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ABSTRACT

The primar}" objectives of this work are as follows: (1) to Aexperimentvally examine
the influence of pre-existing corrosion pi_ts on fatigue life and (2) to determine if fatigue
life can be predicted from initial pit sizes and known fati-gue crack growth (FCG)
properties.  This “work explores the feasibility for establishing a framework for lthe

prediction of fatigue life in a corrosive environment.

Experiments were conducted on single-edge—nbtch (SEN) specimens of a 2024-T3
aluminum alloy. The notch surfaée on the specimens was pre—corrdded in 0.5M NaCl
solution (pH = 65 [02]z7ppgﬁ) ffdm 48 tow3784mhoiL717rs 2 to 71‘6ﬁ 7déys) at. roorﬂ |
temperature (~ '20°C). Uni—axial fatigue experiments wefe .pérformed at réom
temperature under a stress range of 283 MPa at the notch root with a load ratio of 0.1 and

frequency of 30 Hz. The' fatigue fracture surfaces were examined by scanning electron

microscopy (SEM) to identify the crack nucleation sites and to determine the size and

geometry of nucleating pits.

Pre-corrosion was found to.reduce the subsequent fatigue life of notched

specimens. The reduction was by more than one order of magnitude after 384 hours of

. pre-corrosion relative to the lives of the uncorroded specimens, and is correlated with the

size of the nucleating corrosion pits, ranging from 15 to 60 um. This finding is consistent

with the result of an earlier study on smooth specimens of 2024-T4 aluminum alloy tested

in rotating bending.

: Fatigue lives were estimated on the basis of fatigue crack growth from a dominant
i

- COLOSiOn pit-bising. linear clastic.fractire-mechanics. The estimated-fatigue-lives -were"-~
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,foﬁn.d to be in good agreement with the observed fatigue lives. By inference, the process
for fatigue crack nucleation from a corrosion pit was brief, and its contribution to fatigue
life may be neglected. Based bn the measured distribution in pit sizes, fhe distribution in
fatigue lives following a given period of pre-corrosion were estimated, and was found to

be in good agreement with experimental observations.

Taken together, these results showed that accurate predictions of fatigue lives can
be made based on information on the pitting and fatigue crack growth properties of the

material alone.




CHAPTER I INTRODUCTION

1.1 MOTIVATION OF THE STUDY

Commercial and military aircraft are typically constructed of 2XXX ard TXXX
series aluminum alloys because of their attractive engineering properties such as high

strength/weight ratio, good fracture toughness, and low cost. Many of the aircraft were

originally designed for a service objective of 20 years but because of economic

considerations these airplanes are remaining in service beyond that service objective. As

the airpléne ages, the effect of corrosion becomes more pronounced. The coupled effect

of corrosion with fatigue cracking is the most important structural problem of aging -

aircraft. Corrosion is a form of material damage caused by the exposure of metals to

corrosive environments such as moisture, acid rain, and other electrolytes. One typical -

e

form of localized corrosion in aluminum alloys is pitting. Becausg corrosion pits can act
as nuclei for fatigﬁe cracks iﬁ the structﬁ_re, it is of major concern in the maintenance of
structural- durability ana integrity. The Aloha incident in 1988 [1,2] is a wéll-known
example of the effect» of corrosion on the structﬁral integfi'fy"-and saféty 'of' ai_rCI_‘aft.
Identification of pitting én& quanﬁfication of'its ifnpact on fatigue life for a high—strenéth
2024-T3 aluxhinum alioy have been done by several 1'eéearchers [3-9]. The effect of
pitting damage on Subs.equent‘ fatigue life has been Aexperimentally ‘studied [10,11].

Corrosion pits were believed to be nuclei for fatigue cracking in aircraft structures

[12,13,14].

" associated with corrosion pits,-Tittle systematic analysis has been made with the dim 6f -

Although some studies have demonstrated that reductions in fatigue lives are -




developing a quantitative method for prediction. The role of pre-existing corrosion pits

on fatigue life in a 2024—T3‘aluminum alloy has been studied recently at Lehigh

Uniiversity [12,15]. Many issues, however, remain to be solved. -

1.2 STATEMENT OF THESIS - R

The effect of pre-corrosion on the fatigue life of a high-strength 2024-T3
aluminum alloy subjected to a constant amplitude loading condition has been investigatedy
[11]. Pitting corrosion is believed to be a typical degradation mechanism-for damage-in

aqueous environments. Pits as nuclei for fatigue cracking have been investigated, and it
is known that they supplanted the early growth (nucleation) portion of the fatigue life.

The objective of this study is to determine the effect of pit size on fatigue life and if -

fatigue life could be estimated as a function of the nucleating pit size and Known fatigue

~crack growth (FCG) properties. To meet this objective, it is necessary to cxpejrimentdlly :

charactérize the effect of initial pre-cqrrosion pit of différent sizes on fatigue behavi'or, td
;or;elate the pit sizes to the a'ct.u.al f‘fat'igqe life,_and;:_t‘() estimafe the »flat'igue life based on
the FCG rates. Based on thistwbrk, the féaéit;ility‘of:establishingva framework for
engineering methodology for predicting the fatigue li'veks of pré—corroded 2024-T3

aluminum alloy is considered.

1.3 STRUCTURE OF THESIS -

Chapter 1 is an introduction that describes the 'mbtivation, fundamental issues,

~ and objectives for this thesis.
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Chapter 2 is a review of the technical background that contains conceptual bases
and previous studies relative to the current research. .
Chapter 3 is a description of the experimental settihgs and approach, which

include specimen design and preparation, experimental apparatus, procedure and

observation.

Chapter 4 is a description of the'rexperimental results. Test results on fatigue.
experiment based on fractog;aphic observation are described. For comparison with this-
study, the results from a previous research by Harmsworth are summarized.

* Chapter 5 is a discussion of the estimated fatigue lives as compared to the-actual
fatigue lives. Estimation of fatigue life for crack growth was made either by simple
integration of a power-law relatioﬁship or by using a computer program for fatiglie

analysis, AFGROW.

Chapter 6 is the summaty and conclusions of this research followed by :

suggestions for future work. -
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CHAPTER 2 TECHNICAL BACKGROUND

2.1 INTRODUCTION

This chapter describes the current state Ofﬂ ur;derstanding for fatigue cracking
coupled with pitting corrosion. Definitions and determinations of pitting corrosion are
first reviewed. Fatigue in the design for durability and ihtegrity of structures subjected to
cyclic loading (for 'e;(ample, that associated with fuselage pressurization and

depressurization) is reviewed, with special emphasis on fatigue crack growth (FCG) and

_ previous researches in this area. 'Figure 2.1 shows a schematic diagram of the development

of corrosion fatigue. The early stage is dominated by corrosion, in the form of pitting
corrosion and the later stage by corrosion fatigue crack growth. Figure 2.2 shows a typical

corrosion fatigue cracking which was nucleated at a corrosion pit.

2.2 PITTING CORROSION

"~ One form of localized corrosion is pitting which can lead to the nucleation of

fatigue cracking. This process of pitting and fatigue cracking is considered as a principal

degradation mechanism [8,12,13]. Pitting can significantly reduce or eliminate the initial -

-

integrity. Because of its widespread occurrence and damaging effect, pitting has been a

matter of concern in many industrial applications for several decades. Extensive studies

of a 2024-T3 aluminum alloy have been undertaken ‘t_o determine conditions that cause

pitting and to understand the basic processes in\}olved (5,8,12,13].

(or nhcleation) portion of the fatigue life and compromise structural durability and
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Referring . to  this study, the microstructural investigations show a typical
elonghted and flattened grain structure, with average grain dimensions of 68 pm, 39 um

and 18 pm in thev longitudinal (L), transverse (T), and short transverse (S) direction,
respectively shown in Figure 2.3 [5]. Extensive experimental data have been gathered
and a major progress has Been made in both the understandings of the principal causes of
pitting initiation .and growth. The current state of understanding is briefly sumniarized_.

