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ABSTRACT

.

Quantitative Fractographic Examination Of Aircraft Components
Subjected To Fatigue And Damage Tolerance Testing.

A

Eugen Abramovici ' LT

The Canadair Challenger CL 600/60]1 business airplane

certification program required fractographic examination of

various componepts which had failed during the fatigue and

damage toleyancé’test, to assist in the construction of
’f

fatigue cracking propagation (F.C.P.),curvés:

A literature survey was carried—oﬁt to pnderstqnd the
processes of fatigue crack initiation, propagation and
associaéed phenomena such as: striation formation, crack a
closure, the overloading effect, and the influence ﬁf other
paraméters on striation appearance and on the F.C.P. rate.

Various procedures and techniques of quantitative fractographv“

are déscribed‘and the reliability of this method is discussed.

-

~

. 2 . * by
The experimental section consists of two programs. The

first, carr;ed-out on speci‘ens cracked using a constan{
amplitude'léading ;pectrum, had ;s an objective.(to prove the "o
- reliabilty of ddantitative fractography by comparing F.C.P.
curves determined byithis methodlwith those determined by
~macroscopié observatigq. The results showed that

-t

-
El
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fractographic sanalysis provides more accurate data than visual

.monitoring of the crack growth.

v

The second program was carrigd—qut on standard gircraft
ycomponents from a flap/vane fatigue and damage t#Terance test.

bue to the impossibility of monitoring crack growth in these
el ' ! "

components d;ring iest. the-objective was to provide

sufffciepf’data to construct the F.C.P.' curves. Detailed

2

a

explanations about the fractographic analysis are given, as
. . L e - (
well as the numerical estimation of the fatigue initiation
‘ ! . . '
moment and the firstiN.D.T. inspection interval. The data

obggined from this program ;ere bmitted, as baxt of the

v
e

final certif{cation of the aircraft, to flight\safety

&

"authorities in. Canada (MOT) and United States (FAA
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vFatigue is defined as "the phenomenon leadiﬁk to
frigture under repeated or fluqtuating_stressés having a

maximum\kglue‘less,than the tensile strength of the

paggrial". El] Despite all the energy and care invested in

/r\ﬁesigning. testing agg_fabricattng’bf an airframe, fatigﬁe

failhges age by far fhe most common mode of fracture found in

the‘mLterials laboratories of aircraft manufactures.

Two bas¥c philosophies. have been developed over the -
v .
\ ¢ IS
years for the design of aircraft components: P

- safe-life . @ . ) L,

- fail-safe -

Safe~life design implies an evaluation of a component’s life

N

based on traditional, design methods, then carrying-out of a
full-scale test usf;g an appropriate spectrum loading. A

sé?eti margin, called scatter factor, is then selected to

o

C - .~ allow for the difference between the calculated lifetime and

the actual test lifetime.
’ . L T * AN
The new generation of airplanes manufactured in the last

two decades are engineered in accordance with fail-safe

-

. (damage tolerance) design philosopﬁy. Basically, damage _
\ - ) .

) .
{tolerance is "the ability of structure to sustain anticipated

\
tloads in the presence of fgtigue, corrosion, or accidental

s
y damage, while such damage is .detected through inspections or

»

malfunctions and repaired." [2]




-

‘"The basic assumption pf\danage tolerance cdoncept is

that flaws do exist even in new structures and that they may
. . : 9

s
go undetected”. (3] Occasionally ing the service I1tTweof

the component; cracks may d
.
from these initial fXaws.

elop and propagate, orjginating

"The key element of thawﬁiﬁﬁ&e~::1erance approach ' is the

ability to detect damake.“ (2] The eatablishing of an

o ‘ AN

accurate inspection program must consider the loading dn each

4sgructural component, the regions with the highept . : B s

Pl

probability of developing a crack, the crack‘growth rate, the

N

inspectable crack“iength, the proper non-destructive.
technique to be employed hnﬁ many other parameters. fhis
information can be obtaine& from both analytical data and
experimental tesfs. .

The Canadair Challenger Cl 600/601 buslness-Jet
airplanes were among the first aircrafts to be qual1f1ed to.,
the stringent da:age tolerance requirements of ‘FAR {Federal
Airworthineés'Regulations) Part 25.271’Améndment 45. This
amendment requires "a detailed study of crack growéh rates
and crxtlikl crack lengths” (4] to establxsh appropr1ate

inspection intervals. A schematic,view of the sequentlal

procedure applied in damage tolerance evaluation of the ~__'

*
4

Canadair CL-600 is shown in Figure 1.

. . .
//-

—

-
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It is obv;ou& thatﬁngﬁ of the most crucial pleces of .
. r’
1nformatxon‘ needed to deﬁlop an accurate 1nspect1on schedule
v ' . s the groyth rate of cragks developed in structural
* conponcntss 7The schene'grom F1gure 1l shows how the crack”
. o ) i
IR growth clrrve was constructed on the base of the . information

' synthesizédxfrpﬁ Hﬂth. the CRKGRO.analytical program and the

i
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results of the fracture tests.

-

The fatigue tests conducted at Canadair "comprises a

\

structurally complete Challenger airframe including fuselage,

‘'Wings, empennage, vertical and horizontal stabilizer." [4)

The test must prove the design objective of 30,000 hou:g
substantially crack-free perfﬁdf which will ensure a "20-30

year crack-free life." (4] The load spectra selected for tbe"

4

test are described in [4].' Basically, they were established
by consideration of typical'mi}sions covering %Pe range of

anticipated use of the Challenger dl-SQp/SOli

During the fatigue tests, cracks may'aépear or be"

w

-artificaldy 1ntrodqged in the component. Generally, "crack§

were introduced into the fatigue test airframe afger it had
- .

cdmpleted 20,600 hours of testing withoutssignificant natural
N ‘ ' N .
cracking having occurred. Growth of these cracks has been

mogiforsa dur{ng the period from 20,000 hours to 43,000 hours
curfehfly”on the specimen and continues 'to besmonitored as-
the test broceeds" a47. 'The ocbs’ervations of the cracks
g}owth collected during the testing were used to ‘plot the )
crack growth curves, which were comparéﬁ to tﬁe c;ack gro@th ‘
rgfe curves as determined by‘the analytical methéd.

The determination of the crack growth rates'by |
fract;graphic exénination is ﬁequired to supplement the dgtﬁ
obtained by either analytic§1 gr”éiperimental methods. In y’ﬁ

»

more specific cases whfire the crack growth cannot be J

.-
- . v e
. N n
R ~
/! ~

!

N
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moﬁitoreé during tHe test, the qhantitative.fractograph{c_
examination is the‘bnly sourceyof inforfation to assess the
‘ ;freai crack‘growth rate. 1In any case, quantitative
tractograph1c exam1nat1on is a des1rab1e test to be carried
‘out after teardown of the fatxgue tested components As has
* been stated in (5] "the desirability of this type of FbP
fFatigbé cr;ck propagation\ data 1s reflected in the lUhited’

Stateg_Air Force fﬁSAF)IMilitgry sgecification'that stgteég
At the éﬁd\of’thé full-scgle‘durability test... This
'inspectin?;ghgdf incluaé d1saésemb{y and'labératory-type
inspect;oﬁ of criticql'sﬁ?uctural areas. F;actog;aphic

[N

' : 4
examinations shall be conducted to obtain crack growth data

o

" and to. assist in the assessment of the duality of the

.

airframe,” | 5°

This' thesis consists basically of two parts:.

~

The first part consists of a literature survey which

provides an explanétién of theoretical models of fatigue

cracking, striation formation and their relationship'with

. . : A
other fracture mechanics parameters. -

y .

The.égcond part of the thesis explaiﬁs thé détgiléd
quantitative fractographic techniqud;'develope@ at Canﬁﬁair
Ltd, Matérjals an@iProcess Engineering Labqraiory, du;ing the
Challenéer Cl 600(601 certification prograé,’with emphasis on
the fractographic examination of the fiap/vape assembly:

o

. . i
po— . ‘ ™~ ¢

55' > \ e e — .
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2.1. GENERALITIES ,

Fatigue as a mode of failure coukd be classified as

either: .

- low cycle fatigue

-

-~ high cycle fatigue

As stated the literature [4], the distinction between these
s

two modes of fatigﬁe failure depends on the magnitude of the
"bverstress which is defined as "the amount by which the

7

nominal stress exceeds the fatigue limit or the long-life
fatigue strength’of the materdial used in a component.”" If
the overstress is low, the numbér of‘;ycles Qpplied before‘
the final ffacturé'is'high, hence a high cycle fatigue mode
of failure. Obviously if the overstress is high the
component will«fail aft?r a low number of cycles, hence low
cycle fat{gue. ‘There is an é{bitrary, but commonly accepted
borde; between thesé two modes of fatigue failure: that 1is
.100,000 cycles. Usually it is difficult to distinguish
between those two modes; however, fractographic examination
whichfpeveals the number of origins, the microacopic fatigge
;triation spacing, é#e size of the final fast ffaéture aﬁd

other characteristics can provide the hecessany data to

A

-



establish the mode of fatigue failure.

Fatigue failures can have their loading Qource either in
mechanical stresses or in thermal stresses. In addition thé
‘fatigue faildres are in many Bituétions assisted by ‘
corrosion, creep, hydrogen embrittiement and many other
unfavourable conditions. .

The fatigue crécking process ‘is a progressive mode of
f;ilure which usually involves fwo distinct stages:

- fatigue crack initiation stage

- fatigue crack propagation stage

Some authors consider that the last stage can aléo be divided
in two or three more stages. McMillan and Hertzberg
congid;r that in stage two "the créck;will shift inﬁola
position leading-to plain strain and in stagé three to plane
stress" [6].. Stage four represents the final fracture.
Other authors consider the fatigue cracking process as a
double stage process only [7]; initiation and propagation.

~The author of the present thesis considers that a three
stage classification wili give a better description of ii%}
overall picture of the fatigue process:

. Stage 1: Fatigue Initiatién -
Stage 2: Fatigue Propagation o
Sfage 3: Final Fast Fracture

This classification takes into account that shifting from

. plane strain to plane stress is a condition depending on the

-
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-
component thickness and in many situations does not occur at

all. The final fast fracture is considered a separate stage

because the loading conditions are different than those
‘ 7

" described in the fatigue process definition. In this stage,

which usually occurs in one last éycle the fluctuating stress
becomes equal or higher“iﬁ magnitude than the cohpqnent
residual strength, which has been substantially reduced by

v

the fatigue crackingapfopagation stage.

fac s such as: stress concentration factor, presence of
initiation site, micfostfucture, level of stress:_~Laird«Q8 ]
showed that "the stage I (initiation) is predominant in the
cases of fatigue failures at low stress (unnotched specimens)
whereas the .stage II {propagation) is predomiﬁant in the
cases of fatigue failures at high stress. As‘Rich and
Impellizzeri t9 ] showed "a significant.percentage of the
total fa%igue life is spent in both crack initiation and
crack growth{ neither stage can be neglected”, Figures 2 & 3;

The term crack initiation is an arbritrary term as well;

a

. Rich and ImpellizZeri defined it as a development'of a 0.25

.

mm (0.01") crack. However,; in industrial applications for
the purpose of non destructxve test1ng a detectable crack

size 15ucong’3ered a length of approximately 1.25 mm (0 05").

£

.“ |
predominance in time (or in number of cycles) of
eit one of two the first stages can be affected by seyeral’
: N
- *
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. 2.2. FATIGUE CRACKING LNITIATION | ‘o

——-——-..——————.—..———— - e e e —

In most cases the’ fat1gue 1n1t1atxon stage may represent
a s1gn1f1cant portlon of the total fatigue life of the

component; however, 1n theltotal percentage of the fracture"

' surface this stage is very small. Usually the initiation

stage is nnf“coneidered to:affect more than the first two to
b s

" five grains fpem the surface, Figure 4.

-4 . :
////
! - k]
/ [
S Y
7/ ‘
k]
)f
/ ot
/ stage |I
/./ B /
/ 4
n -~
,
7/
- stage| -
- , 7
< 4
60 ‘

Figure 4

'Schemat1c representation of the 1n1txat10n and the . R

propagatlon stages.[]]]
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On the micro and macroscopic scales the process of the
fatigue initiation is strongly related to th® inherent |
surface or subsurfa;e defects such aé macﬁi?ing marks,
notches, pores, holes or inclusion;. Eylon and Kerr (2]
clas;;fied the initiation sites into:

1) initiation related to the surface conditions

2) initiation related to subsurfaée conditions

2a) defects such as: pores, inclusions

2b) microstructural features.

Other authors (7] classified the discontinuities as:

itructu}al {inclusions or second phase partigles) or

geometrical (such 25 scratches). These discontinuities may

. be present from the beginning or they "may'deveibp during
cyclic deformation ;s for'examélé, at the persistent slip
bands (PSB)." (7], Figure 5. -

In the opinion of the author of the preéent thesiﬁ'g'
general classification of the initiation sites could be
s&nthesized as\in Table 1.. .

. | Since the pre-existent mécroscrog}c discontinuities and
to-s;ne extent the microscopic ones are detectable, the
scientific and industrial effort has been oriented towards

o "
! limiting the number and the size of these discontinuities in

the normal commercial applicatioﬁa. In the case of

- o

non-pre~existent discontinuities the ma}or approach has been~

conncentrated in understanding of the mechanism which prqducés
" . ;

-

~ o

n

'.
BRI

A
’\:,
.
1

77
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Figure 5 ' i

a) Schematic representation of the ex

(13]
b) Scanriing e

trusions and intrusions

lectron micrograph showing extrusiohs
. and intrusio

Magnificatio

4

aT

on prepolished surface. [13]
7000x
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Table 1

Crack initiation sites classification
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'Initiation : Location Des¢ription

'Site at: ' )

“Machining marks,
scratches, etc

. — My — - — ——— ———— T —— - " ——— —— T - — — - o)
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the surface discontinuities. This mechanism has become

‘ strongly associated with dislocation movements. _The prap&sed
dislocation models attempf to explain the generation of
extrusions.ané intrusions by non-reversible (persist%gt)
slip.

The term persistent slip arose from the persistance of
the slip bands Qear the specimen surface after the removal of
the geometrically affected surface layer. In other words, a
t}st specimen is subjected to c&clic deformation until it
gxhibits slip bands wh%ch are removed by electropqlishing'to
a smooth surface. When the specimen is retésted, the slip
bands dppeur again in the same places._ These persistent slip v

A ‘ bands are indicative that significant fatigue Hamage has
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produce a notch gzgsﬁn extrusion).” The most acceptable of [
\ k . | !
these three ways is the ope depicted in Figure 6. "The source’ (
:Sl operates before S, on g:th cycle because the resolved
shear stress on its slip plane is supposed to be greater. if
succesai#é cycles exactly repeated the movements picted,
the notch and the ridge would get deeper but not wider" (14].
A confirmation of this model can be found in some works ’
. 8 '/' 4 > .
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, Figure 6., )
. ‘Laird’'s mechanlsn of slip moveuents to produce an intrusion
» and\an .extrusion, ﬂ4' ’ ot - ‘

-.observed. . g

»

already been produced, even though no crack yet has bsen

» ) ’ ‘ ‘;‘
As explained by McLean [j4], "dislocation theory gives

three ways in wh%ﬁh slip could shift from plane to plane to

- . T e : ' .
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‘appear to extend and join up on further fat1gu1ng A

'

(15 ,16] which revealed that,_in-an’gar}y stage of fatigue

initiation, "not persistant slip bands, but only rows of dots
(in 67/33 brass, aluninun, copper and mild steel) which

\

detailed investigation [17] of these dots led to the '
. —

. s‘ .
" conclusion that they were holes some microns deep and they

were particulary prominent at points where one §lip band‘
intersected another" [ 7j.

The dislocation structure of the PSB has beep
investigated extensively, as well. Luc;s and Klesnil [18]

-

showed the relationship between the stacking fault énergy and

. cross~-slip, respectively in the development of dislocation

structure within the PS?’;,- Kuhlman-Wilsdorf and Laird gave

another interﬁretation‘of—preferéﬁ%ial nucleation of fatigue

cracks at surfaces. Kramer [3S) suggestled an alternate
. . . |
mechanism which during cycling, involves e fommation on the

" component surface of a highbdislocatibn density layer. This

’ ]

layer becomes sﬁrong enough to sustain a dislocation pile-up.

