280 1.52 e-7 3.70
1000 0.2881 1320 1.07 €-7 3.81
1000 0.2906 1360 6.25 E-8 3.81
1000 0.2936 1400 7.50 E-8 3.82
1000 0.2980 1440 1.10 E-7 3.84
1000 0.3120 1540 1.40 E-7 3.88
1.07 E-7 3.91

1000 . 0.3227 1640
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