Many important issues, however, remain unresolved.

2.2.1 PTTTING

Pitting is one of eight forms of corrosion. It is one form of extremely localized

attack, and is destruéfive and insridirou‘su. -»»‘Basicall'y»,rit ié the process of elecpro;he}nical
reaction of galvanic coupling between two differen£ metais in aqueoué environments.
Alloys are characteristically inhomogeneous. If a particle or ‘partic.:le clusters are exposed
té. the corrosive envfronment, galvanic’ coupling ,betwéen particle and matrix would
promote either anédic dissolution of the matrix around the particlé or dissolution of the
particles. Representat-ive SEM micrbgraphs_of the same érea of an aluminum alloy
before and after corrosion in O.SM NaCl solﬁtion for 24 hours are shown in Figure 2.4
- [9]. As the corrosion time increases, the matrix al?und particles.dissolves genérally or
severely based on the size of the particles or. zpélrticle -clusters in Figure 2.5 [9]. These

severe pits can act as nuclei of fatigue cracking based on its size and location.

e L
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2.3 FATIGUE

~Fatigue cracking in the presence of corrosion has long been considered as a
principal degradation mechanism for material damage in service. The influence of pitting

corrosion on fatigue life was recognized through thé works of Haigh [16], Moore [17],

-

and Gough and Sopwith [18] early this century. Separate from the S-N approach, a
fnethodology based on linear elasti¢ fracture mechanics (LEFM) was introduced by Paris
andE-rdogan [19] using a power-law representation of ﬁthé 1'elationshii) between crack
growth rate and the driving force. The power-lawvrelationship is essentially empirical,
; however, cannot explicitly accouﬁt for the influence of environment. Critical réviews

and-aﬁalysis of empirical and statistical approaches were given by Wei [20].

N Cdrrosion fatigue crack growth in corrosive environment has been extensively.
studied [3,2‘1-26] to develop a mechanistic understanding of the influences of
mechanical,' enviroﬁmeﬁtal, metallurgical, and geometrical variables.  The mar;y

- ‘tYariéﬁles are:surhma:ized in Table 2.1 [20] and serve to ‘e)mphasiz'e the complexity of
.crdrrnolsioin-fat.igue beha\(ior. ‘Currently, émpirically based power-iaw models are used m
. life pfediction methodologies. Ideally, it is desirable to g:haracteﬁze the corrosion fafi;gue

of a matérial to represent the fatigue life, Ny, or the fatigue crack growth rate (FCGR), '

dq/dN; és a funcfibn of these variabies; ie.,
 Ny=F (Omais R £, Typis Ciy ) 2.1)

' daldN = Fy (Kngs, ot AK, R, £, T, pi, Gy ) QY




2.3.1 MECHANICAL DRIVING FORCE FOR FATIGUE CRACK GROWTH

The stress intensity factor, K, characterizes the magnitude of the stresses in the
vicinity of the crack tip. It is a function of crack length, applied stress, and geometry.
For cyclic loading, the stress intensity factor range, AK (K"max — Kumin), 18 uséd to
characterize the mechanical driving fofce of FCG to provide correlation with the FCGR,
daldN [20]. It is used principally for crack openiné mode conditions, Mode I (tension),
when the assumptions of linear élastic fracture mechanics (LEFM) are' satisfied. For

- —other loading conditions, such as ‘Mode I (sliding) and III (tearing) and mixed-mode

loading, the use of strain density factor range, AS, has been suggested [27].

2.3.2 FATIGUE CRACK GROWTH RATE

Due to the épp_liCation of a number of cycles AN, the crack length increases by an
ér.nount. of Aé. This- rate of growth is typically calculated by dividing the growth
iﬂcrement Sy the number of elapsed cycles as Aa/AN. Fobr small interval’sl, this average
(or “se'cqnt”) rate is taken to be_approximately equal to the FCGR. The growth rate is a
functiqn of the loading, environnﬂentgl and material variables and may be détér'rnined by

numerical differentiation of the set of crack length versus cycles (a vs. N) data.

da_da_ .o

: 3'01‘AK9R, ,T3 ',C~7"' . 23
N AN LT.pnC) (2.3)

For given material and environmental conditions, the fatigue growth response is

commonly rcpresgnted by an empirical relationship between da/dN and AK of the

following form, where Cis the growth rate coefficient and m is an exponent.
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X =Ky 4 24
=€ (4K) . (2.4)

The experimental results may be plotted in log(AK)-log(da/dN) diagram to determine the
constant C and slope m. Once the quantities are determined, the fatigue life, N,», can be

estimated by direct integration between the initial and final crack sizes, based on

information on geometry and loading conditions. ®

2.3.3 TRANSI‘TION FROM PITTING TO FATIGUE CRACKING
For engineering ﬁlaterials, fatigue cracking in an inert environment typically
nucleatgs for inﬂomdgeneit’ies in the rﬁiérostructure (e.g.,‘large constitﬁent particles) or
oﬁhc;r sites .of stress concentration. In éorfosiye envi;onment, cfack can begin at sites of
localized: corrosion damagé, such as corrosion pits. Once nucléated thefcrack progresses
as a surface crack, and transitions to a through-thickﬁess‘cra‘ck;_and can lead to fatigue
failure. The prbcess éf crack nucléati;on‘(.()r the transition from pitting to surface crack) is
~ important to t‘hevevstimati»on of COrfosion fatigue life [28',2.9]. T:he__following criteria have
been proposéd for the .tra'nsit.ion from pitting £o FCG, 1e the Ohset of fatiguévctr‘acking
from a corrosion pit.[3_0,3 1],

MK 2AK, @5)

CR
dt crack dr pit ' '

where (dal/dt) refers to the appropriate crack and pit growth rates, and AKy, is the

threshold AK for fatigue crack growth; AK is estimated by aésuming that the corrosion pit

may be modeled by an equwalcnt semi- elhptlcal (or semi- cnculzu) su1face 01ack
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Spécifica‘lly,‘ fatigue cracking would occur orily when thg stress intensity factor AK of the

?

~ equivalent crack reaches or exceeds the threshold AKy,, and when the time based crack-

growth rate exceeds the rate for pit growth. The criteria have been. verified

‘experimentally [13,32] and statistiéally [15]. For the pre-corroded specimens used in this

study, only the threshold criterion would apply.

© 2.3.4 ESTIMATION OF FATIGUE LIFE

As described..in Sectipn 2.3.2, the fatigue lives of specimens or compenents with

simple geometry and loading conditions can be estimated by direct integration of the

growth rate Eq. (2.4) if the initial crack size is given. Such a procedure was used to

estimate the‘effeét offorrbsion (pitting) on fatigue lives of an alufninﬁm alloy [33]..

. Assuming that the initiating defect is hemispherical in shape and is equivalent to a

scnlj-circulaf crack with the same aspect ratio, the power-law relationship has been used
. to construct S-N curves shown in Figure 2.6 [33]. These curves indicate the severe

‘reduction in fatigue life as the size of the initial corrosion pits increases, or as the

o \ ,
frequency decreases thereby increasing the corrosion time per loading cycle.

For more complex geometries and loading conditions, numerical integration is
required, using one of the specialized computational programs. AFGROW. [34] is one

such computer software that is developed for fatigue crack growth analysis and life

prediction. This program can handle different specimen geometries, component and

crack as well as constant and variable amplitude loading. It is adopted for use in this

research.

em e AT e A O G T A s
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' Tnble 2.1  Significant variables that influence the corrosion fatigue [22].

e Mechanical Variables

Maximum stress or stress intensity range, Opax OF Kmax“)
Cyclic stress or stress intensity range, Ac or AK'"”
Stress ratio, or load ratio, R

Cyclic load frequency, f

Cyclic load wave—form (constant amplitude loading)
Load interactions in variable amplitude loading

-State of stress |

Residual stress

LR IR IR G IR IR G IR IR S

e Geometrical variables
.0 Crack size and relation to component dimensions '. S
0 Crack geometry “
¢ Component geometry adjoining crack
0 Stress concentrations associated with design

o Metdllurgical Variables

_Alloy composition

Distribution of alloying elements and 1mpur1t1es
Microstructure and crystal structure

Heat treatment -

Mechanrcal working

Preferred orientation of grains and grarn boundaries (texture)
Mechanrcal propertres (strength fracture toughness etc.)