(N
>4

Therefore "the stress concentration associated with this

pile-ﬁp would eventually trigger the development of a crack
within the hardened layer."[ ]3] This model can very well

explain the infrovenent of fatigue life by periodic surface

‘ﬁolishing. However this model contradicts the experlment

which found that softening of the matrix takes place dur1ng

e
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the cyclic straining [ 20].

It must be mentioped»%ﬁat’the dislocation motion plays

an important role in the fatigue initiation'stage, even in

o . S

the case of pre—existent discontinuities. Figure 7 shows a
schematic repreientation of the interaction between the
dislocations and -a pre~existant microstructural

discontinuity.,

, ) : Figure 7. ,
Mechanism of crack initiation produced By: ,
a) interaction between dislocations and an ‘inclusion [7]

b) 'interaction between dislocations and a grain boundry [7]:
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':2.3. FA?IG E_CRACKING PROPAG%TTON’LF.C.P.l
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The s ?ond stage of the phepomena of fatigue damage is
thg fatigue crack propagation (F.C.P.)  Basically this stage
"involves propagatiog of the crack at right angles to the

direction of tensile stress (Figure 4).

The understanding:of this stagé is especially'impéftaht

. for the applications where the damage tolepanceﬁdesigb

-

philosophy is used, because the haon-destructive inspection
intérvais are.esiablished based on the crack growth-rate

. curves,
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% The F.C.P. is a complex\phenomehon and several importaqt'

R .

d faciosp affect it. These factors will be*summarize§ in the
N .

- following sections. '

» ! ‘

2.3.1&F.C.P. Models

' Most of the theoretical effort has been concentrated in

. i
propasing a mathematical model capable of,predicting with '

- ]

.Aaﬁguracy the crack growth rate’ under certain load1ng
o ot cbndltlons. Over the last two decades, in which this
theoretical effort has been concentrated, a ngmber of

theories and models were proposed, -none of them with totai

¢ ’ 7 L3
success.

. . .
Kaninen and cowerkers (21 ] synthesized three basic

Rl

€ conditions to be met in the devqlopment‘process'of an
o - .

accurate F. c P. model: SR

i&' ' a) The model must be capable of handl1ng load cycles
o k
- that vary arbitrarly from ci_le to. cycle while taklng the

load interaction effects properly into account.
L] f

- ™ b) 'The naterial properties required by the model must
be based upon well established materlal propert.ies that ares
1ndependent/of the particular load spectrum under

L4
consideration.
ratiox

¥
-

] -

~ &

c) The computational procedure evolved must be

efficient enough to enable calculdations to be carried out

-

!

a .
er load histories comparable to acfualgservice conditions.

-

N > -
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As it has been demonstrated during the last two‘dééaﬁes when
the "battle”" for an accurate F,CiP; model took place, a
number of phenomena such as:\ cragk tip plasticity, crack
Elosq&p and load interaction play an imp?rtah{ role in the
fatigue process. Consequently these phenomena must be

understood and explained before proceedings to elaborate a :

F.C.P. model;'

\

B £
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The cdncepts of elasticity theory allows the

determination of the stress field surrounding a crac¢k txp..iv’“

The analysis (see reference [ 1]), shows that the stress

"distribution around a crack tip depends on the distance

Y

between the crack tip and the point where %trésses.are to be

computed, Figure 8. When this parahetef‘approaches zérd. the

; 4

local stresses could reach extremely high leveis. ‘However,

this circqmstanqe'ls précluded by the onset of piaftic
deformation at the créck tip. Broek (22 showed thgt "in
most struciural ﬁaterigls thé‘craék:tip stréss wfll cauSh'
local plastic deformation. As a consequence, the stresses
are limited py the flow sgreséﬁ' The,ela;tic theory pé}mLCS
- calculation of the distance betWeen‘the crack tip and the

\ ’ . . oN

point where the stress is equal to the vield stress. A

general equation of the plastib zone size ‘can be written as:

7 2 * '
K ,
re= G(-a-—\-(-) N

18
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Geometry of analysis of stresses in

13

.where rg =
‘¢ = parameter
K =
ay = yield stress‘

N

distan¢6 from Epe crack

¢

vicinity of crack tip.

tip

stress intensity factor '

§

y

Numerous theories have been proposed tofprfdict thé plastic

Table 2 shdws a synthesis of the theoretical values of

.’

19

zone size, that is, to find proper values for parameter a.

parametera , as given by Lankford and co—workérs [23].
: . .

\



‘ Table 2

- N

Theoretical values 'of parameter a. [23f

a, Plane Stress  ° Reterence a. tlane Strain Reference
. avw? N avw’ a’
0.392 0.318 2] . " 0.083 9
0.199 0.159 (31 o * 0.106 (3.0}
. : N 0.182 1] , 0.138 e, (1
0.199 10 0.392 0.159 10 0.382 range ~0.150 0.041 . (N
. . ~0.140 0.035 {14]
0.138 to 0.150 0.035 to 0.106 range

*qu determined by calculating rp normal (90 deg) to the plane of the crack. ¢
#au determined by calculatng rp parallel (0 deg) to the plane of the crack.

(2] Rice
[3] Broek B ' .
[5]) Dugdale o U ' C
(4] Irwin - \ g
{3,10] Broek, Irwin, McClintock
(11] Levy ) - ) :
. [12]) Rice :
. (14] Tracey

‘a ' ' 1
Hertzberg [13) stated that for many of the usual

applications the plastic zone size could be calculated as

follows:
~1 K 2 ' Coe . '
Y7\ , . " This corresponds to Broek’'s
L o/ model for plane stress
+1.. (k)2 ‘ . ‘ s
el o T This corresponds to Irwin's
m ay » model for plane strain )

In addition &% the influeénce of parameter f. the angle 8
(Figure 8), also plays an important role. Further, Hertzberg

presents (13 ] a more general equation of the plastic zone
¢ L3

size: 2

B
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"L frou whxch the plastic zone assumes the shape represented 1n
. I F1gure 9. . : ' ‘ .
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g | _ ' ‘Figure 9 - : )
A Crack tip-plastic- zoqe [13] )
N a) Variation of the plastic zone shape and size as -a° function
' of r and 9.
\ b) Microphotograph show1ng the plastic zone shape.
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Different teéhniques were developed over the years to
verify the theoretical prediyctions of the plastic zone shape
and size. One of the most modern and interesting techniques
has been developed by Lankford and others [23].’ This
techniq&e dssigned to mea;ure the plastic zone parameters
involves "rocking the coilimated electron beam in.the SEM
about é‘point ( 10 pm‘in aiametér) on the specimen_su;faée”.
perpendicular to the crack plane., "Deformation causes
systematic degradat?;; in the resulting electron channéling
patterns (ECP). The crack tip plastic zone is determined by
interrogating numerous small volumes of material with the
electron beam..."[23].

/| Two other important phenomena are associated with the
plastic zone. - The first one is the three-dimensionality of
the plaséic zone.. Figure 10 shows the three-dimensional
plastic zone through the thickness of a plate which it is

assuméd to be sufficiently thick to develop plane strain Q

conditions the‘center. As was demonstrated by Lankford and

a4

others [23]rby considering the three-dimensional effect, a
large hydrostatt% stress is created directly ahead of the
crack tip." It was estimated -that for a non—hardeﬂing
material; this results,fn stresses of three times the uniaxal
yield stress; a strain hardening material will have even

higher stresses. "The stress elevation ahead of éhe ¢rack

tip is not due to“wkrain hardening in the sense of cyclic
S

22 | .



Figure 10 : \

The three-dimensional effect of the plastic zone at the crack
tip. [23] @ ‘ ’ : -

.deformation but rather ié due to the constraint and the

(3

resulting hydrostatic stress, which increases the effgctive.

yield stress" [23].

I4

The second phenomena is related to generation'of an

"envelope of plastic zones in the wake of the moving crack

1

tip. The earlier wo}ks in tﬁe field of crack propagat}én
assumed tﬁat a crack behaves like a saw cut of zero width.
However as has been denonitrated by Elber, a fatigue cracﬁ
differs from a liw cut primarily becau;e during fatigue crack
propagationf a zone of residual tensile deformation (plasdtic
zone) is left in thg wake of the moving crack tip. A graphic‘
repreaentatign of the development of'a plagt;c zone envelope

is shown in Figure 1{, where a fatigue crack produced under

.

‘constakt'a-plitude 1?5ding is shown at three'érack lengths.
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Figure 11

N

Development of a plastic zone envelope around a fatigue crack
as imagapéd by Elber. {24)

Figure 1la shows the plastic-%pne generated after the crach
reached a certain length. During further crack advanqas to

[

deeper len&thsv larger plastic zones are gengrated. Figure
‘ﬁffgz however, the‘previous plastic‘defor?atlon/zone remains
behind the crack tip. All these i1ncreasingly large plastac
zones can be incorporated in an envelope of all plastic
zones, Figure 1llc¢. To show the significance 9f th; residué]

tensile deformation a comparison between a fatigue crack and

a saw cut crack is' shown in Figure 12. At an arbitrary
% .

»

sectionby—y behind the crack tip the residual strains ¢y
existing inside the envelope of all previous plastic zones

are shown, whereas the saw cut crack has no residual strains.

24



b

The phegomené% of plastic zone envelope is strongly related

. to the érack closure as will be described in the next

section. - . - , -
| fatigue Crack q Sawcut
o ‘
i | %P ",
] 7
Ssc 7
|
7,
| 7
7 77 ——
¢y /7
| 4
] | ?/V/
Resldua! Tensile & / /
r Strain along Y-Y, ;w 77
k] l !
Plastic Zone

Envelope of all piastic zones

. ' Figure 12

. ° , By -
Comparison of plastic deformations near the crack tip for a’
fatigue crack and a saw cut crack. [24]

:

2.3.1:2. Fatigue_crack_closure

P - PP~ gL ST O e g IR
[

The phenomena of crack closure 1s strongly related to
residual tensile deformation.. As was mentioned before, the

fatigue crack was hypothesized to behave like a saw cut of
o ,
zero width. A direct consequence of that was the assumption
M

that the.crack would be closed under compressive loads and

@

would be open under tensile loads. However, several
;quriment&l works and especially work done by Elber [24)

showed that a fatigue crack produced’ under a zero to tepsion

s

loading Qpectrum closes during the unloading and therefore

13
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large residual compressxve stresses exut' normal to the
fracture suffaces at zero ;oad. The phenomena of crack
" closure was proved experimentally by using élosure gauges. A
'new type of closure gauge and a se'c':"tioni'ng,technique are

-

described in [25]. -~

t

Several theories e#p}aining crack closure phenomena were
proposed; Bailon and co-workers (26 ]| discussed .the four\gasic
mechanisms most freéugntl invoked: | |
a) Pléstiqally induce crack.clbshre - (Elber)'

b) Roughness i d r‘ack‘closure - (COOke and Beevers)
c) Oxide inducmck closure - (Ritchie) - :‘

d) Hydrogen embr1tt1ement - (R1tc<e)

”
"A graphic representatmn of the first Ahree of these-

/
mechanisms is shown in Eigure 13.
-
~ Proshoty -Induesd Ownde-Inducad  Roughness-Induced )
L . ‘cmm Closure Closure )
. ‘\ , " ) — v
. L ) . ‘
' Figure 13

Schematic representation of fatigue closure models. (3 ]

-~
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a) ﬁlastichliy induced crack clbsﬁré‘

This model, proposed by Elber, [24 ] showed that the
residual plastic deformation of the fatigue specimen can be
obtaine& from the equation b

. LG;T[EOY ;iy . {For identification of terms

. see Figure 12) _

At the same section, the‘saw cut crack (displacement §gc ) has
no,res{dual strains. Thé crack opening displacément of the
fatigue crack Spg ;f .section y-y “is therefore less thanssc by
the amount 5} .. On unioadipg the crack opening displacement
of boﬁg cracks will decr;ase at the same r;te. Bgcause of
snaller_maximum’;alue of Gscthe fatigue grack will close, §p¢
= o , before 8sc will reach zero.

Therefore large residual compressive stresses a;Pear at

zéro,loading on a fatigue specimen. The effect of the

plaatié zone. in front of the crack tip combine@ with the

'effgct of the envélope of plastic zones in the wake of ¢the

growing fatigue crack was studied by de Koning [27 ]:
¥"In general it can be concluded that plastic

deformations of the crack tip tends,to incréase the crack

N N
opening displacements. A reduction of the crack opening K
stress occurs.” .
-"Clearly, the plastic deformations left in the wake of
»

a growing fatigue crack tend to increase the crack opening

load.‘f'

27
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Thus, two'conclusions could bé synthesized in the

keneral\statément thata;"qée plastic‘deformationq in front of

> i

the crack tip tend to increase the crack opening displacement
(COD) whereas permanent, deformations left in the wake of the

~ , T .
growing crack tend torreduce them. With respect to the crack

6pening stress level the opposite tendency is observed."(27'

The crack closu}e level 1is heg@fofe a result of the

b competition be£ween theg two pliﬁtlcity effects,
3 - . "
b Roughness induced crack closure model )
This model proposed by Cooke and Beevers tak;s into
aééouét the strong crystallographicrasB;Lis of fractur;‘
surfaces in the near-threshold regime. The effect of “\f
roughness induced crack ;lo§ure arises from the surface ‘
roughness and an‘irregular fracture morphology un conJunrt{oﬁ
with a shear displacement. )
. - | .
6xide induced c;ack c]giure mode-l - ' “ _ »
This model proposed by Riéch&e, Suresh«and Blom (28}, ”
takes into account the corrosion products on the newly
- : exposed fracture surfaces. Their works supplies the evidence
. for the microroughness of the fracture surfgce enharncing
formation of oxide _.debris on the fracture surface and then
generatiné an oxide-reducing closﬁre. ¢ | o~
I
Y . ~ ‘
\ »
. - 3
28 o
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d) Hydrogen embrittlement . B
Only recently a relatioﬂéhip between the crack

bropagaé}on raté and the embrittlement reaction broduced by

. ' : i
hydrogen pick-up was established, especially as the cause of

intergranular cracking at very low crack pﬁopagation rates.

It must be pointed out, withoyt any intention to support
. . . / *

—~——

anyone of these mechanisms in favour of the others, that some

—

new theoretical and éxperinenthl work (9 ] revealed that,thq
plasgic zones in the wake of .the crack tip have indeed an
inflgeﬁce\on'the crack closure phenomena. 'Ih the case of
short cracks with. limited whkg, it is expected Qat there

& .
will be less crack closure thgg\for longer cracks%and hence

-

shortér cracks will grow fastér_thén the longer ‘cracks. The ¢

experimental work shown in [9 ] did confirm this expectation.

(

[l

2.3.1.3. Influence _of_loading _history on_F.C.P.

' The behaviour of the fatigui crack growthtéhangeﬂﬂmhen
the loading’fluctuates_during the test or during the service
life of the component. Experimental observations showed that
if certain overloads Qre applied, significant FCP delays
occur. This effect is called "retardation." Paradoxically,
‘the aboyg ob;e}vation means.that if an airplane wou;d

encounter more severe turbulence during its flight history,

it is expected that the airframe would have a longer life

thah an airﬁlane which had a less severe weather history.

.
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MR S . ' - Figure 14 ’
Crack growth rate plot showing the effect of a single
oad. Note the crack growth retardation. [13)
The retarding effect of a single peak overload is . -

demons;réteq in Figure 14; T@e {CP rate before the .,
%applicapiog of the overload is g;ven by the ;f%pe,b1. Aftqr’
the application of the o@erlgad the FCP rate is obViougly
depressed over a distance a* -from the‘poiqt of the éverload.'
Hertzberg and others demonstrated (29 ] that the di?tance\a*
corresponds to the plastic zone dimension of the overload.
Therefore the FCP'rate is retarded as long as the resumption

{ qf nérqal amplitude cycles produces crack advanc;s Jmalle;

\\" Ehan the plasf}c zone generated by the oveg}ogd peak. As

.. soon as tﬁe crack adv;nces beyondnthis pléstic zone éhe FcP

raté/;ethﬁs to the initial value. .
The mathemqticéliexpre;sion iiven by Hertzberg to

» calculate the total nﬁmber of cycles necessary to traverse

the bvefload plastic zone is:

Fid

! ¢ ' ‘ I} .o
) . . PO ° >
~ , ' 30 i o R . .