SO OO T

. E_rtvi’fonmenml variables

Temperature, T -

Types of environments — gaseous liquid, liquid metal, etc.

Partial pressure of damaging species in gaseous environment, p;
Concentration of damaging species in aqueous or other liquid environment, C;
Electrical potentlal—qb '
pH

Viscosity of the environment, 1
Coatings, 1nh1h1tors, etc.

<>'<><><><><><><>

mm&'&?fL = e

Bs 1o O, B 0 Rl 8P

" ‘I’These three parametérs are inter-related. bn]y two of the three’ need to'Be specrf" ed.”
, e 12
4
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Figure 2.1 Schematic diagram of the devélopm’ent of corrosion fatigue from the
evolution of pit in an aluminum alloy [9]. '
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Figure 2.1 Schematic diagram of the development of corrosion fatigue from the
evolution of pit in an aluminum alloy [9].




Ny ’ . Figure 2.3 2024-T3 microstructure; diStribution of grains (top) and distribu_tion of '_
- .. constituent particles (bottom) [5]. o , , S 7




Figure 2.4 Particle induced pitting corrosion in an aluminum alloy. The ongmal

surface is shown (a) and the surface after 24-hour corrosion t1me in (b) [9].

O _ — f(b‘)i .

Figure 2.5 Particle induced p1tt1ng corr0510n showmg (a) general pitting and (b) severe
pitting [9] '




INTENTIONAL SECOND EXPOSURE |
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Figure 2.4 Particle induced pitting carrosion in an aluminum allov.  The orgindd
~urface s shown (a) and the surface after 24-hour corrosion time in ib) {9]. ~
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Figure 2.5 Particle induced pitting corrosion showing fuy general pitting
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_ Flgure 2.6 The 1nﬂuence of initial p1t size and the reductlon of fatigue life on the 2024—
- F3-aluminum alloy [33] :




CHAETER 3 EXPERIMENTAL STUDY

3.1 INTRODUCTION
? ‘ _
The primary objective for this research is to determine if fatigue lives can be
predicted from the initial pit size-and-the fatigue -crackgrowth (ECG)_properties. To
achieve this.objective', this research is divided into (i) eXpefimental éhardcterizﬁtioh of
the effect of initial pre-corrosion pit of differént sizes on fatigue behavior, (ii)
- measurement of pit size and correlation with fatigue life, and (iiij estifnation of fatigue.

lives based on FCG. TIn this chapter, the material and the various experimental

procedures are described.

3.2 MATERIAL :
- Th¢ material used in this ‘exper‘ivment is a 1.‘6-mm-thick shee't of a high-strength
2024-T3 bare alurhinum alloy. vBec‘ause of ité attractive proéerties, it has been widély
uséd in stfucfural*cqmponents éﬁd"other »applicat_io-ns usually in the cladded form. The ~ - |
éhémical cdmpositi-()n, méchz_mical _aﬁd corrosion pfdpertics of this alléy are listed in
— ‘ _ Table_B.L. Cdmparing 2024-T3 bare alloy to Alcléd 2024—T3; this material is much more
' 'su_scéptible to-a co;rosion environment compared to Alclad 2024-T3 {35}, so the surface -
will b-e~ rougher and have ‘the multiple crack origin sites, When exposed to deleterious

_environment.

o s ARt s g R et T 4 e T LR N TR B 1 T
B e TR VUSRI SRy SR SR
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3.3 SPECIMEN

3.3.1 SPECIMEN DESIGN

Specimens were designed spéci_fically to examine the effect of pre-existing

corrosion pits on fatigue life in thérlong fransverse or transverse longitudinal (T-L)

orientation. Dimensions were 1.6 mm (0.063 in.), 177.8 mm (7 in.), and 25.4 mm (1 in.)

- of thickness, length, and width in gauge measurements, respectively. A semi-circular

notch with radius of 3.175 mm (0.125 in.) along one edge of the specimen was used to
simulate the geometrical stress concentration of rivet hole in aircraft fuselage and to

facilitate the introduction of pre-corrosion. Specimen location and drawing are shown in

* Figure 3.1.

3.3.2 SPECIMEN PREPARATION

To minimize the influence of extraneous factor, the specimens were carefully

prepared Specimens were ‘machined to the specified dimensions by wire electro-

discharge machining (EDM) to minimize. residual stresses., The specimen edges and

" . _notches were polished through a series of silicon carbide (SiC) papers and pastes to

#1500 grit and then poﬁshed with ’di’ar‘nond paste to a | pm rms (root Tmean square) finish

to minimize the presence of'fs'urface defects.

The notches Wér_c then pré-cdrroded in 0.5M NaCl solution (pH = 6.5, dissolved

oxygen concentration [O,] = 7 ppm) at room temperature (~ 20°C) for 48 to 384 hours 2

to 16 days) to produce pits of a range of sizes. Each specimen was coated with stop-off




‘3.4 EXPERIMENTAL APPARATUS

e : :
b . .
A computer-controlled closed-loop servo-hydraulic machine was used for the

fatigue experiments. The machine calibration and load-train alignment were checked
prior to testing. The calibration and alignment were demonstrated by using a calibration

. specimen atfached with two strain gauges mounted on each side.

3.4.1 APPARATUS PREPARATION

‘A uniform- stress distribution across the spécimen cross-section was desired- to

ensure £he absence of 1ateral bending and twisting. To ensuré uni-axial tensioni—tension

* loading -Condition, the testing machine was aligned and calibrated [36]. In placing the
specimen on the machine, én error limit of 0.0254 mm (0.001 in.) was used to minimize

bending or torsional effect for accurate testing.

3.4.2 TESTING MACHINES

Specimens were tested in a 45 KN710 Kip) MTS' machine at laboratofy
temperature. The main festing frame is composed of a closed-loop servo-hydraulic MTS

testing machine with a FT'A2 interface. . This machine is equipped with a MTS 458.20

MicroConsole, which responds to commands for axial cyclic loading. The main console

~ that fégulafed the whole system using FTA control and data acquisition software is a PC -
(IBM PS/2 Model 30286), provides waveform signails to the servo—hydrz_iulic machine,

and acquires data on line.

ion, Ede N 55 o
‘ Fracture Téchnology Associates, Pleasant Valley, PA 189517
*_> — . : ‘ o ! 0 ‘ g




3.5 SCANNING ELECTRON MICROSCOPE OBSERVATIONS

The fractographic studies were ‘made by scanning electron microscopy (SEM) to

correlate the fatigue behavior with corrosion pits at the notch surface. It was anticipated

that the failure mode and the cracking mechanisms could be characterized by examining.

the post—fracture surface morphologies produced in laboratory environment. Information

about the pre-existing corrosion pits on the fatigue 11ves can be obtained by comparmg

the surface morphologies of crack nucleation and propagation.

- 3.5.1 PREPARATION FOR SEM
_Frac'tographic, examinations may kbe hampered - by “the ‘_corrosion producﬁtsv
j_(aluminurn oxide) that form invthe notch area during vpre—pitting. As such, a two—.step
procedure was used to facilitate fractography. | Frist, cor_rosion product on the notch
: surface was partially rernoved by the dry stripping method using an acetate iephcating

- —fl—W*Wtape rwRepeated -stripping produced a 1easonably clean notch for furthei chemical

_ cleaning. - o : S

The cleaning solution ‘'was prepared by mixing 17.5 ml of phosphoric acid

(HsPO4) and 5 g of chromic trroxrde (CrO;) with deionized water to pioduce 1000 ml of
e

solution [37]. Specimens were fully cleaned in the cleaning solution at 55°C for 10

minutes. Trial experiments were conducted and demonstrated that this chemical cleaning

did not induce significant further corrosion. This procedure was effective in removing

the corrosion products [9].




3.5.2 FRACTOGRAPHIC STUDIES

The fractographic examinatiohs werevconducted to determine the crack nucleation
site and the size and geé;netry of a crack nucleating ;:orfosion pit. An optical mié;)scope _
was flrst used to gam an overall perspecuve of the crack nucleation and propagation
behavior. An ETEC SEM, ;)perated in the sec;)ndmy electron (SE) 1mag1ng mode at 20

-f_.\_‘_;,KSLwithjmrkingAdis,tan_cAefof,ab,o,ut,,,3,O mm, to develop detailed information about the

“crack nucleating sites.  Mating surfaces - were examined to further study the

micromechanisms for fatigue cracking.




Table 3.1  (a) Chemical composition and (b) mechanical and corrosion properties of a
- 2024-T3 aluminum alloy [38].

(a) Chemical Composition

Weight Percent

Cu Mg Mn Fe Zn Si Ti Cr Al

424 1.26 0.65 0.15 008 ~ 006 0.031 <0.01 . Balance

Analyzed by Laboratory Testing Inc., P.O. Box 249", Dublin, PA 18917.

(b) Mechanical and Corrosion Properties

Tensile Strength'” 480 MPa
0.2% Offset Yield Strenoth“’ . 355 MPa .
Elongation® o | _4 17%
Modulus of Elasticity® ) 72.4GPa
| Poisson's Ratio® ‘ o 03
_ Free Corrosion Potential (SCE)(3) --600/-800 mV (aerated/déaerated sbln.) ,

) Tested by Laboratory Testing Inc., P.O. Box 249, Dublin, PA 18917;

-~

(2) ASMSpecxalty Handbook Alummum and Alummum Alloy, ASM Internatlonal 1993
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CHAPTER 4 EXPERIMENTAL RESULTS

4.1 INTRODUCTION

This chapter describes the results of fatigue experiments and fractographic
examinations of the fracture surfaces. Fatigue experiments were performed on pre-pitted -

single edge notch (SEN) specimens of a 2024-T3 aluminum alloy as a function of pre-

corrosion time. Post-fracture fractographic examinations were made by optical
microscopy (OM) and scanning electron microscopy (SEM) to determine the origin of

. fatigue failure and its geometry and size.

4.2 FATIGUE EXPERIMENTS

The results on SEN specimens, with a semi-circular edge notch that had been pre-

pitted"in'a O,I.SM:NaCl solution (pH = 6.5, [bg] =17 ppni) for 48 to 384 hours (2 to 16

days) and fatigue tested. in laboratory air, are presented. For comparison and further -~ = -

anaiysis‘, previous test results on central circular-hole (CCH) sﬁecimené of the same alloy
[11] were also included. The applied loads for each specimen were adjusted to produce'a
stress of kAo of 288 MPa (R = 0.1) at the notch root where k; reprééent’s the elastic stl'eés

concentration factor and Ao the remote cyclic stress range.

1

4.2.1 TEST RESULTS ON SEN SPECIMENS

The fatigue test results on SEN specimen that had been pre-pittéd (pre-corroded) .

for 48 to 384 hours (2 to 16 dayS) in a2 0.5M NaCl solution are given'in Table 4.1 and are

specimen:without prior cotrosion; was used:as reference.
.
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This specimen exhibited a‘fatigue life of more than 2.5 million cycles, which is indicative

of the inherent fatigue life of this alloy in air at k,Ac of 288 MPa.

Overall, the fatigue lives decreased with incfeasing time of pre-pitting. The more ’
~ than one order of magnitude reduction in life generally reflected the expected deleterions

'inﬂuence' of"pi‘ttin'gfdamage"'ESﬁj;9;'10:l'2,16,18,24,’28,30,3'1]. 'Consicler.able variability in o -

fatigue lives, howeyer7 yvas observed. The degree of Vari,?,lbll,i,t,Y,,,Eif?QF??S?d ,TWith
increasing pre-pitting time. .Fo’r example, the fatigue lives of specirnens pre-pitted for 48
hours varied from 158, OOO cycles to over 2 million cycles: Similar variability was
observed at the longer pre pitting times; namely, from about 150,000 to 339,000 cycles at
" 96 hours, from about 125 OOO to 198, 000 cycles at 192 hours, and from about 106,000 to
171,000 cycles at 384 hours. These observations are consistent with the results of

- Harmsworth [10] on a 2024-T4 alloy tested in rotating bending, and confirm the role of

prior corrosion‘damage (pitting) in reducing fatigue lives.

- Because the size and location of corrosion pits at a 'given time are expected to be
' 'reind’om_l‘.y distributed, the variability in fatigue lives at a'prescribed pre-pitting time may

. reflect the distribution in sizes of crack nucleating pits. It might be more appropriate,
~ therefore, to correlate the changes in fatigue life with pit size rather than pre-pitting time.

‘ This possibility will be considered lfollov'ving the fractographic examinati‘onsiof the crack -

nucleation sites.

4.2.2 PRIOR RESULT ON CENTRAL CIRCULAR-HOLE SPECIMENS

As a part of this examination, previous measurements of fatigue lives as a

“Fimietion of pre-pittinig:time for-central:circularzhole (CEH):specimens of the samme2024



T3 alloy, undef the same set of testing coﬁditions, are included. The CCH specimens are
1.6 mm thick, with a 177.8 mm long by 30.5 mm wide gauge section that-contains a
central circular hole of 535 mm radius. The CCH specimens differ from the SEN
specimens in that the loading is symmetrical and the probabie location for crack

nucleation is doubled.

Results fro‘mr t}}ig eyfpgr.irment a;'e givgn in Table 4.2 and the fatigue lives__ for the |
SEN and CCH épecimens are shown together as a function éf pre-pitting times in Figure | |
4.2, The overall trend in the data is consistent with those of the SEN spe_cimehs, with
decreasing fatigue lives at the longer pre-pitting times. The variability in fatigueﬁ lives at
a given pre-pitting time appears to be greater. With no pre—pittingvor, at short e}&p9§ure
‘tir-nes, the fatigué lives exceeded 2 million cycles, although some fatigue lives ranged

from 165,000 to 240,000;cycles.

For the 100-hour pre-pitted specimens, the fatigue lives ranged from 130,000.to
406,000 cycles versus 150,000 to 340,000 (at 96 hours) for the SEN specimens. This
apparent difference may reflect the distribution in the sizes of crack nucleating pits, and

will be considered on the basis of the fractographic examination.

4.3 FRACTOGRAPHY — — — —

Optical microscopy (OM) and ETEC scanning electron microscopy (SEM) were

used to identify and characterize the_origins for fatigue failure by post-fracture

examinations of the fatigue-fracture surfaces. The examinations were focused on the

region near the notch surfaces, and were directed toward the identification of the crack

it, the dominant pit in each specimen, and




nucleation were first identified.

other potential crack nuclei. Mating fracture surfaces, and the fracture surfaces were

.viewedLWith and. without tilting to better identify the crack nuclei and their size and

shape. ‘To focus upon failure that_nucléated from corrosion pits, other causes for crack

" "4.3.1 FAILURE BY.OTHER CAUSES

Based on the fractographic examinations, three types of nucleation sites are =~~~

e

eliminated from further ‘analyses; namely, nucleatien from (i) prior mechanical damage

(ii) large constituerit particles, and (iii) corrosion pits away from the notch surface.