N = N*o 3T
d =" by

\ o . B
- . where'%% is' the number of cycles necessarx fgrwa é;ack to
traverse a distance a* at a fixed rate by : “Surprigiﬁgly the
crack velocity reaches a minimum only aftgﬁ the crack has
¢ \ : pro;ressed 1/8 to 1/4 the‘d1stance into the overload plgstic
- ‘zone; this is knowu as‘"delayed retardation. "[29 ] Extensive ‘
literature has been published in the field of FCP retardatlon
an&-the author considers that th1s particular aspect is
beyond‘the scope of this the51s, some classical models of FCP
' whigh account—for retardation will be discussed in section
n2.3.1.4. *One more work, however will be menfion;d hére,
cE;§Qpbrooke [30] performed an extensive mathematical
~demonstration of a model whlch replaces: the plastic zone by a
v . . s8lit subjected to the strgsses as indscated in Figure 15 anq
p;actlcally reduces the concept to a numerlcal fracture
mechanlcs problem. Thls model apparently is the first,
J "’mathemﬁtxcal ewplanat1on of the phenomena of delayed
';etardatioé. ‘ : ‘ -
- , ‘

o 2.3.1.4. anthe31s of F.C.P. modéls

. Extensive theoret1cal and experlmental”research'wéé done

°
a

in,order to predict the fatigue cragk probagﬁtioh life by

s usipg»alnathemafical model. .

- 'The magnitude and‘dé;;ee.of the &ifficglty of such a
v - - . * L P
- | . ‘ .
3 - .

4, ®,
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? - i Figure 15

Eastabrooke’s model. The plastic ione was simulated as a
slit with shear stresses.

1] \ ., , . ‘*
task is obvious. The wrought metallic material.is very often

anisotropic, the microstructural components are raﬁdomlzf

’ 4 4 ’\
oriented, have different shapes and properties, the influence

of the environment (corrosion, temperature etc) are only a°

few of the countless factors which must be taken into account

in creating an accurate F.C.P. model. In-addition, the
loading history, the type of loading spectrum as well as the

size and shape of the part are completely different from

. . R . R /
. component to component. It is beyond the scope of this_ g
- X - o . . VO
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thesis to go deeper into elaborate description of these

models. However a short synthesis of Ehé most used models is

given below. rx

v

At the beginning of the research into the fracture

. o
mechanics of fatigue cracking a number of empirical and

theoretical laws bf the following type were prgposed:

da = g(g,a)
: aN &o .
where:a = crack length

g w= stres;

N = number of cycles

As Hertzberg shows in [ 13] very often these functyions assumed

the form of a Simplg power relationship such as:

— ' da = oMan
dt
where: m is in t range 2-7

n is in the range 1-2

Some earli;r works tried to determine accurate values for m
and n. For example "Lithheorized‘that m and n to be 2 and 1,
respect}vely, while Frost found empirically éog the materials
Le tested that m=3 and n=1" [ 13]. During the-1960's Paris
postulated that the stress iné%?sity faétbrzﬁitself‘a
function of stress and crack length--is the overall
controlling factor of fCP process. 'Thesg findings'and the
subsequent application of linear fracture mechanics to
fiiigué studiés‘allowed the description of the crack‘gﬁowth'
‘rate as a function of the stress intensity factor at the

]
| S | N .
<v 33 ~ i '
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crack tip. A general equation of FCP could be written as:

» : © ’ ©
92 =f(aK,R) ] . \
where R= stress fatio = Emjn _
Pmax

If}other’parametérs were taken into account a more general

relationship could be written as: P

“

dax g—ﬁ- T F (&K,R,Kpax» frequency,temperature,.....)

(7]
dN .

To determine the component life one must integrate the above

formula:

~

da ‘ ‘
F(&K,R,Knax, frequency,.....) >

&

Nfaiture °

"l
,

If the increase of the crack length is'ﬁlotted veréus the .
num{sr of cycles that propagated it, to such a length a curve
similar to the one in Figure 16 is obtained.

The curve of log .crack propagation_rate versus log AKX is
" shown in Figure 17. This curve c?d be divided in ;tages I,
II and III. It must be emphasized gﬁ?t in some exfent these
three stages are similar to.the gemneral three stage division
of the fatigue phenomena as described in section 2.1. To be

more accurate the inferior limit of. the stage 1 aéiiiven in

the curve from Figure 17 is equivalent to the stage I

o
-, ©

(initiation), whereas the superior limit of the

stage III as given in the curve corresponds to the st&ﬁe ITI
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Crack lengfh "a
‘(schematic) [7]

W

da/aN {m/cyrie)

L g

o

Tyﬁfcal fatigue crack growth curve (log da/dN versus loéle)

[ 32] ‘
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(fast final failure)‘of the general descriptionvof the

fatigue phenomena. , -

1

As Ritchie summarized [33] "In stage I the crack
propagation mechahism is characteristic of a ﬁoh continuum
medium. T?e microstructure has a large influence, as well as

the stress ratio R andAenvironmenuf In stage 1II crack

9

propagat}bn mechanisms are typical of a continuum medium.

The microstructure, R, enVvironment, thickness had little

A

" influence on FCP. 1In stage III crack,'propagation mechanisms

are similar to those in a static mode. The microstructure,
|

o \ - .
R, and thickness have large influences but not’the

environment."
S\

A) Linear propagation models (no load interactions)

<

The second stage can be described mathematically by formula:

- [ 1
I ‘ da = c(ak)"
L da = c(ak)
.This formula is kno as the Paris-Erdogan law. A large

amount of work s done to estahlisﬁ accurate values for c¢
and n, and several models were proposed. Irving and

McCartney (34 ] made a classification of mqﬁhls based on

»

comparing the value of n. *
~ » -1

"1) Models based on iﬁstantaneous value of créck opening

ty

displacement.(COD) and these lead to. values of n about 2.

2) Models based on damage or strain accumulation and
. e

& .

AAAAAA
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|
these can predict the onset of rppid acceleration as K

\
approaches K¢ and give values of n about %.
\v,—__\//‘f\ .
3) Models based on energy balance concepts withzﬁ‘zx

LY

“ cpfck . tip process zone where values of n in the rénge of )\to

- : ; \
4 are obtained, depending on the plastic zone size used." \V/

Broek, Schijve and Walker realized that the Paris equation is
valid.only for fixed R (mean stress ratio), while the FCP
rate function is really da/dN=f(4K,R). Therefore a new

model, known as Walker model has been propoped.

. M +n Y

L da .o AK 3
(1-R)N

~ Tt~ "
.
e

Q.

Further F;réman tried @o develop on equation téking a;couﬂ{””f
that the FCP rate curve is'not a straight line, when the |
crack size becomes so large that Kpax =FIC- In other words
the F;reman"model tries to extend intd'the stage III whére

da/dN becomes infinite when the fracture occurs:

P

da - caK”

\ 7

Brown and Cowling [32] showed that very few models provide a
e )

good fit for the threshold region (stage I). Schijve
proposed a model whiéh takds into account the parent

threshold stress intensity level:

da = C (8K -AKthreashold)™
dN  TIR) K¢ - 6K .

37 o
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B% Load interaction models
The mathematical models became more complicated if they
take into account the overload rétardation effect. Three
~ll;odels will be summarized: ' 4
a) ﬂheETﬁ} model o . ,
b) Willenhorg model ”
c) Elber model
- ‘ , a) Iﬁg_ﬂbgglgg model proposeé an estimation. of the

retardation of crack growth rate by using a retardation

factor: Cp

] Ry M
, Cp= a_{.ﬁ_ for (R),+a)<ap
5 . . 'p .
o Cp =1 ’ : for (Ry+a)aap
]

For identificatign of terms see Figure 18; m is a
shape~fitting parameter that must be experimentally

-~ detérminéd for each c$hdition of material, loading and
environment. .

factor, but uses the material yield stress to compute the

plastic zone size. Willenborg model corrected by Gallagher

o

e v v



Current
yield zone

Grestest prior
elastic-plastic
mnterface

T

Figure 18 -

Description of Wheeler model for crack growth retardation.

[ 3]

“1/2
can be written as: KH= Kggx(- Zéi) - Kmax

oL
where
Kg' is the Willenborg residual stress intensity
facdor. . '
. OL p -
K is the maximum stress intensity for the overload
¢ max cycle:
Kmax is the max@%ﬁm stress intensity for the current
load cycle.
Aa. is the c¢rack growth increment between the overload

cycle and the current cycle (see Figure 19°.

““%E‘W ,

OVERLOAD N
PUASTIC ZONE N

PUASTIC Z0NE
. , . A ASSOCIATED WITH
LI CURRENT ASPLIED LOAD
kY

., Figure 19 S

l.;‘['v";“l
¥Rk tip as described by Gallagher.

Rla;tic zones at thd
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crack closure effect and uses a closure factor which is

determiped from constant amplitude data.

v i .
- » da _ m
Lo \ - dN C(AKeff) ’
op—"=__/ "\ da, C{ vak " |
g * N '.
. T

-

where U = effective stress range ratio

U = Smax-Sop  _ ASeff -

Sfm\ax'sm'in AS' .
. f 1 @
and wherg o
-~ 2 )
" ~Spmax = maximum applied stress
Spin = minimum applied stress
._“Sgp = stress level at which thé crack is
¢ - Jjust fully open
N - /\ . ;
SN * It must be emﬁhasized that numerous other models have
.been. proposed, the majority of which are really modifications
, of these classical models. As an example "The Multi-
parameter yield zone . model"” (MPYZ) proposed by Johnston [35 )

I3
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is & derivation of Willenberg model to account for "such .

recognized load interactions as retardation caused by

P i

ﬁrevious overloads, accele}étioQ due to current overloads and-
underload effects." \
C!' Submicroscopic models X ' “

Kanninen and co-workers [21] described the sequential
process used to propose a model based on a new approach, that

of dislocation distribution at the crack tié. First they
4 o . "
synthesized the basic features -that are generally accepted as

pléying an essential role in the F.C.P. process: - .
1. The interaction hetween the plasfxc'deforgatipn

produced by the current load and the residual plasticity
L4 ! ° \
created 1n previous load cvcles. _ . S

2. The connection that exists between the loacal

deformation at the crack tip*-a; characterized by the™. e (e

S~

crack-ﬁlpﬁopening displacement--and the crack ‘growth - ‘Eg
/ N
. [ ]

increment. : f :

3. The impingement (closure! of the crack faces during
the unloading portion of the load cvcle.

While most models take into account one of these features, no{
model is currently known to incorporate them all. Based on j‘
this idea aﬂd on the criteria aescribgd in section 2.3.1 R

N

Kanninen and co-workers pfoposed the superdislocation model. )

;he basic element in this new model was the

. 4

Km
o
3
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°

-~
- Bvolution of \ :
superdislocation representation of ,the crack tip plastic

zZzone.

Representation
_ dislocations and super-#

~~

)

Plane strsin plastic deform#fn at the tip of & crack under fixed load. ,

Representation of crack-tip plasticity by dislocation arrays.

Representation of crack-tip plasticity by a supsrdisiocation pair confined to slip

planes emanating from the crack tip. .

Representation of crack-tip plasticity during fatijue by superdislocations. . . -
of crack-tip pluumy during fatigue by combination of super- -

2 A .
. co. - .

Figure 20 BRI

-a fatigue \crackr érowth model usiné i:he inclined -

" 3
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consideration that the macroscopic plasticity could .be
considered in terms of disloctions arrays. Qigure 20

-" ) .
illustrates the sequential process of the model evolution.

’ o

igure 20a\bhows a typical plastic enclave surrounding a

S t

- 3 . * - - . - M

rack tip under plane-strain conditions. Figure 20b shows an
equivalent way of characterizing crack-tip plasticity by

using the dislocat}gn arrays. Thisvwas the base of Bilby and

Swinden's [ 3! approach of inclined dislocation slip plane.

‘Atkinson and Kay [37] substituted the dislocation array bs

the concept of superdisl&cation Figure 20c. The :
superdislocation is considered to b; a dislocation of an
arbitrar; strength on a given slip plané that represents the
net effect of the entire plastic zone. Figure 20d shows the
same concepg applied for each cvcle during FCP. Figure 20e
represents'the applicability of tﬁé supérdislocation éobcept
to display the loading history tplastic zones<%£gthe wake of
the'craqk tip . A s}ntheéis of~the advantages and.
disadvantages of different models in respect tomthe
superdislocation ﬁodel is given in taﬁle 3.
~#4-recent publication [ 38] presents a general

classification and chronology of FCP models, table 4. "

In conclusion it is worthwhile to emphasize that none of
the multitude of proposed models and concepts can be employved

.

with complete success. However fbr practical use, in the

aircraft industry, the Wheeler and-'the Willenberg models are

% ! .
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Table 3 ' . >
s .
Analytical procedures for the predlct1omg of fatxgue crack
growth. [ 2] . b .
- Wt -
- v ) 4 ,
. Techmque lavesugators Strong Points Weak Polncs B
Semumprrical extensions of Wheeler ,  Willborg, Eagle  Gives simple relations that are easy Lack of fiin (undamencal bages:
linear clastic (racture mechanscs asd Wood , , Elber «  to spply; offers insight into coa- difficulty 1 trepting complicated
trolling meshaonme

-

Dugdale stnp yield model with Rics , Wesrtmas , Bilty

cumulstive crack-opening dis- and Heald

placsement critenoa
Inclined strip-yieid superdisio~ Kaninen

cation model with critical cfack-

opening displacement citsrion .
Elasuc-plastic finite-element Newmans and Armen -

histones; caapot easly be gener- - °
Gives clossd-form ressi (or seady Cannot disiinguah load hisiory ef-
. sats gromh rate fectss crack closure does net occur

Plastic deformation in dilferent Computstions for complicated N
losd cycles is disunguuhable: clo-  load hinones may requinm m\nhy
sure offects handled dirctly; can  computation
be generalized to (fwst wide range
of ntustions

w »
4

Very time-corsuming tomputas

load cycles can

Highly accurata: can be used to
trest wide vanety of suations; use- tions so oniy &

([Ihronology and classification
38]

anaiysis
- ful (or examiniag.details of erack  be treated: crack axtension cnieron
. - t growth process must be arhitragy -
oo jd
Vol % ' . ) ®

Table/ 4 . ’ ,

of, ‘fatigue crack growth models.

. ) N )
e . &
YI6LD 20ME MOOSLS CLOSUAL MOOILS hel
) LN 1970 | GLOER (CONCRPTY.cooeeeee ... 1900 ’
. WILLINGORG., INGLE, WRO0 .. 1971 | BALL (GIMIRALLZED CLOMME) ___..1974 -,
) N 4 FUEWALAN (PR ELIMENT) wa| . 7N
. 1971 | onL ano saPF iconTacT Frrasn__ | ’ Ty
PORTER e ‘lmﬂl. PRODERION. ATK IPaBION
(BUPEA-OILOCATION!. wn .
GRAY (GENERALIZED WHESLEN!.... 1973 -
; GALLAGMER AND HUGHES ELBER (MOORL) ”y .
o (GIMRALLZID WHLLINSORG! . 1976] , wm| . .
JOWNBON ......cocemenrneirinen 1981 | BUDIANSX Y AND MUTCHINGON ... .17 .
CHANGET AL..,.. .ccuvvinnnnnne 1901 ORROMNG e .
? R ‘.
° . B Trece K’ .
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‘the most used as a result of their incorporation in the

.
CRACKS routines for crack propagation analysis. At Canadair,

during the Challenger certification, the CRKGRO program

\J

option was selecte%. CRKGRO is a program incorporated in

RASSP (ﬁockwell Automated Stress Spectrum Program) system.'

"CRKGRO is based on the modified Walker equation for positive

o

stress ratio and the Chang equation for negative stress
S
i Y
ratio. It includes an imprqved load interaction model that

accounts for retardation and acceleration effects. This

interaction model is’esseqtially the generalized Willenborg

P

aodel. . .modified for compressive effects by the overload

interaction'zone'cdnqept proposed by Chang." (@ f

. ' ’
2.3.2 Magroscopic._aspects_of F.C.P. .