4.3.1.1 M.ECHANICAL DAMAGE -

The first type is prior mechanical damage on the specimen. In Figure 4.3, a

spe,cimen (AOINS8).pre-corroded for 48 hours with fatigue life of 159,000 cycles, notch

indicated a direction of thickness, S (surface) orientation, and side represented a rolling

direction, L (longitudinal) orientation. - From the evidence of river flow patterns that”
implied dominant defects on the fracture surface, tear-like prior mechanical damage was
found on the side... A mark of _O.,IS mm wide band near T (transverse) orientation,

“perpendicular to L orientation, was revealed resulting in a.severe damage close.to the-

notch in section A: A two-layered-like fracture at high maghificati‘on of section A
indicated that there were no symptoms of corrosion pitting. Similar to this result, another

one showed an equivalent failure in a specimen (AOIN11) pre-corroded for 96 hou,r_é with

a fatigue life of 150,000 cycles.
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4.3.1.2 PARTICLE NUCLEATED FATIGUE FAILURE -

The second type is a particle nucleated fatigue failure on a specimen  (AO1N46)

. pre-corroded for 48 hours with a fatigue life of 158,000 cycles. In Figure 4.4, the river

flow patterns.in the form of peaks and gorges converging toward the crack nucleation site

A on the left, which in turn, showing in reverse the direction of crack propagation.

Conversely, area B represents a series of peaks toward the crack propagation direction,

- which hindg;ed crack propagation and leaving wed‘ge‘s on the side,. with no evidence of
crack nucleation. With this evidenc;, the part_iéﬁle was shown in a shape of sémi—ellipsoid,
18.2 um wide 4by-35.2" um deep in size, on thé right and 'was identified as ‘the‘dominzvmt
crack nu:cleus"for fatigue .failuge.' Because this sthdy wvas‘foa.ls‘e_.d primarily on corrosion

pits so that this case was eliminated from further analysis. =

. ”_ﬁ\ »
4313 C.O‘RROS[TON PIT OUTSIDE OF NOTCH
The third type is a corrosion pit away from the notch surface. Figu're 4.5 shows

crack nuclei on the fracture surface.and at a higher magnification. The appearance of the

e

‘nuclei nggests that fatigue. cracking is associated with two large colnstituent particles,
linked b‘y a corrosion :pitv. This type of cfack nuciei was obser\}ed in two specimens, one
(AOINS2) pre-corroded- for 48 hours, with fatigﬁe life of 436,470, and the other
(AOIN29) pre-corroded for 96 hours, with fatigue life of 338,690. These speéir‘néns

contributed to the large scatter in fatigue lives in Figure 4.1. Because crack nucleation

_did not occur from the notched surface, the specimens were not considered for further

o

analysis. Their contribution to the overall distribution of fatigue lives, however, needs to

be considered in design and reliability analysis.
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4.3.2 DOMINANT PIT AND PIT SizE MEASUREMENT

The femaining specimens, after removing those that have failed by the othér
causes, were examined to identify and characterize thé dominant pit at single and
multiple crack nucleation sites in SEN and CCH s’pecimeﬁs by scanning elec}tron :
microscopy (SEM). Matin;g fracture surfacces were used to aid in the identification and
characterizatioﬁ. Overlays semi-ellipse were used with micrographs of corrosion pits ‘to

provide more accurate measurements of their size.

4.3.2.1 DOMINAN:F PiT IN SEN SPECIMENS @

As pfe-corrosion time increased,‘ the SEM fractographs showed a change from
crabk nucleation at a single corrosion» pit to multiple site nucleation. Figure 4.6, for a
‘specime‘n (A01N39) pre—corr;)vded for 384 hours, with fatigue life of 171,000 cycles,
shows two nuclei (or pité) , and is used to illustrate the procedure for identifying the
dominar;t Corrésio‘n pit for crack nucleation. The identification procedure involved an
examination of the batterﬁ of crack growth away from the crack nuclei, and a comparison
- of fhe size of the céndidate corrosion pits. AFrom the overall crack growth (1'1{161’2 pétterns,
Figure 4.6 (a), the crack nuclei are exﬁected tQ be found in flat su1;face area on the left -
side of the micrograph. The two candidate nuclei are identified as_corfosion pits located
at A and B. More detailed examinatipns show the grbwth patterll from A as marked in -
Figuré 4.6 (b) is broader than that from B and éuggests A as the dominant pit. This is

confirmed by the fact that the pit at A is larger than the one at B; 20 um wide by 25 urh

\

deep versus 11 um wide by 16 um deep (compare Figure 4.6 (c) and (d)).




Following the same procedure, the dominant corrosion pits at the various pre--

* corrosion time were identified. Examples c;f these pits are shown in Figure 4.7: (a) a
specimen (AOINO6) pre-corroded, for 384 hours, with a 20 m wide by 54 pm deep pit,
(b) a specimen (A0OIN34), for 192 hours, with a 25 pum wide by 27 um deep pit, and (c) a

specimen (AOINO7), for 96 hours, witha 18 um wide by 25 pm deep pit.

In some cases, the dominant pit (or crack nuclei) is at the edge of the notch. Here,
the pit would be modeled as corner crack in the form of a quarter ellipse. Representative

nuclei are shown in Figure 4.8 for a specimen (AOIN21) pre-corroded for 384 hours and

a specimen (AOIN14) pre-corroded for 192 hours.

4.3.2.2 DOMINANT PIT IN CCH SPECIMENS

For the central circular-hole (CCH) specimens, fatigue cracking can begin from

either or both sides of the hole. Identification of the dominant pit, therefore, entails
- fractographic examinationé of the crack surfaces on both—sides. Figure 4.9, for a
specimen (O13) pre-corroded for 24 hours, with fatigue life of 173,300 cycles, shdw two
sets of candidate nuclei on both sides. Following the previous procedure.thaf ,caﬁ identify
the dominant pit, the pit (12.77 wum wide by 20.11 pum deep) at A in (c) is identiﬁied as the
dominant one of the pair, A and B, since ;:racking associated with the pit th A covered
most of the fractufe surface, Figure 4.9 (a), with a ridge C between two different crack
planes. dn the other side, crack nuclei at D and E, Figure-4.9 (b), appear to have
contributed to crack propagation together. More detailed examinations show the growth

pattern from D is similar to that of E. The pit at D (Figure 4.9 (d)), however, is much

= --vlétrgefthanthe—orzlc.;—at*Ev (20-;6_5i»pm-=W~‘ide‘—by--44:6‘5ﬁum«deep..\vers_us~6_.55.9. Hm-wige:byA8: 84
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pum deep), and is taken as the dominant pit. Even though the pit at D is larger than that at

A, the limited extent of fatigue cracking on the D side Suggests that the pit at A was the

» dominant nucleus. Most 'specivmens followed the same procedure except a 24-hour pre-

corroded specimen (O8) that had corrosion pits on only one side.

4323 PIT SIZ!E MEASUREMENT

All of the pits- on the fracture surfaces were measured from the SEM micro-
fractographs by assuming that the pvit's act as equivalent semi-elliptical surface cracks.
Measurements were made by matching semi-ellipses (Figure 4.10) to the f1‘actog1'aphs,
and assuming vby matching quarter-ellipses to the corner cracks. Estimates of the upper
and lower bounds for the dominant corrosion pit in each specimen were obtained and are

recorded in Table‘s 4.3 and 4.4 for the 2024-T3 SEN specimens and in Table 4.5, for the

" CCH specimens.