The genefal macroscopic appearance of a fatigue fracture

is usually characterized by typical circular or eliptic
\ ' .
markings called "beach mgrks.“ These marks, which are

'as;pciated with the crack arrest, are considered to be

. generated by differences inocorfosion”attack af—the|momeni

"when the crack is’ stopped, or by changes in the applied

(_o " /
loading. ‘ :

In addi;ion, macroexamination of failed components
v 12 . '4 R ®
subjeqtea‘to different loading conditiqns, different stress

intensities and different directions of loading, revealed

>t

that all these parameters have also an influence on the
- . ™~ ,

} ' ' -

4
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o Figure .21

Schematic representation of macroscopic fatigue appearance as

a function of stress, stress concentration and mode of o
loadingn [ 39] v ~ !

LN

general macroscopic appearance of the fiacture« A synthesis
‘ C
of these typical appearances is givem in Figure 21.

i
~

Beside these typical fatdgue macroscqpic markings, the
A .
fraétpres of fatigue specimens can be rather different in

respect to the fracture plane }ndlinatiqn. These changegs in

<
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‘factor and the plastgc zone, another controliing parameter,

A4

the fracture plane inclinatién are strongly related to the

'

stress factor and to the plastic zones created at the crack

tip. It has been observed that when.the stress intensity

factor is low (as a result of a low applied stress and/or :a

4 ’
small crack size), and then the plastic zone created at the

crack tip is small compared to the large component thickness,
plane strain conditions\prevail and a flat fracture is'

/ : v
observed. By subsequent propagation, the crack length

increases and thersfore the stress intensity factor and-the

plastic zone increases. If the plastic.zone size is large

compared to the component thickness, then plane stress

~

conditions prevail and a slant fracture is expected, Figure
22.

The.microscopis irregg}arities have an important
influence on the plastic zone of the cragk tip and the ~
macroscopic'and microscopic cr;ck‘behaviours are strongly

dependent on this effect. Recemt research (40 ,4]] done by

/ -
Forsyth attempt to. correlate the crack behaviour with these

microscopic irregularities. In an attempt to explain the

l yu——y . . %
phemomena of crack front 4unnelling (the crack front assumes
a curved shape and propagates faster in the ﬁiddle of the
specimen than on its edges) and subsequent tensile jumping
this work considers that in addition to the stress intensity

~

the total crack front lenﬁth,'must be taking into
N »

¥

o
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The inclination of the fracture plane in respect to the o
~«specimen thickness. 13} - Coe o

)

consideration in both micro and macroscopic crack behaviour.

A géﬁeral equation which ‘considers thjis parameter has been

established: . - -
/ . K -
L 1.1-L, 'O"max'{ﬁ : °
e " where a = méximum depth of crack | \%k‘
\. . .: L = crack front length N
: Lo= ;lafe thickness = shortest psssible
N ) * crack-front

. . ) . ‘ 1
\. , o A

\ghe experiments performed showed that 'when the crack

frént\és'greater than the equlibrium length, then rap{d
/ Co

fatigué\ggggth can take place with the ductile striatioq mode

Y -

/ b .
\\_4‘ g - ! \ ’ '

- . . 54 | o

. . ~ A,
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in evidence, but where the crack front is less than the

equilibrium length either small tensile jumps or fat}gue
crack ‘growth with brittle "cleavage lhike" striations occure"
[16]. In other words, "fatigue‘cracks try to maintain an

equilibrium shape (which represents an energy distribution)

- ~

for the stress and constraints that exist.’"Tenporary
perturbation of this shape by other influences. is
subsequently countered by local changes in fatigue crack
growth rate" [40]). This research also revealed that in any
non-homogenbgs material -such as most cpmmercial alloys

"microstructural features cause break up of the front into

~

segments that relate to elemental blocks operating with some
degree of independence from their neighbours, But under
general influence of the macroscopic crack of which they are
a part, ‘Thesé segments of crack front develop their own
cuxvatu}e, the radius bearing a close relationship to the
lateral dimension of the element concerned.” 41 ] It must be
epphasized that an importﬁnt effectAof a?is sqgmentation‘of
the crack front {s'the “considerable local differences in

fatigue growth rate and a considerable‘increase in the total

<
¥

crack front length." [41].

- - = e e v B o i . e - e —— - — -
-

’ \
On the microscopic scale, fatigue cracking is -
. o ’ a
characterised by a typical feature called fatigue striations

[

o \
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-
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Figure 23. The fatigue striations are parallel lines

\ .
oriented in the general direction of the advancing fatigu
crack front.% These microfea;ures\must not be confused with

S

the macrofeatures called "beach"” marks. Hundreds or eve;
‘thousands of fafigue striations Eab be concentrated between
two beach marks. The fatigue striations represent tbe crack
advancgs, whereas the "beagh" marks represent a crack arrest
over a number of low stress cycle;. ‘

Consequently, the understanding of the mechanism of the
st;iat?gn formation, their different aypearanées, the
felatizn between the applied spectrum of loads and .the
succession and of spacing striations became thé object of

numerous studies. The res%lt of these studies helped the

understanding of the whole process of fatigue cracking.

Figyre 23

Typical fatigue striations. ([42]



2.3.3.1. Striation formation

e e e e - o —— — — o —d—

Basically two models have been proposed to explain

striat&on formation:

e B

1) The blunting - resharpening model proﬁosgd by Laird [8 ]

R ] .
2) The crystallographic model proposed by Hertzberg [43]
THe plastic blunting process as proposed by Laird is depicted
. in Figure 24. The analysis begins with the cracked specimen

at zero lohd, Figure 24a. When the tensile load stage of the

cycle begins, the small double notch. at the crack tip serves

o

to concentrate slip zones along planes at 45 deg. to the

plane of the crgck and to maintain a square geometry of\the

\

Figure 24

Fatigue crack growth by plastic blunting mechanism: (a) zero
load; (b) small tensile load; (c) maximum tensile load; (d)
small compressive load; (e) maximum compressive load; (f)
small tensile load. The loading axis is vertical. [ 8]

4
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tip Figure 24%. At the moment of maximum tensile strain, the
stress concentration effect is reduced, the slip zones are
extended, and the crack t}p blunts to a semicircular
configuration, ?ig&fe 24c. When the compression load stage
of the cycle begins, the slip direction is reversed, Figure
24d, and the "hinge" effect forces the crack faces to to;ch
each other. New crack surfaces aré created in tension and
the crack plane is partly folded by buckling at the tip into
new notches, Figure 24e. The formation of these notches
represents tgi‘resharpening‘stage of the crack tip.

One criticism of this model is that it wquld explain
*only the striation formation in a tension—compres%ion type of
loading. However, as it hasvbeen demonstrated in previous
sections, even in tension—té;sion or tension-zero loading,
compression loads a;peared due to the crack closure
phenomena. Extensive expérimental evidence is given by Laird
[ 8] to suppgrt his blunting-resharpening model of striation
formation ' even in loading spéctra other than tension-
compression. Another criticism of the above model is that

the plastic blunting model would explain only the formation

of those striations which matched peak to peak and valley to

///VETiey. Hertzberg showed {13] that "the striations are

considered to be undulations of the -fracture surface with:
a) peak—-to-peak and valley-to-valley matching of the two

surfaces .
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b) matching crevices separating flat facets

c) peak—to—vallgy matcﬁing"

A répresentation of some of these morphologies is given

in Figure 25. Figure 25a and c.represents peak-to-peak and

valley~-§o-valley matching Fﬁgure 25b represents matching
crevices separatlng flat facets and F1gure 25d represents the

peak- to valley morphology. Laird (8 ] demonstrated that both

.morphglogies peak—to-peak,and peak—to~va;1ey can be explained

1

by his model.

. T, o \
(a) ) )
0 X
A

" : ‘ (d)

Figure 25

Various types of morphology exhibited by striations on
ductile fatigue fracture surfaces, viewed in profile. The

stress axis is‘vertical. [8 ]
'

Hertzberg showed (]3] that-Laird’s model involves plastic

\
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blunting of the crack tip regardless of the material
microscopic slip characteristics. He p;oposed.[43] another
hodel of striation formation which takes account of
crystallographic considerations. Hertzberg stated that when
metals piastically deform only specific ‘slip systems are !
operative. For example, in the FCC metals, the slip will
occur only on illl} <110> type systems. The {Lll} planes
would be the fracture planes while only‘two of the three.
possible slip directions would be operative. But the
| direction of slip is not parallel to the direction of crack
propagét}on. Consequently, the fracture surface should
exhibit presence of slip markings on the fatigue striations
"which are not‘parallel torthe direction of crack growth.
Hertzberg produced [ 43] the experimental evidence of these
slip markings, Figure 26. This modél explains why iq a gi&en .
material sometimes very well defined fatigue striations are
seen and if other situations tﬁe fatigue striations are
péorly resolved or can not be seen at all. The favourable
crystal o;ientation is the answer to that. 1

In conclusion, the predominance of one or another of
these two mechanisms depends probably on the AK level. It is
very probable that at low AK levels, the crystallographic -
mechanism dominates striation formation and the fact that.few

.
]

slip systems are operétive at such AK levels can be the
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Figure 26

Fractograph of 7075-T6 aluminum alloy showing slip markings

o on side of striation wall which are most parallel to the

direction‘of crack propagation (arrow). Magnification x8900.
reason for poorly defined or non-e#istent striations close to’
the initiation site. At highAK levels, the plastic blunting
of the crack tip probably domiﬁates fhe strigtion'formation.
These observations are exactly in accordance with the
observations made by Ritéﬁie (see section 2;3.1.4) with
respect to the influence of differgqt parameters on stage'I

and stage II of F.C.P.

* L

Examinations of numerous fatigue fracture surfaces

'revealed that fatigue striations have two different

P

. appearances: . -

-
A
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1. «
- "‘Figure 27 L
-7 R =
a) High density "ductile” fatigue striations ‘ ‘
Magnification 4000x [44] :
b) High density "brittle"” fatigue striatiols
Magnification 2300x (44 ] :
56 . “ ’“ . '. ’ . f
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+ "brittle”" or "ductile", Figure 273

Laird was one of the first i gators‘rho obser edFth

oy

differénces in. appearance wéén the fwo kinds of 'fatigue

striations and defined th {45] as:6
- The "brittle” appgaring or cleavage-like striations
are characteriz d.b’fyery flat fracture facets and by

river patterss run ng pafallel to the direétion ofk?

/> crgck propagation. .

- The "ductile" appearing striations are characterized
‘ Y y , .
' by a good definitiop,‘and uniformity.
" The formation of either brittle or ductile fatigue striations
was found to be related to the following three parameteris:
"-'Stress intensity_factor, AK
- Environment . . '
. A ) ,
- Metallurgical factors : :

2.3.3.8.1. Influence of AK S

- — —— - . M —
—

An extensive search of the ihfluence of AK.on the
appearance of fatigue striatiohkwas done by Hertzberg and‘
Mills {46]. Basically this work revealed that a strong
relationship exists between the fatigue cracking\

wmicromorphology and the’leve%“of AK. This relationship is
best illusfrated‘in Figure Zé At low AK levels (close to AK
. (p ultra low cracﬁ growth regime

threshold) which,cofresponds

(da/dN ~ 10.7mm/cyc1e), the fracture micromorphology has a
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cleavage-like appearance with facets oriented parallel to

(111] slip plane. Hertzberg believes that this faceted

appearancé results from a glide plane decohesion mechanism
4 3

where reversed slip on a‘lihited number of slip planes ahead
of advancing crack front weakens the cohesive strength of

atomic.bonds in this region. When the slip planes have

weakeped sufficiently, low tensile stfesses {pitiate local

[ -
v’

separation, thereb§ resulting in a crystallographic

appearance. At medium levels and low crack growth rapes—

L - ~
'V(da/dN = 10 mm/cycle) a series of parallel lines- appear on the

. ~
fracture surface. These lines are not fatigue striations

(they”are much too large to correspon? to crack advance

.

during one cycle). Their.spacing would seem to be roughly
-s Y
constant (= 5 x 10 mm). The mechanism of generation of these

parallel fracture marklngs is unknown, however Gel%xand
Levera\} {47 ] .proposed that mark1ngs represent slip offsets

produced in the wake of the crack front and are not related

to any crack growth increment. ’ ' S
A At medium AK levels and medlum crack growgp/tetes (da/dN~
N -5 -8

10 - 10 mm/cytle) well deflﬁed "ductile" fatigue str1at10ns,’z/,

' are produced, ereas at high AK lLevels and- high crack growth
“;"‘ ’
rates (da/dN= 10 mm/cycle) the fatigue striations beconme
+

.coarser and second cracking can be seen. The final fast
.failu?e‘is typical of overstress loading. Hetrzberg ‘showed
h_. .
<
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Conponte photograph show:.ng fatigue fracture surface
Izcrcnorphology at various pqmts on the da/dN versus AR

curve for ,2024 -T3 alumlnum alloy. [ 46]
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even moﬁe dependence of striation appearance with regpect to.
AK. In‘the case of an overload application, it‘gés been
;hown before iseétion 2.3l).3.5 €H t the pﬁgnomena of delaved
retardation occurs.‘ The F.C.P. rate decreases- and if,}hxé
decrease i% Jdrastig:, a i\‘ac’e‘ted (fra:oturé surfa.ce’x'gsults
.characterist{b of ultra low grékth rate’, despite'the fact

that the original F.C.P. rate was in the range of 10

mm/cvcle, Figure 29. The debg@ﬁence oY

/ 4

Overicad

-

(mm/cyc)

da /dN

s

' . DISTANCE FROM OVERLOAD (mm) "

v , Figure\ZQ o
Fatigue crack propagation behaviour following an overload
with electron micrographs representing fracture surface
morphology at various positions from where the overload was
app11ed 2024-T3 aluminum alloy. [46]



fati,ége étriation‘aggearance on A,K~1e'w'/e1:has an important
ef:fect‘ on fxlactographic examination. h The\failure .analysis -
inves‘“tigator, often is faced with variations Q striation
micronorpﬁolégy and must decide iflthe;e.varia\tions are due

to overloading or dlie to the normal crack advance. It will

be shown later that this task is extremely difficult a}xdlonly~
minor i'ndications provide some help'i;l this dilemma.

‘

"Forsyth and Bowen tried .1"10 establish the influence - of AK

"lgv,e'l on the general macro and .micrbscqpié topography of'lr ¢

B}

D Contour
({AK* 10O MPa VM )

-\ -

- R
C Contour (AK=T MPaVm) B,

¢
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s s T 13
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A

'Figure; 30

&

Schematic illusfraiionﬁ of the cracking sequence in peak aged ..
7178 aluminum alloy; R = 0.1. [48] R : e
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- . v
. the fracture. Figure 30 shows'gchematicafiy, the changes in\
the roughness and{in\the fracture morpﬁology of 7178 Alﬁminum
alloy, peak aged, for a AK range of 4:0 - 20.0 MP?/E. ”‘).
A numerical solution to'quantify the relationship \

[

between the striatioﬁ'spaéing ?na AK was given by Bafes and

. &
Clark [49]: g
: o ) , ) .
5=5(A__): , .
- E
where ' ) S = siriatidn spacing >
E = Young's modulus of elastié&ty -

-

\ ,

- -

This empirical corzélation allows the estimation of AK based

/ ,
on fractographic examiation for most metallic alloys, Figure

d

T 31. Qimilar empirical relationships were proposed by Hahn -

{50 ].
' 2
~da . gfAK
s2 - ofif)
and Hertzberg 511]. .

Y ‘ ~ e
S 24 (A—l(ﬁ-fi) '

s

However, it has been concluded [31] "for practical

applications of failure analysis, the simple Bates-Clark

expression which is independent of load ratio is‘adequaté."
) . |
&3 . -
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N Carrelatlon of fatlgue striation spacing WIth AK normallzed
w1th respect .to elastic modules. []3]
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'2.3.3.2.2. Enyvironment .’ E R s e

1 i

Extensive research have been and are being carried out

to demonstrate the influence og\th; environment on F.C.P.

rates, and implicitly qver fatigue striatioé appearance.

Despite the fact that this corrélation is_extremely important

‘on-aircraft components due to the large range of

env1ronnenta1 condltzons to whxch the alrframe is subJected

it was considered~beyogd the-purpose‘of the present thesis to

'<z
.



puréue a deeper investigation inko,this,field. A-few of the
environmental ;arameters which play a role in modification of
the F.C.P. rates .are: Temperéture, Humidity,.Agressivity.