4.4 CORRELATION OF FATIGUE LIFE WITH PIT SIZE

- Based on th‘es‘eb measurements, the data on observed fatigue livesv of 2024-T3 SEN
specimen, shown in Figure 4.1 are replotted as a function of pit depth in Figure 4.11, and
together wi'th the results on CCH specimen in Figufe 4.12. The changes of fatigue lives
are seen to be better correlated with the pit depth than pre-corrosion time (cf, Figures 4.1

and 4.2). The observed variability reflects errors in pit size measurement and the

~ influence of aspect ratio of the nucleating corrosion pit. The possibility will be

considered in the following chapter.
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Table 4.1 Experimental fatigue result for the SEN specimens at kAo = 288 MPa, R =

0.1 and f= 30 Hz. : y |
Specimen Specimen - Pre-Corrosion Fatigue
Number Location Time (hours) Life (cycles)
s AOIN22 17 0 2,500,000

AOTN20 15 - 48 1,547,492
AO1IN27 22 48 1,999,968'"
AO1N44 | 5 48 ~ 2,066,597""
A0TN49 10 48 1,495,592("
AO1N58 19 48 . 158,752%
AOTN11 6 96 149,765
AO1N46 7 48 157,796
AOTN52 13 48 436,471
AO1N29 24 - 9% 338,687
AOTN17 12 48 304,594
AOTN18 13 48 187,144

CAOINO7 2. 96 153,691
AOTN15 10 96 132,808
AOTN36 ' 31 96 158,056

-~ AOIN12 7 o192 159,106
AOTN14 9 S92 160,121
AOTN19 14 S92 0T 198,381
AO0IN23 18 192 134,965
AO01N34 29 192 125,216
AOINO6 1 384 106,318
AO1N21 16 384 162,567
AOTN30 25 384 142,584
AOTN32 27 384 .- 120,168

AO1N39 | 34 384 171,078

- - E— —_

) Test terminated without failure.

L specimen had mechanical damage.

(3.)'5 fatigue failure nucleated at a constituent particle.

thie dominant pits were otside of the notch, ~ ~~ =TT T T
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Table 4.2  Experimental fatigue result for the CCH specimens at kAo = 288 MPa, R =
0.t and f=30 Hz.

Pre-Corrosion

Time (hours) Fatigue life(cycles)

Sample Number

cl2 0 _ 1,083,885
C5 | 0 2,000,153
01 , 10 1,180,641
- C11 10 ' 1,624,860
C7 24 2,129,225
.09 10 | 165,244
08 | 24 239,202
013 | 24 : 173,306
C8 100 | 405,784
C1 - 100 © . 129,556
C9 100 354,830

R l') e nn n h;.v‘uL Bty B e x.»g»ﬂ;v_n_:::t-z:—_::-‘?.nn{@;:55‘:.‘,»‘at;;\;mm;kr‘;i;iz;;;m;v&&mnﬂ ;g@&j;}&;@:f;ma?;mﬂﬁsmﬂm
) Test terminated without failure.
o . 33 N T~ e e



Table 4.3 Upper and lower bounds of initial crack sizes on the notch surface for the

SEN specimens at k,Ac =288 MPa, R =0.1 and f= 30 Hz.
- ~

Specimen . Corrosion Observed Tensile
Time Fatigue Mode -¢(um) = a (um) cla
Number (hours) Life(cycles) (mm)

AOIN17 48 304,594 3.0 4.25 19.14 0.22
AOIN18 48 187,144 2.5 516  14.12 0.37
AO1N46 48 157,796 4.0 1 9.35 18.07 '0.52
AO1NO7 96 153,691 3.2 13.86 22.74 0.61
_ 18.05 25.07 0.72

AO1N15 96 132,808 3.8 9.48 15.50 0.61
10.99 17.15 0.64

AO1N12 192 159,106 2.0 16.01 17.98 0.89
26.76 17.24 1.55

AOTN19 192 198,381 4.5 11.79 30.47- 0.39
AO1N23 192 134,965 3.1 12.34 15.13 0.82
' 24.07 26.09 0.92

AO1N34 192 125,216 2.8 2014 = 2672 075
. 2464 2671 . 092

- AOTN0B 384 106,318 2.0 18.84 33.65 0.56
20.14 54.37 0.37

AOTN39 384 171,078 4.0 19.43 23.25 0.84
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Table 4.4  Experimental results of initial crack sizes at the corner of the notch for the - -

SEN specimens at k,Ac = 288 MPa, R = 0.1 and f= 30 Hz.

Specimen  Corrosion QObserved’ Tensile

. ‘Time Fatigue Mode c(um) a (um) c/a
Number (hours)  Life(cycles)  (mm)
AO1N36 96 - 158,056 3.9 30.55 33.35 0.92
AO1IN14 - 192 160,121 35 35.34 22.80 1.55
AO1TN21 384 162,567 3.5 25.53 43.15 0.59
. 'AO1N30 384 142,584 4.0 45.81 41.94 1.09
: AO'1N32 384 6.5 50.89 52.46 0.97

120,168

Table 4.5 Experimental results of dominant crack sizes on both surfaces of the hole for
. the'CCH specimens at kAo =288 MPa, R=0.1 and f= 30 Hz.

Sp_ecimenjCorrosioh Observed Fracture Tensile

, " Time . Fatigue Surface Mode <¢(um) a (um) c/a
Number (hours) Life(cycles) Feature  (mm)
.08 . 24- 239202  Flaa 5 ~ 500 2039 025
013 24 - 173,306 Flat 4. 1277 2011 - 063
- .Semated 1 20.65 = 44.65 0.6
ct . 100 129,556  Flat 2 1059 . 23.42 = 0.45
- - . Serrated 2 11.00 16.02 - 0.69.
c8. 100 405784  Flat '3 683 1229 056
| | | . Serrated 0 1161 4337 027
co 100 354,830  Flat 2 779 1487 052
| Serrated 0 6.26 51.48  0.12
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Figure 4.3 Mechanical déimage pfeseﬁ't prior to pre-corrosion on a SEN specimen; 48-
hour pre-corroded (AOIN58). : ”
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INTENTIONAL SECOND EXPOSURE

EN

Figure 4.3 Mechanical damage present prior 1o pre-corrosion on a SEN specimen: +3-
hour pre-corroded (AOIN38).




Figure 44 Fatigue crack initiation at a constituent particle in a specimen (AO1N46) pre-
corroded for 48 hours. ‘
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Figure 4.5 Fatigue crack initiation that occurred outside
(AOINS2) pre-corroded for 96 hours.. |

of the notch in a specimen
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© (d) ,
Figure 4.6 Multiple crack initiation sites at low (a) and higher (b) magnification and
individual pits are shown in (c) and (d) in a specimen (AOIN39) pre-corroded for 384
— hours. ) ‘ -




300;&1

Ficure 4.6 Multiple crack initiation sites at low fw) and higher (b magnificaion und
individual pits are shown in (¢) and dy in a specimen tADIN3Y: pre-corroded for 384
hours.
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Flgure 4.7 " Tnitial pit sizes for (a) 384-hour pre-corrosion (A01N06) (b) 192-hour p1e—
corrosion (AO1N34) and (c) 96-hour pre-corrosion (AOINO7).
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"_!‘INTENnON'ALSECOND EXPOSURE
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~ Figure 4.7 Initial pit sizes for ta) 384-hour pre-corrosidh (AO!»}JQ@Ls;béfjf)ﬁ?.;_%gguf pre- o
) 96-hour pre=co :

osion (AOINOT). i
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\Figure 4.8 Corner crack initiation sites for () a specimen (AOIN21) pre-coi'roded for

384 hours and (b) a specimen (AO1N14) pre-corroded for 192 hours.
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INTENTIONAL SECOND EXPOSURE |

Figure 4.8 Corner crack initiation sites for (a) a specimen (AOINID) pre-corroded for
384 hours and (b) a specimen (AOIN14) pre-corroded for 192 hours. ‘
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INTENTIONAL SECORD s —

Ficure 4.9 Corrosion pits that nucleated dominunt crack on both sides ol
RE!

specimen (O13) pre-corroded for 24 hour
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Figure 4.10 A schematic illustration of the equivalent semi-elliptic surface crack used as
the initial crack geometry to model the FCG life [8].
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Figure 4.11 Reduction of fatigue life with increasing initial pit depth on SEN specimené.
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s pore - Figures-4vl-and-4.2).—A-similar-trend-in- the-reduction -in-fagigue divesowith-pitsdepthris: oo mness

CHAPTER 5 DISCUSSION

5.1 INTRODUCTION

P

The results showed the pre—corroéion can significantly reduce the sui)sequent
fatigue lives of 2024-T3 aluminum alloy. The reduction resulted from the formation of
corrosion pits that served as nuclei for faﬁgue cracking and effeétively eliminated the
early stage of fétigue crack growth (FCG). The results showed a strong correlation
between fatigue lives and pit size vis-d-vis pre-corrosion time. It is appropriéte to

consider if fatigue lives could be estimated-directly from information on pit sizes and

'FCG properties for the alloy. As a part of this consideration, previous results on 2024-T4

aluminum alloy tested in rotating bending by Harmsworth [10] included. Furthermore,

the influence of variations in the size of dominant pits on the distribution of fatigue lives

1 considered.