) Obviously these pangpete;s can influence the F.C.P.
rates and implicitly the fatigue striations appearance and
,§pacing, in different ways depending on the component base
metal.‘ For the purpose-of this thesis we will examine th?
influence of these pérameters on alumi?um alloys only.

. The effect of temperature on fatigue, fatigue.crach

growth and implicitly on the fatigue striations was aﬁa}ysed/

by several authors. Christensen and Harmon 52 ' found that

i

“"the fataigue life and physical properties degrade as
éempefature increases”, Figure 32. Kauf%an and S;nter 33
found that fzéigue crack growth rates below room tempeyaturen
‘are about the same as or lower than those at'roog
temp?rature", Figure 33. However, it must be emphasized that
this particular research takes into account both the |

N

temperature and humidity effect on the fatigue crach growth

rate and it will be expléined in the next paragraph that the

increase in humidity- and the decrease in temperature have a

contradictory effect. J//f
Humidity .

Humidity appeafs to play an impSrtant role on the F.C.P.

rates and on the appearance of the fatigue striations.

:
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a) Fetiéue'llfe s a function of test temperature (typica}”

for most metals) [ 52]
-b) Growth of fatigue cracks as a function of temperature

(schenat1c) [52] w/
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As shown in Figure 33 the F.C.P. rates for 5083-0 alloy are
appréciably Higher in moist air than in dry air. Similar
results are indicated by other literature [13], as well. N g n

VO,
An important contribution to the understanding of the

influence of humidity on the é;C.f. rates is given by Hartman

"and others [53] who showed that the superiority in fatigue

performance of 20%4-T3 aluminum alloy versus 7075-T6 aluminum
alloy is greatly minimized with eliéination,of moisture from
the test environment. Thisnis in accordance with the higher
susceptibility to such environment of 707?ﬁT6 than 2024-T3.
All these findings would seem to indicate thgguihe oxide
induced crack Flosure phénomenon plays an important role.
Similar qpnclusions are given in (26 ]. The morphological
changes of the fatigﬁe striations appearances due to humidity
appear to be qﬁnsistent with the macroscopic observations.
Vogelesang [54] showéd from theoretical models and éonfirmed
by fractographic examinations that the environment "ca&n
essentially change the mechanism of‘crack growtﬁ." However
with respect to the humidity, he 3howed that "a coherent

crack front with blunted crack tip has been found"” in

specimens tested in humid air. In another work { 55},

‘Stubbington and Forsyth found that fatigue speciments tested

Y . .
in air exhibited only ductile type §tr1at1ons, whereas those

tested in aqueous solutions exhibited brittle striations.

S
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A comprehensive analysis of the influence of the
environment (especially humidity) was performed by McMillan
and Hertzberg [6]. Dgri%ﬁ the experimental program they
tested the relative effects of five environments on 7178-T6
aluminum alloy. Thewfive environmths were:

a) desicated air (standard énvironment) ~
b) high humidity air (90% relative humiéity)
c) distilled water | ‘ . B

d) aqueus 3.5% NaCl solution

e) hydraulic fluid {skydrol) .

"The results of these tests are shown in Figure 34 and they

“a -

Vs ¥ *
™ Oyax * 12000PSI  FREQUENCY = 120 CPM
. OMI‘N . 6,(KX!PS|
LOOE - oDRYAIR
- ® WET AR
- 4 DISTILLED WATER po
- » AQUEOUS 3. 5% NaCl SOLUTION
CRACK - o SKYDROL HYDRAULIC FLUID
GROWTH o X
RATE,
d2al0N -
1) IN./ICYCLE)
100 |-
C
B .
[y
g . .
10 | W | [ [ N 1 ]
as L0 2.0 10 40
CRACK LENGTH, 20 1IN.)
Figure. 34
y . . N
“
Effects of environments on criﬁA (row rate of 7178-T6 .
aluminum alloy. [6] (/) f .
| ‘\—:\/
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‘Crack growth rate of _/4everal alum1num alloys as a functlon of

environment. (6]
el

» - : <

cénfirm these observations: the F.C.P rates are accelerated

13

by humidity and water. Fréctographic examinations of these

specimens showed that, in the, case of desicated air, finely

spaced ductile fatigue striations cover nearly 100X of the

fracture surface.

"In contrast the wet-air specimenm (and the -

d1stilled water specimen) exhibit only isolated patches of

‘ductile striations,

“»

while the remainder of the surface has a

69



brittle, cleavage like appearance.” Hertzberg and McMillan

. pointed ouf that the changes in crack growth rates.in dry and
wet éir are associated with a ‘change in fracture mode from
ductile to brittle striation formation. . Another research
program |6! determined the reaction of different aluminum .

alloys to dry-wet types of environments. The results given

® .
in Figure 35, confirm the results obtairgd by Hartman [53'.

v,

CAggressivity

- e st -

The aggressiveness of the environment is also strongly

) —
associated with the modifications a1n F.C.P. 'macroscopic: as

»

well as changes in the fracture micromorphology. As

é s
mentioned above, Vogelesang made a comprehensive examination
of the environmental effect on crach growth and even
developed a model to explain the 1nteraction between the
micromorphology and the environment. His most 1mportant

' : e~
ohservations can be syvnthesized as follows "Fatigue crack
growth rates are faster 1n a more aggressive environment and

. . \

as soon as the environment is controlling the crack growth

i

, \
mechanism a motF coherent crack front occurs.” As a result
~

-,
—

of these observations Vogelesang stated that "more irregular
and chaotic crack fronts have lower K values and as a
consequence lower crack growth rates." Vogelesang and
Schijve ! 54! also determined the correlation between other
/,medes of failufe such as stress corrogion crackipg and

\
coﬁrosion fagiéue on ‘the F.C.P. rates. For the practical
‘ t

/
]

N ' .
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purposes‘df fraétographic examination it 17 shown in [56!

that "in aluminum alloys tested in a corrosive environment

(water or sea—wdter); the striations form on crystallographic

fracture p]?nes and are cﬁlled "brittle striations... within
. )

each grain, the fracture path associated with corrosion

fatigue looks like a cleavage plane.”

§

.3.3.2.3. Influence_of_the microstructure -~

- e An m o e A e v e e e W G e - e n g = e e - —

()

Fractqﬂraphic examination of fatigued specimens of
differgnt alloys rev;a]ed ghat, in similar testing
situations, the appearance of {he’fatigue strigtions differ

-8 : from metal t;wmetal. Aluminum alloys are known to form well‘
defined fatigue striations. However, as shbwn invi56’ "in
steel, fétigue striations that are formed at ordinéry cr;ck
growth rates are noi alwavs as well defined as they are ian\
aluminum allovs." Some attempt to" explain the differences ﬁﬁ*k
the fatigue striationh appears had been madé as early as, 1863,

when McEvily and Boettner,?%?, explained the difference 1n

the curvature of‘striatlons‘observed 1n several allovs in

terms of stacking fault energy of the material. In othe}

papers, Fhe appearance of fatigue striations is related .to

the metal ductility [39']: "The clarity of the fatigue

striations depends on ductility of the material. Striations

. are more visible at stress levels higher than the fatigue

X limi4: also they are ﬁore readilv visible in ductile

\

N
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materials." The majority of airplane structurab‘components /

¢ are manufactured of various aluminum alloygdandfthérefore it

was considered appropriate to study the microstructural
\ . )

>

influence on fatigue striations and F.C.P. in these
materials.

As stated above, aluminum alloys wusually form well

-

defined ‘fatigue striations in inert or non corrosive ~ (,

environments. However, an impotrtant factor to be accounted

] . -
_ for is the multitude of particles and dispersoids which one

/ “' \
. These

normally.expeAts in precipitaiionrhardening mate}iai
inclusions and precipitates™will strongly affect %%e‘F.C:;:\
aﬁd the fracture micromorphology. ‘Severalbstudies consulted
(58 ,59, 60] pointed out the role of thege micfoséopic fe?tures“
in respéct.to the advancing fatigue front.' Kauffman showed
(58 ] that there ar;1three basic componenqé of‘the structure
whiéh play a role in fracture resi;tance{

a) coarse infe;metallics ’ | o

- b) grain- boundaries

c) matrix containing solute or precipitates- L
a) The coarse intermetall{c; (ﬁormally Al pm) arg normaTTi
insoluble (such as: Al,CuFe, Mg, Si) or relatively soluble
(such as: CuAdl,, CuAleg){ they fracture first on stressing -
and become the initial sourcessof fatigue cracking. A

schematic [59] of tensile crack extension by coalescence of

mircéovoids nucleated at particlé% is shown in Figure 36.
, / :

! P
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& \L< Scheqp@1c of tens11e crack ‘extefision by coalescence of - .
mrcrovoxds nucleated at pa&tlcles and dlsperso1ds [59] o
¥ ‘6 ]
\ As a‘fcsult of the br1;h4e manher in whlch these partlcles
r [ %’

u H

are fractured one must qypect to find evxdence of tensﬂﬁe

r e -

Junplni"when ewamlnlng ‘fraétures of aluminum alloys specimens

+ *
°
. .
,“ 3 13
»

tested under fatg{fe loading. Indeed this phenomena has been
.reported in several works [ 40, ﬂ],48'59 ] and the author of
' . 0 T T ' i

this thesis' found evidence of this morphplogy in many cases

of fatigued specimens.’ Another €roup, of particles (normally

0.03 tqﬁ0.5’pm,in diameter) consists of Qispersoiqs'such as

: ¢ ' Lo / o
LS, Al,, Mg, Cr or Alzocﬁzﬁn which seem ‘to play a dual and

> ) . i A
'« contradic¢tory, role: they supress recrvstallizatidn and
k

i
' . : O
.

). \\;\T * therefore minimize~ thewgrain size wh1ch is favourable to a‘;

,i l.. ' i o ,P‘, /' “ (g ' a,
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- transgranular mode.of failureu:buﬁ\also nucleate microvoids

-

3

vy

. . . N
by decohesion at the matrix interface. The nucleation of:

\ y .
‘microvoigds produce similar effects as the coarse
. P N - '

intermetallics. o e i
“ “,‘ ' . ) ' . \ N
) The effect of grain‘boundaries-on the fractkre toughness

is’ ‘related to the lntergranular fracture Emburx showed [61)

- A

that features such as areal fraction of graln boundary

precipitates, the size of prec1p1tate free zone (PFZ)'the

ewtent of localxzed deformat1on in the v1c1n1ty of the

'0«

boundary and others 1nfluence the balance of events at the

)

graln boundary One 1nterest1ng flndlng reported by Embury
» 1

[0@ ig} the relatlonshlp between the PFZ size and the local':

! . R
plast1c1ty at the crack t1p. - - . & .

c) The most challenglng area of" research is related to the

1nf1uence of the smallest’ partlcles of the system

?

(age—hardenirg 2necipitates or Guinier-Preston (GP) zones) .on

the fracture and fatigue resistance of high strength aldminum;

alloys. ‘These particle% which usually‘are-smaller than 0.0i
pm in diamet@r play'an éssential role. in the strengthening

mechanism of the aluminum alloys, however their_role in the

ﬂgii:ue process is not completely understood. The.gize.‘thé.
mo

ology and the interparticle distance'are-dependent on

the §ﬁench rage\and‘the degree of the precipitation aging.

-

Sy

In the op imal conditions these partlcles have been credited

-

for increasing the faglgue limits (62]. . However in many

‘dxu \ . \ . [

' . ! ‘
" . N .
. ! : ;5 _ oy
: “ e - I L) . ’



commercidl .applications, the aluminum alloYS are often
overaged to ensure an optlmum comblnatlon of s@pess corrosion
‘1.

res1stance and hlgh temperature mechanxcal propertles The

9

'overaglng tends to produce .coarser partlcles whlch

5 |

partlcularly for thg Txxx alloys results 1n 1ntergranular
frzcture and 10w toughness. '
" The gengral 1nf1uence of part1c1es on, ‘the- fractuﬁe and

fatxgue resxstance was studled by Lalnd who synthe51zed [ 20]

‘ the observatxons rev1ewed by Hahn and others w1th respect to

the influence of varyous pgrameters on the ‘F.C.P. rates in
o ¢ i " ’ ’ ‘ '
alum1num alloys: B ‘ ‘

ll Statxcally strong alloys, such as 7075 TS can show

4

‘ h1gher growth rates tban less strong but more ductile
k4 - - .

alloys such as 2024—T3.

[ §

2. Heat-to-heat variations in composition and

processing, small amounts of cold w6rk, aﬁd different

i

‘ he&tftreatments-can alter the life of a typical alloy
/ s

such as 2024-T3 by as much as 100 percent.

‘3. &rltfle fracture modes associated with inclusions or

intermétéllgc parff&les can double the rate of crack
s » ‘

prbpagétion when thé advance per -cycle is large (=1

[

pm/cyéle).
Trying'to'qxpléin:these variations and the general poor
fatigmg prqpertiegoof high strené%h aluminum alloys, Laird

and.cohorkers'cohcluded [63] that in the Al-Cu alloys the °



*mqtiod of highly:  jogged and continually interacting

*

dislocations cauges a disorder of the general structure and a

v s

subsequent softening of the material takes place affecting

- .
-

the elasth propertxes of. the precxpltates as well.

‘. For/the case of other alumlnum alloys when the hardenlng
mechanism is not affected, Calabrese and Laird~[64] used a
differén@ model which inv&lves that presence of '
"geomeﬁrfcally ngcqssary" dislocations at the:plate—matrix
interfacq» The basic conclus1ons of Laird’s work. (20 ] ;re
that .cyclic stress strain response of complex aluminum alloys
is dominated by GP zones and dispersoids ‘in combination. It
may be interesting to point out that somewhat, similar results
were reported by Yan and Wang (65 ] which proposed a mechanism
of progressive retardation of grain boundary g{iding to
explain the go:existance of both ductile ;Ed brittle fatigue
striations on the same fractu;e surface. . .
With respect to the influence of the microstructure on
the stri&tion appearance,'a comprehensive description was
given by Klingele [66]. Some of his mo;t important
observations are listed below: When the fatlgue crack front
approaches a hard zone the frc P. showed a retardatlon, but
after the hard zone the F.C.P. showed an acceleratlon, ﬁﬁgure
37. As the fracture front propagates'contlhuou;?; on both
sides of a héﬁd inclusion, it is stopped completg}y for a -

]
number of load cycles at the inclusion. After climbing over

v .
»
L
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In a hard region the fatigue crack is retarded, i.e. the . ,
‘ width of the striations is smaller than on either side.

Behind ‘the hard region the crack steps are larger than on

either side. (66] ' )
the inclusion the fracture catches up to the main fracture in l
large steps, Figure 38. The F.C.P. accelerates when the
14 . i ) . , i . I
crack front approaches a pore and is retarded after passing

. . #

the pore Figure 39.

~In conclusion, it is evident that all the above

,observations on microstructural effects,ﬁué% be accounted'in -
establiahing ade%uate quantitgtivé'frac%ographic téoyyiquéé.
- These techniques are detailed in the next géctioﬂf/jﬁ o . \-‘ﬁ.“
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e : o

Hard region (obstacle) separates the fatigue crack front into .
three adjacent paths with different propagation rates.
Within the hard region there is no propagation for some load

cycles. [66 )]

When a fatigue fract
Behind the pore, the

o~

g

Figure'39.
ure comes to & pore,
gatigug fqacture'ia

IS

-

ft is accelerated. -’ ﬁ% .
retarded. [66] C
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3. FRACTOGRAPHY s

]

D e il

: . The term “?ractograph?m ae defined in 1944 {56~
- , describes the science of studying frectdre surfaces‘Zsually
at high magnifications. Perhaps the name of this science is’
ﬁelathyely new, however the science itsef? is centuries old.
The metallurgist Qas'always preoccupieﬁ why and\how
“© compignents fail and apparently the answer to this question
1’ N ‘ ,can be found by examination of the fracture suréacg, The
é; g&&mprovement of opticel microscopes and especially the k . S
N\\ introduction of the electron microscope with its large depth
of fggus provided the itvestigators with the tools needed to

Y L4 i »

reveal_the cro‘gﬁ%/Submicro—morpholoéy of the fracture.

C The/ﬁ;gn{EI;:}op TEM) and scanning (SEM) electron microscope- \ d
. . _ |

were instrumentei‘%n the extensive development of - ‘ : J

fractography as avﬂplence and in all the benef1ts related to

n

the qnderstandxng«o ghe fracture mechanisms. d

..

. The aircraft ind try has been. the major promotor of
i

i“h

fractographlc ewamlnat bﬁ of components Qgiled both in

" The magn%;ude of human and material

L]

+

- ' y\ [ ”

neglect possible’ ua eri”l\or des1gn error;. Fractographic

?

_’,M» exaninatlon in the whole(&ontext of failure analyszs has as‘a B
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prime objective, of discovering these errors and avoiding
their repetition. Table 5 shows the history of chénges in
certification requirements originating from major aircraft
aécidents. As can be seen from this table, identification

of the mode pf failure (through failure analysis) was the
force behind the changes in regulations. "Introduction fof )
tbe'damage tolérénce conéept is possibly the most significant

Table 5

. '"Changes in Certification Requirements Stemming from Accidents

L]

Date and Place The Accident z Cause and Resulting Regulations
‘August 1948 Martin 202, wing fallure \ Each of the three accidents was
Minnesota ' caused by faligue failure.
January 1954 ' DH Comet 1, fuselage lailure Resulting regulations. CAR 4b, Adt 4b-3 .
ltaly \ ' {fatigue evaluation ol airframne), 1956. .l
April 1954 DH Comet 1, luselage fallure
ttaly | i L
November 1962 - Vickels Viscount, tailpiana failure Catastrophic bird impatt on
Maryland ‘. empennage.
. mnmmﬁf?mmmmnmnzaAm
25-23(8b (0.6 kg(l birdproot .
empennage), 1870.
Avgust 1986 BAC 111, ampennage failure Catastrophic unsymmetrical foad,
. Nepraska - ponnag B failure of T-ail. i .
- ~ _ Resulting regulations: FAR 25, Adt .
. ‘ 25-23 (unsymmetric T-loads), 1970. ‘
March 1966 . Boeing 707, fin lailure . In each of the.six accidents, nominally
Japan . - fail-sale airlrames failed.
* December 1968 F27, wing failure '

Alaska .., N
:\'day 1974 Lockheed Civil Hercules, wing failure x .

linois . : : -

: failarn " Resulting regulations: FAR 25, Adt \ . .
2&0‘?:1' 1974 Lockheed Civil Hercules, wing failure o 25# (damage tol w lion, ] .
Aprii 1876 - HS 748, wing fallure 1978. . N kiﬁs
Argentina ' . -
May1977 Boeing 707, tailplane failure i . ‘ \
Zambia - o ~
) ’ \
7’ ! .
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. upgrading of structural requirements in the past 40 years.

Table 5 suggests it was justified." ~{§7]

The ﬁajor advantage of fractographic examination
consists in the fact that practically, "the history of the

fracturing process is imprinted upon the fracture surface"'

v

(68]. By careful selection, testing and examination of
[

components failed in different loading conditions it is

' possible to establish a strong relatipnship‘beiween the

fracture morphology and the mode of failure,

-

The ffactographic examination is especially rewarding in
the cas# of fatigqe failures“ﬁhere qualitat;ve and
quéntitative evaluatioﬁ can produce an'qqcurate‘timé-related
pictufe of the failure process. The increasing participation

of fractographic. examination in '‘major\airframe certification

- ]

projects has been emphasized in many papers, (5,69, 70, 71,

72,73'}. Searching for conclusion through these papers

revealed that fractographic examination is considered as a.
significant and confident method to determine the crack
growth rate curves. In addition, this method "saves

considerable expenses in testing and prospectively can save
N

analysis costs, as well." ‘With reliance on fractographic

daﬁa. there is no need for periodic crack length monitorin
. R - N .‘ «
during the test" [ 71]. Additional cost-saving benefits are

-

mentioned in [72]; . o . , ’ ﬁ



specimens which failed in fatigue has several major

.

- — - —— — ——— " —— — " —— — e — -

Fractographic examination of componenis or test .. =

=N

objectives: ae

- a

By

1) To dete;mine the exact origin of .the crack and
the direction of crack propagation. \' "
2) To identify, on a microscopic scale, the applied
load;ng spgctrum and to establish the influence of
certain spectrum loads on the advancement or

retardation. of the crack propagation.

3) To determine the number of spectrum loading Nem

‘cycles from the start of créck initiation to the ;

“»

" end of igétinf,(in order to sub;taﬁtiate the d

analytical crack-growth curves for the component
under test.

4) To examine the crack propagation front  and

provide informatio agarding inspectagZe crack
i:::?

size, crack tunnel , etc.

5) To provide information about possible material:

or manufacturing defects which could be a source of

1

crack nucleation or which could be associated with

acceleration of crack propagation.

[741]

the natuge*pf these objectives the fractographic analysis

can be classified as either: Qualitative fractograpﬁy“or

-
L4
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- in fatigue:

Quantitative fractography. Qualitative fractographic
examination in the entire context of failure analysis can be

defined as the study of fractured surfaces in order to

determine the mode or modes of failure. In the particular
< {4

case of fatigue specimens} where the mode of fafiure is well

known, the qualitative fractographic examination provides

:anawers regarding the initiation site, the geheral direction

4

of propagation, material defects, etc. This exqminatibn
enplo&s low and high power opticalvmicroscopes, with
different light sources, electron microscopes, cleaning and
etching solutions, etcT\ The electron microscopé provides
both a éreat.depth of focus, and very high magnificafions (up
to 100,000x) f@vealing the fracture surface micromorphology.
Basically the following steps 'are followed in a routine

[} B e .
qualitative fractographic examination of the component failed

a) The as recgfved coqgonent is examined visua11§ and
general photos are takgn to record the orientation of
the damagé.with respéci»ta the cemponent geometry.
b) ThF fractured surface exposed by the failure€ or
broken open in the laboratory i; examined with a low
po;er (2-10x) optical microscope, go determine, where

L] .
possible: the origin or origins (stage I) of the

' ’
fatigue crack and its orientation with respect to the

component geometry, the general direction of fatigue

¥ .



cracking, the typical macroscopic marks ("beach" marks)
tﬂe exten{/;f fatigue crack growth (stage II), and the
extent of the, final fast fracture (stage III: with

, respect to the entire frqcture surface. 'The importaht
features are photographeq. It is also important to
‘observe the environmental effects such as c5rrosion,
oxidation, heat colouration, as well as secondary
ﬁpchanlca] damage of the fracture surface.

c) Séanning electron'mﬁcroscope (SEM) examinatxoﬁ is
‘carried—out next to determine thé appearance, the
density and the genera} orlentetion.of the fatigue
striations. If a';uantitativp fractographic examination
is intended a proper area 1s selected for this anlysis.
d Further analvses, surh as «-rav energy sPect}oscopy
"XES ., electron microprobe analvsis “EPMA-, Auger

e
electron spectroscopy (AES: and many others, can be |,

v

carriedagut'to determine t;e nature of different
imclusions or particles deposited on the fracture

surface or embedded in the material. These analyvses can

s

provide crucial information rega?ding fatigue cracking

initiation from surface or subsurface discontinuities

-

and regarding the influence of different environmental
factors to the fatigue crack propagatﬁon. In order to
preserve the surface for these analyses the cleaning

techniques must be employed with special care. Detailed

, S s
t [
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; :
b " ‘ A déscriptions of qualitativelfractographic examination
i p}océdures and techniques are given through the

literature (37, 49, 67, 84, 85, 86, 87].

Quantigative fractographic examination of fatigue
failures, especially in the case of fatigue and d;mage
tolerance testing, prbvides additional important information
related to the crack growth rates, refardation effects,
propagation fronts, inspectable crack lengths, etc; in the
other words, answers to all the questiods raised ﬁy the
objective of constructing accurate crack growth rate curves.

_Detailed information about the quantitative fractographic

examination procedures and techniques will be discussed in

the next sections.

—— S G T S D LR B D G T S S G v e e

Since the first report in 1951 of the fatigue Qtriations

by Zappfe and Worden, numerous attempts were made to

ORL Y

" correlate the macroscopic test parameters such as the numbérb
- N C -3

E df.lqading cycles, the strggs‘level etc, withlthe micfoscopic
fatigue inpfint. i.e. the s;riationSu ‘

| - Significant contributions to the angwer to twgs problem -
were made by Forsyth and Ryder, Crussard, Pelloux, Séhijy;

5 : aﬁd\many others. In 1960 Forsyth and Ryder performed a

critical exéériuent which éstablished that "each load R

A

‘o
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excursion was responsible for one striation" [6). This

conclusion is the basic princip]e of the quantitative
fractography. Since this discovery an. extensive literature
has been written on this subject. As a result of this

extensive research a better formulation of this ﬁrinciple can

!

) . . h \.\
be stated: Each stf?htigg is a result of a single load

4

e g t is mot-nmecefear;
application, hdwever it is not\neg\ssar1ly that each load

excursion will produce a striation.\ It was already expfained

PRSI

in previous sections that in copdkfions of ultra-tow crack

-

growth, the striations are either not resolvable or are not -
producéd qﬁ)a]l. Also, the refardation effect inhibits

striation. formatiop and cleavage-like morphology is visible.

Based on this principle adequate techniques and. procedures

were developed. ‘ , R .
h ] \ ‘i}
.
3.3.1 Procedures_and_methods “of gquantitative fractography
3.3.1.1. General _procedure - . - S

3 b o

The general procedure of quantitative fractography
J consists basica]]} 1n striation spacing measurements at
! selected locations along the fracture surface. After the

qualitative fractographic eXamihation has been carried-out,

A,

the selected specimen is placed in the SEM chambier. A mumbe&%
WU | : : P A
of fields, located along an imaginarylstra1ghtéﬂﬁhe which

-

passes through fhe crack origin are photographed and a
ot 5 .

striation count procedure is carried-out on each of these

} ¢ ‘ . "v
.?LPG .o y

"
o
»



'*microbhotographs. The striiation count procedure‘cgpsists in

countﬂhg tﬁe number of strf@tlons in a measured length

The str1at10n spacing 1s then calculated using a simple .
[ 9
. formula:. . ' "] " - .
- A .s.nv. ‘ *
b - p ? T— -!a-- ~
o .

or' '~ 4
dry . 1. d )
~d STW T q h

whcré p = striation density, cycles/mm
S = striation spacing, mm/cycle
n = number of sfriation; as counted on the micfograph
dz 5‘measured dlstance containing n striations, mm
JM‘ =‘magn1f1cat1on employed R
‘Slmllar formula g?e g1ven 1n {11, 791. Thevminimuh’totcl

number-of cycles, Nai necessary Eo p:opagate a crack over a

*

lengfh "ay " ‘péh fhen\be computed_ as:

- L4

Nai S“

When - calculat1ng the prdpagatlon 11fe from a number of fields

a general formula for the total number of cumulative cycles

. » .
” ., B O )

can be written as: - . . .
- ) s
: 13f sf ai 'ai 3 BT f=failure
Nc Naj= o o=origin
. =0 ‘=0
“’. " "\ A4 , \.‘— Eh'
L \ -



......

) wrftten as:,

. 1en8th. ! LY s ' '.

. ak
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e

The average crack growth rate across the examifed area cambe
3 ‘ ' /

*

. o
e . Lo da o a o 'f' 8 S ,
' HN- ‘N-_ 31-61_1 . '
- . , . _-T"—— . M \‘
. _ \\' ‘ .

If the total number of applied cycles is known, the number of-
cycles necessary to initiate the.crack can be computéd~from~a

simple equation: . '
: L AN

NeniT™ Ner-Nprop

where

the number of cycles necessary to
initiate the crack

NINIT

Npp = total’numﬁér of cycles applied to
reach the final failure
" . Nppop= the number of cycles necessary to .
propagate the,crack from initiation )
to final failure ,

. ] »
-t 1

: It is evident that Nppop = N¢, if a = total fatigue.érack

-9
]

‘.The'diétahqg of each field from the origin is measured usiﬂg

the SEM stage ver}iers. .Finally; a tahle containing_the

. following data is constructed:

‘ a) Field ident1f1cat1on nuﬂber'

b) sttance f¥om the origin=crack length, a, [mm]

;wfc7 Striation density. 6, [cycles/mm]

N
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d) Striation spdcing, S, [mm)cycle] o .

e) Estimated pumbernof cycles, N, [cycles] @

f) Cumulative;n?mhér of cycles, Ng [cycles] ) ,
- g£) Av?rage cracklgrowth rat?,g% , [mm/cycle] -
Based .oh the abovéainformationfthe curve of crack growth rate
versus the distance from the origin can be plotted, as wefl
as the crack growth vg}susnthe number of ;ycles. Two such
typical curves.és determined 4uring the,CaAadair Challenger
600/601 cerfzfication program are shown ig Figure 40.
| Usipg’the crack length versus numbers 6facyc1es curvé,
ohe may determine the first N.D.T. in;g:ction‘interval which
can de&gct_the crack. The minimum inspectable crack size
usually achievaﬁle in industry is considered to be in the
range of 1.3 - 2.0 mm (0.05,- .0.08 in) depending on the
N.ﬁ.Tf technique employed and on the inspection accesibility.
Therefore in the case of the curve from Figure 40b, for a
crack length of 1.3 - 2.0 mm, the first N.D.T. inspection
interval must £ake place between 310 and 335 thousand
flights. This curve shows also that the failure éo detect

o

.ﬁhié crack will allow anothei/ﬁﬁ - 115 thousand flights

1

Hefore the crack reaches the‘critical depth.

3.3.1.2. Specific striation_count_technigues

In section 2.3.3.2. the influence of various parameters
on the formation and appearance of the fatigue striation was

described. Basea on these effects, specific rules must be

.
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considered in the striation count technique, and these are
synthesized as follows:

A) Field Selection .

a) The areas selected for examination should be large

X
with uniform striations [66]; a minimum of 10 relatively

uniformly spaced striations must be present in each

-

field [70]. ?his‘rule is based on the observations that

[

for "any given fracture surface, striation spacing
formed at the same nominal stress intensity can vary by
«§3

a factor of two or three" [13, 70 ] As Forsyth

indicated [41;

] aluminum alloys have a tendency forr
fatigue‘fr cture to advance with many small crack front

segmén‘ which exhibit some degree of independence from
their/neighhours.’ Therefore one may;egpect tﬁat
adjacent fatigue et;iatiqn patche;’created during stage
IT to’exhibit various directions of propagation, and/or
variation in striation spacing. [ 82] -

"b) The striated Ereas selected for examination should be
oriented in'the general crack propagationh directig@’<:;__
(CPD) [70]. This rule as well as the next one result
from ghe same reasons es rule a). -~ | ’

c) The areas selected sheuld be relatively flat with a

t{1t angle (w1th nespect to the CPD) of less thanm + 30

deg from the macroscopic fracture pla?e This

*

condition as expla1ned by Dainty [70 ] limits local1zed

. T
91 : S
» B ) ‘
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% striation spacing errors due to facét tilting deviations

~

to approximately'15=. : . LT

»
~

d) Selected fields must be loézted along an imaginary

straight line pa;sing through the origin. When along

this imaginary line, there are osstacles such és sme;red

areas-;tc., ;%e'line éan be broken in orden to avoid the

obstacle,’Figure'41‘[§6]. o

@) AS a general rule it’is necessary to‘select a minimum
’ . of two fields per each mm of crack length [70]. This

‘will yield sufficient data to construct.a representative

fatigue crack growth curve.

)
Figure 41 o ;

roken leasﬁring line for quantitative evaluation of
striations. [66] )
~ ' m#
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f) During stage IIIlin many occasions patchgg df'fatigue
striations are mixed with regions of r?pié;&abt

fractures. The striation count technique dannot‘ge
émbloygd,with configence acrsss these ar as. If an

estimation

1

of the crack propagation rat across these

¥ 2 f N v ) N
regions is however required, one must ¢ount the
- individual striations and consider the overstress

‘ -
rupture regions as produced by one cycle [66 ].

B) Striation counting

The following rules are derived from the necessity to

» %

electron microscope to produde the lafgest spacing
between striations (82]. *./ . |

. b) Striations should ;Ot e~counted around a hard
inclusion,‘a pore,\or a Hard zone, for the reasons
exﬁlained in Qéction 2.3.3.2.3. .

c) Secondary cr%cks are not suitable for éva&uatioé\
becausé'they Slog down a;d finally stop, Figure 42 [66].
d) Striations on a/step are suitable only if they lie'on
) crystallographic ly 6r{éntéd planes or i% they cross

the step and the neighbouring areas in unbroken lines,

.Figures 43, 44/, and 45 [66].