5.2 2024-T4 ALUMINUM ALLOY [10]

For comparison with this study, previous results on the influence of pre-pitting

time on the fatigue lives of a 2024-T4 alloy by Harmsworth [10] are reconsidered. In his -

study, rotating bending specimens were pre-pitted for 4- to 768 hours in an aqueous 20

(wt%) NaCl solution and were fatigue tested at a stress level of +180 MPa at 3600 rpm in

| laboratory air.

The results are presented in Figure 5.1 as a function of pre-corrosion time, and

_show a similar trend in reduction of fzitigue_ lives in the 2024-T3 aluminum alloy (cf,
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seen by comparing Figure 5.2 with Figures 4.11 and 4.12. Harmsworth suggested that '

secondary pits had little influence on fatigue life [10]. These results are in égreement

- with the current finding of the dominant influence of corrosion pits on fatigue life, and

will be included in considering possible methodologies for life estimation

5.3 FATIGUE LIFE ESTIMATION

Based on recent studies, it was suggested that fatigue lives Ihight be estimated
from the initial pit size and the FCG propert;es using a linear fracture mechanics based
crack growth analysis [33]. For simplisity, a power-law relationship for crack growth
was used for fatigue life estimation;

d 1, :
ﬁ:CF(AK)‘; (AKz,BAG«/Z) (.1)

where Cr is crack growth rate coefficient, n, is the power-law exponent, [ is a geometric

parameter that pertains to the crack, loading and component (specimen), AK is a stress
intensity range, and a is a crack length. The material parameter, Cr, is a function of the

test environment, as well as temperature and other factors as mentioned in chapter 2. For

;s.imple» geometries and loadings, the relationship may be integrated directly. For more

complex cases, a computer-aided numerical integration would be required.

5.3.1 2024-T4 ALUMINUM ALLOY [36].

For the simple, rotating bending case used by Dolley [36], fatigue lives of 2024-

T4 aluminuin alloy were estimated by direct integration from the power-law relationship.

The specimen was a symmetrically tapered rotating bending so that no stress . .

e 2T ET e PUUNRRVHI RS S PN

ARSI e . -
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concentration was -considered, and the crack shape was assumed to have remained

IS

~constant. By ’int'eg:rfatian_,va 'cl;os‘ed form solution is obtained;

e (n - )C ([3 AGY" J— \/—

(5.2)

’ A\.

' "‘where a, s a 1n1t1al crack size (p1t depth) and ayis a final crack size. The shape of initial
_,_corros_,lon’ p_1t;was.a,s_s'ume_d to be hemispherical and to be equivalent to a semi-circular

_-sttrfac’e crack, the vgeometrical parameter, f§, was assigned to 2.27['”2. The crack growth

rate"’eeefﬁc_ient, Cr, is 1.3x10™"" (m cyc'l)(MPa\/m)fE"5 and power-law exponent, n,, of 3.5
[33]. Because the final crack (af) is much greater than the initial crack (a;), its
contribution to life may be neglected. As such, the fatigue life depends simply on the

initial crack size, or pit size, at a given applied stress.

The estimated fatigue lives were obtained by Dolley [36] and are compared to the
observed fatigue lives in Table 5.1 and Figure 5.3. It was found that the majority of the
data were within a scatter of factor 1.3, and the largest differences were approximately a
faetor (of 2. The difference maty be attributed to three sources. Experimentallyt, the
accuracy of pit depth measurement was limited by the available optical technique at the
time. Also, the aspect ratio of the pits were not and their determined influence on fatigue
life was not reflected in the data presentation. Analytically, a constant aspect ratio was

assumed such that its influence is not incorporated. Given these uncertainties, the

agreement is deemed to be good. The agreement suggests that fatigue lives can be

' estimated directly from the nucleating pit size and the crack growth characteristics, and
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that crack nucleation from a corrosmn pit is rapld and its contribution to fatlgue life may

be neglected

5.3.2 2024-T3 ALUMINUM ALLOY ' | ,

Because notched specimens CWeTe\used in this study for the 2024-T3 aluminum
alloy, a numerical integration procedure was | required to account for the stress
concentration of the notch or hole, its influence on the stress intensity factor, and the
transition from a surface or cofner crack to a through-thickness crack as it grows away
from the notch or hole surface. Thus, a crack growth analysis life predictionb program,
AFGROW, was used [34]. AFGROW permits cycle-by-cycle integration and tracks

changes in crack shape as it grows.

To begin the calculation, specifications of material, and specimen and crack
geometry were made, and extrinsic parameters like dimensions, loading, and load ratio
were entered. FCG properties were specified by the power-law relationship given in Eq.

(5.1) by using Cr of 3.95x107! (m cyc")(MPa\/m)‘3‘55 and n, of 3.55 [33]. By assuming

the initial crack to be semi-circular in shape, the fatigue life was estimated from the initial

pit sizes out-to-the-end-of the flat (tensile) mode or the crack length at the onset of fast

fracture; both of which were verified by the fractography.

The estimated lives for the 2024-T3 SEN and CCH specimens are listed in Table
5.2 and _in Table 5.3, respectively, in eomparison to the observed lives. The comparison

is also shown in Figure 5.4. Uncertainty in estimated life associated with £10% error in

pit depth measurement was computed and 1ndlcated by the “error” bars on each pomt

~ N . BIIES v+ vas s SO
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Similar to the 2024-T4 alloy (Figure 5.3), tbe estimated fatigue.lives for 2024-T3
alloy were in good agreement with the observed fatiglle life with a similar degree of
scatter. The reasons for the scatter were essentially the same, except that the techniqué
for pit size measurement is much more accurate here. 1t should be noted that the fatigue
lives of specimens with corner cracks were systematically underes;imated. This is
discrepancy is most likely related to the numerical integration routine. Based on the -
results, it is clear that fatigue lives of pre-corroded specimens can be aceurately estimated

through using the FCG properties, initial pit sizes, and applied load.

5.4 PROBABILISTIC ANALYSIS

To determine if the distribﬁtion in fatigue lives at a given pre-corrosion time is
related to the distribution in pit eizes, an analysis was performed on the five 2024-T3
SEN specimens precerroded for 384 hours. All of the corrosion pits on the fracture
surfaces, either as surfacer or corner cracks, were examined and recorded. A cumulative
distribution function (cdf) of probability of occurrence (PoO) of pit of a given depth was
fitted to the data as shown in Figure 5.5 [15,39]. The PoO is the pfobability of finding a
pit-depth that exceeds a-specified pit-depth, a- Weibull probability paper was used for

- convenience [40]. The numbers given 1 to 5 represented the distribution of dominant pit

+ depths for each of the five specimens in ascending order. -

Based on the PoO, 100 pit depths were generated by the Monte Carlo method, and
were used as initial crack sizes for determining the distribution in fatigue lives using

AFGROW. To examme the mﬂuence of the aspect ratio of the COITosion pits, c/a =0.6

R R
m-""@"’d_.""?x._\v'mzy R e TR

SV T AT T T Y

L and c/a.=.1.0'were p§ed A fmal crack length of 4. mnr‘Wﬁs used however because of the
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~ relatively small size of the initial pit, the estimated lives are not sensitively affected by
this choice. The estimated distributions are shown in Figure 5.6, albng with the

experimental data (as solid circles) for the 384-hour pre-corroded specimens.