Figure 42

Narrow striations inside a secondary crack are not
appropriate for quantitative evaluation. ([66]

\
e) If the specimenvgés a microstructure whigh contains”a

lamellar phase (§uch'gL pearlite, the striatiom pattern

may show the width of theiiigellae and not the real

propagation pattern [ 66].

f) Secondary cracking may not be counted as a true .

’

striation. Featherby showed [ 83] that the number of

+

cracks and the number of true striations do not
coincide, Figure 46.
g) The striations from protected areas (steps or

depressions) (66 ]; are likely t6 give the best results.

-

™~

94




. T Figure 43 - ¢
A secondary fatigue crack situated between two paralm\
fatigue planes forms a stepyperpendicular to the main fatigue

plane. [ 56]

First common
striation

First common
stridtion

Figure 44
Striations in steps perpendicular to main fatigue‘piane“ﬁay

only be used for quantitative evaluation if there are common
striations in adjacent paths. [66] ’

95
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Crystallographic step in ?ﬁi%%gg,fracture is appropriate for
quantitative evaluation of striations. {66 ) .
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Figure 46

' Cracking (bottom) and true striations (top) in 2219 aluminum

. spacings. Magnification 4000x (83 ]

e W

alloy: no apparent correlation between crack and striation
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3.5.2. Methods of quantitative fractography

e o T - - - e Wov e o e e e B

The methods of quantitative fractography can be ‘

classified with respett to the type of loading spectrum’
applied during the test: ¥ ~ o 8-

a) Uniform amplitude spectrum

-

b)-Block spectrum.

c) Random spectrunm ’ /
A general description of typical spe¢tra‘and their
micrographic imprint is shown in Figures 47 & 48. Abelkis
. 82 showed that determination of the loading history from

the microscopic fracture .imprint 'striation counting' is
v ’ + A
rather straightforward for constant (uniform amplitude

X . .
loading. However, it becomes a,  complen and difficult task

for block and random loading spectra.
: ' Loy . .
In the majority of the tests done within the Challenger

FOO'601'certificaiion‘program; ;he loading spectra were
chasen to represeht as agggrately as possible the servxc;
conditions expected to be encountered by the airplanes.
Henée, the block spectrum was extensively used in comparison
with the constant amplitude spectrum.

In the case of uniform amplitude spectrum the
quantitative f;actography is a'simple evaluation ;f the
striation spacing, whereas in the case of either block
spectrum or random spectrum the first problem is recagq}zing

+

the microscopic fracture imprimt and only then quantitative

97
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evaluation can be done by-estimating the crack advance
)

produced by the blbck or by fhe random cyclﬁs.. Obv1ously

-

special technlques must be’ 1mag1ned and tested to help the

[

investigator becoming:oriented t% what stage of the spectrum
is seen on the SEM .screen at a certain moment. An example of
a block sﬁectrum is shown in Figure 9. This partécular
block consists of 470 cycles of 'loading with 8.33 KSI,
followed by 1600  cycles of loading with 7.00 KSI. This

experiment done at.McDénnell Douglas éompany was designed to
4 .

'demonstrate that overload retardation and acceleration

Phenomena in simple'gfectrum loadihg can be defined through

fractographxc exam1nat1on The number of cycleé and the

-

/

Lpad1ng level were chosen such as to produce at the end of

eacbablock a ﬁfack progagation rate approaching that of the

,

constant‘ampiitude lqading. N

This analysis has‘extended to more complicated spectrum
and the followiﬁ% basic observations were conclude®
a) Str1at1on groups representxng 1nd1v1dua1 flights can be

idegtlfled for all types. of applied loading spectra.
?

b) StriafionS°R£P}"diJ%§“81 qycleQ within the flight can beg

identifi?ﬂ only at lohger cracﬁ'length. At shorter crack

’

lengths 1dent1ficat10n *is p0351b1e only for major loadzngs

o b

such as GAG (Ground- A1r Qround) qycle and the peak f11ght

load. Near cyapk 1n1t1at10n, a’ complete flight appears

£

Sl .t
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Loadlng interaction effects in crack propagat1on. v
Fractography results. Material: 7075 T651; note the decrease

.‘of the” crack growth after appllcatlon of the overload [0V},
The c¢rack retardation effect Increases with app11cation of .
succesive overloads. [82] y -

L4

"as one striation only.
c) ‘Striation identification is clearer for spectra with lower

Identification of individual striations
»"(‘.“

. flight peak loads.

" becomes more difficult for the specfra with  higher peak .
. . P

@ loads,  in particular the striations due to the highest load

. " 101



cycles.’
d) Significant markings (deep valleys or hig? peaks) are
associated with the GAG and the peak ,flight load cycles. As

stated in paragraph b), these markings remain dominant in the

—
ot

fractagraphs of shorter cracks, whereas the stniation; of the
lésser 6yc1es become indistinguishablei . \\

e) Increase in the crack propagation rate, as determined byL
quantitative fraqtography is primarily related to_the

\incnéasiqg?load between reversals; although the striation
profile and to a ;ertain extent the striagion width are
influenced by previous loadinég‘and the unloadings.

) The quantitative fractographic examinations pérformed
'during;thg Challenger 600/601 certification progrém follow;d

A'strictly these rules as well as those described in previsous

sections (3.2, 3.3.1.1, 3.3.;.2).

In the situatioh of random loadiﬁg specérum the problem
of identification bet@een the loading spectrum and the
"microscopic fracture imprint gécome even more cémgL%cated..
Tﬁe technique which has been developed ovsr the years to
sol?e this problem and which is well documeptéd in the
literature makes use“;f "block markers”. A typical block

marker is shown in Figure 50. The block marker is dsgally a

defined number of succesgivé‘cycles of a constant ampliéudef

4

L - , py ‘
which are easily recognized on the fracture surface. In

other words they are landmarks to help establish the

3

_, o102 - '



Figure 50 -

(a) Snowbird load ﬁpectrum with marker block‘!b) to (e)
Marker band as viewed on increased modifications.l
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correlation between the sequence of random loads and crack

advances. As in the previous case several.rules to be
followed in this technique have been estabiished. Anderson
and McGee s;nthesiged (72 ] . some of the rules used af
Lockheed-Georgia Company in the developing of marker blocks
technique for a full-scale cargo airplane- wing testing. This-
technique m;st'comply with the following speéifications.‘_

Each marker block should:

—

= produce micré rather than macro growth

oy

P‘ - have relatively few qycles

exhibit unique features of striation width

have little or n% influence on
subsequent crack growth

In conclusion to this study a marker load procedure is -

recommended. . Some of these recommendations are listed below:

a The marker loads should be constant amplitude cycles
with the maximun ;tres§ equal to the maximum tensile
sifpss in the flight spectrum aﬂd\tﬁe minimum stress
equal to the maximum compressive stress in the spectrum.
b An igterva] of 100 fligh@s between sets of marker

-

loads would be adequate. P
c) Each set of marker loads should have a unique number
~of cycles (minimum seven cycles" in order to proVide'

maximum accuracy in the final fractographic analysis.

d) A continuous real-time record shaould be made of the

104
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en£ire load application history to aid the final
fréctograpg;d éorrelatién.-'lt mus t be eﬁphasi;ed that
this technique ha% been extensively used ;t N.R.C., -

. N.A.E. - Ottawa in thé full scalé fétigue te§t§ of )
diffgreqt airplanes, Oﬁe of the most qepresenbatr!e
proqedu}es (Snowbiyd.load spectruﬁf showﬁ—in Figure 50

was applied to a Canadair Cl-41 Tudor trainer.

OO [ RACTOGAAMAC DATA ~ s
DATA :
4 SURHCEMEASURED DA | SN
B a
CRACK _ : )
LENGTH 005 - . A
(IN) A, - - i
v ' a .
. A
o a
'I '
1 ’ "1 a & 4
- , o0 a $
. o- op 09
e o I T « 50 0. .
v ’ ) NUMBER OF FLIGHTS (1000) . '
Figure 51

‘Results of combined micro- and macro corner crack growth data’
for 'a countersink hole specimen. [73] :

L4
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Extensive experimental work has been done to demonstrate

‘ } the reliabifity of duantitative fractography. Some of xhesé

stgdieé;ngde a. _simple correlation between the crack growth °

curve as determined fractographically and the crack growth

' ]05 B . ' . \ \



~4-6% of the macroscopic observations.

-

curve as plotted from data obtained byévisual measurements
during the crack monitoring. For example Wang [73] showed an
excellent correiation between the microcrafk érowth curve and
bthe macrocrack growth curve\F;guré 51. Wiebe and Dainty [69
estimated tﬂe,a'CUracy'of the f?actographic anafysis at any
point élang the fatigue crack propagation curve to be within

~

Another way to verifylthe‘reliébility of the

"fractographic examinat}op is to plot the crack growth da/dN

vefsus the stress intensity factorfﬁtx, as determined by
striation count and compare it with both mac;oscopic h’ ‘
determipation.and theg}etical estimate using one of fhe
F.C.P. models. An extensive study providing the above
comparisibn was performed by Au and Ke [84 ] for a AMS 6265
steel. A typical diagram obtained during this study is s?own//
~n Figure 52. The baéic conclusi:ns of this study can be a//

3

synthesized as follows: '// .
a) There was goodacorrelgtion between macroscopic c¢rack
growth rate and fatigue striation spaciné for crack growth
rate;‘tanging from 10 *to 10° mm/cycle, Figurg 53. \
b) The éqrrelation between macroscopic crack'growth rate
and fatigue striation spacing was not affgcted,by the stress
ratio, frequency, ;nvironment~or carbon content (Figure 54).

Similarly with respect to 2219-T85]1 aluminum alloy Albertin

i§d.ﬂddak [31] found that: "at growth rates above °

—
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function of stress intensity range when tested in dry air,
3.4 Hz, and R = 0.05. B4] ! .
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"Figure 53

Correlation of macroscopic crack growth rate with fatigue

striation spacing for R = 0.5. [84]
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MACROSCOPIC CRACK GROWTH RATE. INCYCLE

MACROSCOPIC CRACK GROWTH RATE, mmvCYCLE

Figure 54
Correlation‘bf‘fatigue crack growth 'rate with fatigue
striation spacing for R= 0.05. [84] .
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0.02§pm/cycle a one—-to-one correspondance exists between

g ]
microscopic striation spacing and macroscopic fatigue crack
growth rates provideq suppleme%tary static cracking modes are

absent", Figure 55.

Another way to prove the reliability of fractographic
examination is to compare the stress inteﬁsity factor AK
obtained by striation counting and employing the Bates &

Clark formpla (see section 2.3.3.2.1) with thé AK obtained by

iinear’fracture mechanics’meghods. Several reports (84, 49},

(Figure 5%) provided the gxperimental evidence &alidating the
Bates-Clark eéuation whiéh implicitly pr;ved the reliability
of quantitative fractographic exaﬁination. The studies which
employed block markers to determine F.C.P. curves reporfed

similailresults [ 721, Figure 57a and' b demonstrating the

applicability of fractographic examination in the case of ,

.

random Jloading spectrum, as well. .
It is chear that there is sufficient theoretical and .
experimental evidence to justify the employment of tﬁ'&

quantitative fractography as a useful method in determination

_of realistic crack growth curves within the Challenger

600/601 certificatiop program. However, despite alL this
evidence we undertook Ehe task of verifying once again the
validity ofi.this method; consequently the first part of our

experimental program was. dedicated to this objective.

.

o
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- 7 Cohparison of microscopic fatigue striations spacing and

macroscopic fatigue crack growth rates in Type 2219-T851.
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Figure 56

Comparison of fatigue~stfiation spacings from fractography
(points on the diagram) with the Bates—-Clark equation
(continuous line). [ 49]
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‘As in‘éll other engineering pethods and processes, there
are some aspects of the quantitative fractography which can
be criticized. Some of the disadvantages of- this method are

‘related to the limitations of the method itself and of the

. )
equipment employed. Other disadvantages are related to the

I3 « - .
human aspect of the method and finally some disadvantages are

4

related to the inherent material characteristics and
' )

environmental effects.
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In the first place it must be understood that this \,\

method is based on the assumption that the strigfion spacing

/
" across a limited lengthﬂff the fracture is constant which

obviously is not true. To be more exp}icit,'one must

consider the schematic curve in Figure 58. The striation

- )

count technique as explained in Section 3.3.1.1. iMplies that
the investigator measures the striation spacing at certain
locufions, A,'B, C, etc. across the fracture. The method
also implies that the striation spacing S4 as measured fqr

*
example' at location I is constant across the length L.

-
-~

However this hypothesis is not ‘true aqd actually the

-

striation spacing S represents the largest- striation spacing
along the length Li. Therefore the number of cycles

necessary to propagate ihekgfack along the length Li will be

P Si S'i ) . . 8

» ——

Ng = Li- 2i-ai-]

and because Sj @s a maximum (the largest striagiqn Epacing),
—/‘

4 —

Ni will Ee'a minimum. -Hence, wheﬁféstimating Sthe propagation /A/r-
life frop fractographic examination one will obtain the

Einimumt rmber of cycles necessary to propagate the grack. |\

) * Lo

Thelabove inaccuracy of the method is also greatly \\
!

increased by‘the equipment limitatién, by.- the human factor as/ - A
» " . -

‘well as by the material characteristics and the fatigue

procesé itself.. As explained in previous sections, the

striation density .is exéremely high immediately adjacent to

v e v : L —
¢ v '

\ e,
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‘the o&lgin, which makes the striation resolution very
L.., h difficult or impossible. Figure 59 shows the limit of
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Q ‘ . . {)
from the origin where the striation count is impossible.

Hundreds of thousands or even millions of -fatigue striations
can be concentrated in a small area immediately adjacent to
the origin and can not be counted. Furthermore as shown in

1

seg?ion 2.3.3.2.1, because of impossibility of resolving the

-

finest fatigue striations the exact mechanism of fracture )

very close t6 the origin is not known. Tbe humén factor
piays an important role here in sofar as an experienced
microscoéist is capable of obtaining micrographs'frbm r;gions
much closer to the origin than can an ine;!!rienced
investigator, The material characteristic; can be unhelpful
particularly to tbe novice in'ihe fiéTd: for example so‘b
grades of steél proéﬁce poor striatioqs compared with o
aluminum. Obviously, the larger the number of fields
iﬁvestigated the §ﬁa11e}vthe error, however one must consiéer
the increasing cost of fnvestigation Qhen long fracturés are
examined: Given the ‘need to select at leﬁst’two fields for
each mm of cra;k length (2u1e e from séf?ion 3.3.1.2) one "
must obtainp gnd analyze a minimum of 50 micrograpﬁs for each
inch of crack. Despite the expense this is the usual number
of photographs we have taken in our investigation.

Another important factor to be considered is the quality
of‘fhe fracture ;urface. Corrosion producté, frettinq
oxides, dirt and especialfy mechanical damage (smearingf ¢

rubbing, etc) can obliterate the microfeatures partially or

L L R—
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Figure.59 . -

,

' Quantitative -evaluation of striations [11 ]

)

completely. These problems are always more.exgensiVe in the

4
’

case of service failures than in the case of test spéc?mens.
Agafg‘;he micfoscdpiét's experience in cleaning fraptﬁre
surfaces, as well .as his ability‘tolfihd well-resoived,
.pgtches of fatigue striaions are essential to an accurate « -

quantitative examination.

'
[

With adequate consideration of thezl}mitations of the
. . method it can be concluded beyond any dJubt4£hat the. "‘ \/f
fractographic examination of fatigue a;d damage§tolerance \\\
test articles is an extremely iﬁportant method of verifying
religbility during a'certificatiopCptogram of a modern

aircraft.~

2
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‘Two experimental programs are presented: - \ v
. L4

v

Program_#1: Studies the fractographic examination of

standard-fatigue specimens tested. under a constant amplitude

[

loading spectrum.

—— e e ——

er

real aircraft comp&nents. The experimental worF p;eseﬁtod , "
consisted basicali} of the findings'of the mo;t'
representative analysis pe;formed on different compohenfs
from CL 600,601 Challgnggr fatigue a;d damage tolerancc

tests. These tests, were condhcted.under flight simulated

~

loading (Bloch Louading:'.