The comparison shows that the distribution' in fatigue lives is well described in

terms of the distribution in the initial pit sizes. In Figure 5.6, the order of pits #2 and #3
in actual fatigue lives is reverSed relative to their ranking in pit depth (see Figure 5.5).
This reverse is attributed to the influence of aspect ratio. Specifically, pit #2 was deeper,
but with a lower aspect ratio than the shallower pit #3. As such, a larger number of
fatigue cycles would be required to produce fatigue fa‘ilure. This explanation is
consistent with the predicted response as seen through a comparison between the

distribution curves at any given value of cdf.

e S R RN it Gt SR S

o

51 -




Table 5.1
[36].

Comparison of the observed fatigue life [10] and the estimated fatigue life

Corrosion Pit depth . Observed - Estimated.
Time (hours) (Lm) Fatigue life (cycles) Fatigue Life (cycles)
4 10.16 2,744,900 3,465,987
4 17.78 2,117,400 12,277,972
4 7.62 1,938,200 - 4,300,620
4 35.56 1,101,900 - 1,354,490
4 38.10 1,100,000 1,286,185
8 30.48 1,766,100 1,520,499
8 35.56 1,608,200 1,354,490
8 68.58 896,300 827,655
8 33.02 781,400 1,431,906
8 7112 426,100 805,385
24 50.80 1,006,600 1,036,572
24 91.44 780,100 667,030
24 55.88 717,500 965,061
24 78.74 674,500 746,192
) 24 104.14 613,300 605,040
48 53.34 2,247,200 999,327
48 88.90 907,400 681,273
48 86.36 703,800 696,246
48 129.54 611,100 513,682
48 104.14 407,200 605,040
96 111.76 776,300 573,829
96 101.60 498,100 .- 616,349
96 104.14 491,900 605,040
96 104.14 491,100 605,040
96 121.92 301,800 537,577
192 -.154.94 690,000 449,133
192 109.22 659,000 583,809
192 142.24 613,700 478,885
192 109.22 580,700 583,809
192 132.08 471,400 506,255
384 134.62 555,300 499,074
384 144,78 . 542,500 472,570
384 142.24 390,300 . 478,885
384 - 190.50 376,300 - 384,659
384 236.22 - 286,100 327,348
768 187.96 531,300 388,551
768 198.12 505,700 373,509
768 172.72 448,000 413,990
768 238.76 444,500 324,733

S . - ) I




S Table 5.2 Results of estimated fatigne life in +10% pit size error on 2024-T3 SEN

" specimens using AFGROW.
. Specimen - Corrosion Observed Estimated Fatigue Life (cycles)
~Time  Fatigue Life '

Number (hours) ,(c?/cles) g 55: (; gg\gﬁ (; BaSQ
AO1IN17 48 304,594 297,700 257,700 276,000
AO1N18 48 187,144 317,300 274,600 294,100
AOTNO7 96 153,691 173,500 150,400 160,800
AOTN15 96 132,808 238,500 207,300 221‘ ,600
AO1N36 96 158,056 130,800 113,100 121,100
AO1N12 192 159,106 172,500 149,600 160,000
AO1N14 192 160,121 140,300 121,400 130,000
AO1N19 192 198,381 185,000 161,200 172,000
AOTN23 192 134,965 155,700 136,200 145,500
AO1TN34 192 125,216 152,500 132,500 141,700
A01NO06 384 106,318 120,200 104,200 111,500
AOTN21 384 162,567 126,200 109,100 116,900
AO1N30 384 142,584 104,100 88,700 97,300
AOTN32 384 120,168 106,000 193,600 99,200
AO1N39 384 A7 ,078' 176,100 153,300 163,700

Table 5.3 Results of estimated fatigue life in +10% pit size error on 2024-T3 CCH

specimens using AFGROW. T
Specimen Corrosion  Observed Estimated Fatigue Life (cycles)
: . Time  Fatigue Life
. Upper Lower

Number (hours) (cycles) Bound  Bound BaseA
08 24 239,202 277,800 242,200 258,100
013 24 173,306 207,700 180,700 193,100
C1 100 129,556 201,800 175,200 187,300
C8 100 405,784 287,400 280,700 283,300
g c9 100 354,830 372,300 344,700

321,800
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Observed Fatigue Life (10° cycles)

Figure 5.1
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 Figure 5.3 Comparisoh- of the observed vs. estimated“fatigUe life for 2024-T4 alloy

[36].
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Figure 5.5  Pit depth distribution fOIIGWiﬁg' 384 hours pre-corrosion (a) actual pit sizes
(data points) and (b) estimated pit depth model (line) [15,39].
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Figure 5.6 Estimated and actual distributions - of fatigue Vlife— showing that the

. distribution of pit depth dictates the distribution of fatigue life.
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CHAPTER 6 SUMMARY AND FUTURE WORK

6.1 SUMMARY AND CONCLUSION

An experimeﬁ;al study was conducted to characterize the influence of pre-existing
conosion pits on fatigue life. The approach began by assessing if the corrosion pits as
nuclei affected the fatigue life. Based lon the finding, ‘an” assessment was made to
determine and if the fatigue life can be estimated from the initial pit size and the FCG
properties so that an engineering framework can be established for life pfediction and

probabilistic analysis.

Pitting-induced fatigue testing was performed on a 2024-T3 aluminum alloy in air
at room temperature. A stress of 288 MPa, frequency of 30 Hz and load ratio of 0.1, was
applied to the specimensf notch that were pre-corroded from 48 to 384 hours (2 to 16

days) in 0.5M NaCl solution at room temperature. Post-fracture examinations of the

- fracture surfaces were made to identify the crack nucleation sites and the sizes of the

corrosion pits.

Fatigue life of the 2024-T3 aluminum alloys was reduced significantly due to the

presence of pitting corrosion. Corrosion pits acted as pre-existing flaws in the material
nucleating fatigue cracks. The reductior in fatigue life depended upon the pre-corrosion
time and in turn the initial pit size. As longer pre-corrosion time led to deeper initial pits,

the fatigue life was reduced signiﬁcaritly compared to the fatigue life of the un-corroded

" material. Post-fracture fractography revealed that all of the fatigue cracks initiated at

“corrosion pits. Fatigue life was estimated using a fracture mechanics approach and was
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in good agreement with the actual fatigue life. This showed that the total fatigue life

could be estimated if the initial crack size;local stress, and FCG properties were known.

A probabilistig analysis showed that the distribution in fatigue lives was diréétly
related to thQ distribution in the size of crack nuclei, but is also expected to reflect
variations in craék growth properties. This finding providés a direct connection between
the conventional and fracture mechanics based approaches to corrosion fatigue’in that it
suggests that the S-N response might be directly predicted from linear fracture mechanics

considerations of crack growth.

6.2 FUTURE WORVK

While the work done for this research has contributed to a greater understanding
of the mechanisms for fatigue cracking subjected to pre-corrosion, more work remains to
be done. A mechanically based probabilistic analysis supported that increasing the pre-

corrosion time by considering deeper pit depth decreases the fatigue life significantly.

- The dominant corrosion pit in low pre-corrosion time controls the entire fatigue life from

the fatigue life estimation. In highly corroded samples, the influence of multiple crack
initiation sites needs to be better understood to develop a more complete model of the

underlying procesS for fatigue life estimation.

Many studies have been performed to improve the understanding of the kinetics

and mechanisms of environmentally affected fatigue-cracking-of structural materials.

This study has made use of simple sinusoidal loading with constant amplitude and .

frequency. This work need to be extended to better represent the loading conditions in
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service. This extension would allow for a more complete characterization of the material

-

response and the validation of the life estimation.
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