Both progiams were carried out at Qanadnir Lid.,

e

Materials & Process Engineerihg Laboratory between 1982-1983.

4
+
N
[4 '
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1.2.1. Objectives , Lo

Yoy 4

The test was carried out -to Ve;ify the aﬂplicabilﬂty of
fractographic examinations in determination of data hecgssa;y
to construct the F.C.P. curves. The fraé£ographic o
examinatibn must determine the average cra;k Eropagétion

"rates and the estimated numﬂer of cycles necessarf to

L w



.
WL @ - wroELE T N ' . .

Biis o S : » -

Eduli « »

|

.propa’gaté the crack hto a certain depth by measuring the
striation spacings at selected locations along the fracture.
" Another object;ve was to demonstrate the validity of the
‘ Bates and Clark formula to calculate the stress intensity

fact'o‘r AK, from the striation spacing measurements (see

section 2.3.3.2.1.). | | | - 1
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Standard Conpact Type (CT) Spec:ment for Fatigue Crack Growth
-Rate Testing.
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4.2.2. Procedure

oy o ————

1}

The test was carri&d out using Standard Compact - C].

type'specimens, fabricated in accordance to the requirements

«

of ASTM E399 -" Standard Test Method for Plane~Strain
Fracture Toughness of Metallic Materials", Figure 60. The
. provenience and the principal material characteristics of the,

M * (3 ] » ‘
four specimens examined are given in Table 6.

w;&"’“’l"'
\\\\\\ o Table 6
‘ . Material characteristics '
. | Eab T Vendor — | Aluminum | Chemical Composition VieTd ToduTus of
Lode | Code Alloy In { Cu |Mg ‘lr |Cr Strength Elastfcity
4 4 % ] b4 -ksi- x10% ksi
N ; T
1 Alcoa A" | 7050 6.11 | 2.06 z.aslo.lz - 72.1 10.2
2 Alcoa "K* [ 7475 562( 1.68|2.14, - |0.24 61.9 110.2
]
13 Cegedur 7050 6.35| 2.05|2.48 0. | - 70.3 " 10.2 ,
£ '
4 | Cegedur | 7475 5.66| 1.55|2.3%° - [0.21 57.0 10.2
HGQ ,,
/’
PO

The specimens were loaded on a fatigue testing machine Satec
Sonntag SF-1U and the crack extension was measured with ;

travelling mjcroscope during the testT. The loading spectrum

' . 19
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consisted in a succesion of equal amplitude tension-tension
cycles with Pyax = 500 kgf and PMIN = 450 kgf. Each sample
was loaded until the crack extended between 4.5 and 5 mm
long. Thgﬁ the fatigue cycling was stopped and the specimens
were broken open using a tensile machine Satec Baldwin.

The éxpoged fracture surfaces were prepared and then
examined by'peans of a Scanning Electron Microscope SEMCO
Nanolab 7. The quantitative fractographic examinations were
carried out in accordance with the rules and techniques
explained in section 3.3 of this thesis.

The visual measurgménts of the crack extension with the
associated number of cyles necessary to produce such a crack
depth, were then used to compute both the macroscopic crack
growth rate da/dN and the macroscopic stress intensity factor
AK. To make easier these.computations a computer, program was
adapted for the CDC Cybgf.835 of Concordia?University
Computer Center. This version was developed using an
original program given in ASTM E647. The prbgram is listed
in Appendix #1. ' |

Then the fractographic measurements were used to compute
tpe fractographic crack growth rate da/dN. The fractographic
stress intensity factor, AK, wés calculated using the Bates &
Clark eqﬁation:

A KFrACT = 0.408EJ;

Young’'s modulus of, elasticity
striation spacing

where

]
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4.2.3. Results

- - —

The crack advance as measured macroscopically (with a .
travelling microscope along the specimen sides) and the
corresponding number of cycles are shown in Tables 7-10. ‘In,
these tables are shown also the results of the seven point
incrementa{ polyn;mial method used in the cemputer program‘
for determing the‘crack‘érowth rate da/dN, as well as the

£
values of stress intensity factor AK as COmput:d from the
linear elastic:sf}esé analysis equations. For each;gf the
four specimens ﬁsed, the fatigue cracking was haited 10 times
and the crack advance ;as measured on the specimen side. All
tests were conducted at room temperature and with a Qéan"

»

stress ratio of R=0.053.

#//The results of Quantitative fractographic analvsis are
tabulated in Tables 11-14. The re;ults of the striation
counting are given for the deepest crack penetration boint
and therefore when compared with the macroscopic results one
must expect to sge.Higher crack propagation rates for
fractographai¢ ;easurements than for macroscopic measurements.
Indeed when the crack growth curves versus the number of
cycles were plotted for both the macroscopic apd the
fractographic observations, Figures 61-64, these curves show
that the F.C.P. rates as calculated by means of quantitative
fractography give ;igher values than the F.C.P. rates as ‘

calculated from the macroscopic observation. The explanation

121
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b TABLE 7

SEVEN POINT INCREMENTAL POLYNOMIAL METHOD FOR DETERMINING DADN

NO. POINTS = 10
oL 7
C¥ SPECIMEN B nﬂwu/ W= 3.002IK. AN = 1,260IN.
PMIN » JIOKIPS  PMAX = 2,090KIPS R = .053
TEMP « 76.F
08S NO  CYCLES A(MEAS) - A(REG) M.C.C DELK
1 150000. 1.212
2 180000. . 1.285
3 200000. 1.298
4 225000. 1.305 1.310 . 986255 6.04
5 250000+ 1.3 1.324 . 971650 6.22
6 290000. 1.350 1.357 . 977068 6.32
7 315000. 1,380 1.389 . 978500 6.50.
8 325000. 1.410
9 340000. 1.43%
10 350000. 1.444
*DATA VIOLATE SPECIMEN SIZE REQUIREMENTS

. - TABLE BT

SEVEN POINT INCREMENTAL POLYNOMIAL METHOD FOR DETERMINING _DADN

SPEC. NO. NO. POINTS = 10 \
!
CT SPECIMEN SOSIN. = 3.004IN. AN ~ 1.257IN. -
PHIN = .1OKIPS X = 2.00KIPS R« .053 !
TEMP = J6.F ‘
OBS M0  CYCLES A(MEAS) A{KEG) M.C.C DELK
) 160000. 1.323
2 200000 1.332
3 - - 220000 107 -
4 245000 . 1.362 1.361 .987140 6.33
5 280000- 1.382 1.384 -997852 §.56
s 290000 1.392 1.388 7995505 §.63
? 325000- 1.407 1.409 .995895 6.68
8 30000 1.422
9 375000. 1.440
10 400000 1.457
/ *DATA VIOLATE SPECIMEN SIZE REQUIREMENTS
122 -
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DA/DN

S14E-06
.T53E-06
JA178-05
.145E-05

DA/DN

.S551E-06
.585E-06
593E-06
.608E-06



,. . . ' '
: : . ‘ TABLES._. .
SEVEN POINT INCREMENTAL POLYNONIAL METHOD FOR DETERMINING DADN

SPEC. M0, 3 o N0. POINTS = 10

~

CT SPECIMN B = 1.496IN. W = 3.002IN. AN = 1.252IN
PMIN ».110KIPS  PMAX = i.)oums R= ..053

TEMP = 76,F ~
0BS M0 CYCLES A(MEAS) A(REG) mee DELK OA/ON
1 101000. 1.217 ' ’
2 125000- 1.297 \\
3 145000- 1.312 ,
. A 153000- 1.320 1.323 996245 5.\3; -10arTos
5 175000+ 1.3%2 1.47 .995689 6. . 119E-05
, 6 200000+ 1.317 1.379 994775 . 6.55 . 143¢.05
. 7 215000- 1.397 1.400 .983361 6.62 . 191€-05
' 8 225000- 1.817 7 .
9, 235000 1.437 .
10 245000- 1.477 ,
*DATA VIOLATE SPECIMEN SIZE REQUIBEMENTS ot T '
[ 4
maeee Yo :

SEVEN Pdllﬂ' INCREMENTAL POLYNOMIAL METHOD FOR DETERMINING DAON

SPEC. NO. 4 M. pom‘s * 0. -
, CTSPECIMEN . B =1.502IN & = 2,999IN AN = 1.25SIN
- PMIN = .110KIPS PMAX = 2,090KIPS R =053
TEMP = 76.F . '
. ' ~
085 M0 CYCLES A(MEAS) A(REG) M.C.C DELK DA/DN
1 122000. 1.278 '
2 161000.. 1.200
3 , . 1.300 o
4 _J 203000 N Lm 1.%7 . 978617 6.15 474€-06
5 7 248000. 1.3 - 1.9 981777 6.18 .545£-06
6 / 285000- 1.45 1,362 . 976288 . 629 .657E-06
7 0%000- - 1.373 1,32 . 95329¢ - 6.50 , «773E-06
8 362000- 1.400 : R
9 375000- 1.40 - .
0 383000- 1.455 -
*DATA VIOLATE SPECIMEN SIZE REQUIREMENT : . » . ‘ ‘
/.
N
. i
/ . -
< 123 . ~
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\—-——~.
- - —_— %
- ' Specimen: #1
' . ALCOA "A*
TABLE 11 Material: 7050 A1 Alloy
Dist from Origin  1)| Stristion Count Striation| Striation Spacing] .Est,No { Cum, [Avg da/dh K
. Am Density 1n=5 -8 of cyclegy cycles -5 -6
o L. oine win- Magn. - | x10 x10 x10 x0
=X= cycle/mm | mm/cyclefin/cycle min min |mm/cycle] in/cycle ksVin
1 O.N’ 0.0% r.zsso - >10% <1.0 <0.40 90000 90080 [<1.0 <0.4 <0.80
2.1.537| 0.080 . 3200 20000 16965 5.89 2.32 24448 114448 1.3 0.5 §.33
« 112.98 0.1370 f.3770 16000 14400 6.96 2.74 20833 135881 2.19 0.9 6.88
415,28 0.2070 E.“m 9000 9600 10.41 4.70 55609 191490 2.7§ 1.1 8.42
5 :6.10 0.?400 .5000 4 00 8875 11.30 4.40 19090 210580 2.90 1.1 8.72
§ i?.ﬂ 0.2996 [1,5590 4 3800 5700 17.50 6.90 8628 219208 3.47 1.4 10.92
*]) Am @ An+a where An = machined notch = 1.260 in.
*2) CL = Cleavage (ultra-low growth regime) -
~ t
- 2z A -
- )
@ ¥
‘Spech!:n: L [N i
‘ ALLOA K"
‘ ﬁmz 12 1 Materfal: 7475 Al. Alloy
"!!_Ql:lml 1) |_striat l ot ion Spaci Est, No / Cumm {Avg, da/d oK
f i *] i Striation_Striation Spacin st _No; um | Av S
- pod Riss 1 an ) "~ M‘?“—um Magn. Density | ,10-5 | x10-6 of /cydes cycles ,,-5 x10-6
- -in- “in- | evetes - | -x- | cycle/m| mmw/cyclq in/cycle] min mis_| mm/cvcle|in/cyclel ks ¥in
100.82 | o032 puzme ) - | - >108 <1.0 [<0.40 | ‘82000 | 82000 1.00 | <0.4 {c0.8
211.05 0.040 E.Zﬂ 9 10 20750 18675 5.31 2.10 4321 86331 | 1,22 £ 0.5 GI.OZ
3ji.e2 0.055 12 6 8 14750 11062 9.02 3.55 4101 90432 | 1.57 . 0.6 7.83
4]2.45 0.096 [1.33 8 10 nmo‘ 10960 9.12 7| 3.59 11293 101725 | 2.1 0.9 7.88
3.8 0.127 .384 9 10 142 10288 9.72 3.82 8230 109955 | 2.96 1.2 8.13
* “n 0.166 [1.423 | 16 15 9000 9600 10.41 | 4.09 9510 119465 | 3.55 1.4 8.4
714.04 0.170 [1.427 | 16 15 9000 9600 10.41 4.09 960 120425 | 3.60 1.4 8.41
8|5.87 0.231 [1.488 6 8 9600 7200 P#73.90\ [ .5.47 11007 131432 | 4.47 1.8 9.72
\/; .

*]1) Am = Antl where An = machined notch = 1.257 in.
*2) CL = Cleavage (ultrl-lgu growth regime)

124
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N ” J Specinen: #3
. = Il , . CEGEDUR “F"
TABLE 13, , Material: 7050 A).AVloy .
Dist from orfgiJ »1j[_Striation Count Striation| Striation Spacing| Est.No Cum | Avg da/di 4K
Poy _ -in- f:'n_ No. | Length|Magn. Density [ . 40-5 x106 of cycles| cycles) .5 £0°6
- "l cycles|-mm [-x- cycle/mm | mm/cyclelin/cycle] min min_|mm/cyclefin/cyclel ksf¥in
o2 | o028 frao|at® | . |- »105 a0 | <0.4 72000 | 72000 | 1.0 | <0.4 | <0.8
2l a.n 0.110° (1.362 3 4 21800 16340 . 6.12 2.4 - 32516 104516 2.59 1.0 6.45
3425 | 0373 1425 3[4 hosoo | 14700 6.8 | 2.7 | 2247 N2nsa| 3.3 | 1.3 | 6.8
416.32 | 0257 [1so9| 6 |8 fosoo | 7800 128 | S.00 ) 1n anu a4 | 17 | 9.2
518.33 0.340 1.592 7 8 7400 6475 15.4. 6.10 130851 156385 5.3 2 10.27
6 |11.06 0.451 1.703 7 9 7800 6066 . 16.5 6.50 16545 172930 6.40 2.5 10.60 -
B -,
*1} ‘Al = Anta where An f machined notch » 1.252 in.
*2) CL = Cleavage (ultrh-low growth regime)
v ~
¥ ) Specimen: #4
: CEGEDUR "G*
TABLE 14 Material: 7475 A1, Alloy
Dist from Origin *1) Striation Count. Stri:t!on Striation Spaci E;t.Ng] Cu:llt“ Avg, da/dl - AK
Density -5 w3 of cycleg cy 5 0"
No. Le Magn. x10 x10 x10 X
i -in- -in- ] cycles _'Mﬂ\[ e cycle/mm | wm/cyclejin/cycle]  min. wn_|ew/cyclel in/cyclel ksiVin
1 |o.08 | 0.003 [1.258| ™| - | - »10°0 | .0 |04 8000 | 8000 |<1.0 |<0.4 0.8 ‘
2 048 | 0.008 |1.273] a'?| - - 5100 | a9 [<0.a 40000 |48000 | <1.0% [c0.4
3 jo.66 0.026 1.281 6 10 33000 19800 5.06" 1,99 3857 51557 1.2 0.5
4 12.% 0.093 1.348 6 10 25500 | 15300 6.55 . | 2.57 25954 N 3.04 1.2 6.66
5 {3.73 0.147 1.402 [] 9 15500 103% 9.70 3.8 14123 9164 4.07 1 8.11 .
6 |5.34 0.210 1.465 5 5 7000 7000 14.30 5,62 11258 102892 5.19, 2.0 9.86 =&
.7 16.08 0.240 1.495 9 9 6600 6600 15.20 5.98 4868 107760 5.64 2.2 10.3?
*() Am = An+a where An » machined notch = 1.255 1in.
#2) CL = Cleavage (ultra-low growth.regime)
. ) \
. .
i

X}
ST, "
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of this difference can be found in consideration of the

phenomenon of crack tunnelling f;}zﬁ is easily_visible,Jﬁ all

] *
four specimens,6 examined, Figure 65- One can also observe
Id . ’

7

that specimens #2 and #4 (7475 Al Aliqy\ exhibit a more

- P

pronounced tendency for crack -tunnelling than speciméns #1
) '

and #3 (7050 Al Alloy). The explanation can be found if one
. . % o ~“
calculates the plastic zone size for plane stress. (at the,
- ' ’ a

specimen edges, see Figure 10%. By using the Irwin’'s model

the plastic zdpe radf%s may, be Eomputed as:

. 1 K?~
PyE—me——e,
/ , ' 21! C'ysz ’ " o
-~ Using theoy values given in Table 6 and considering the, . *
other Earameters as identical in both cases: )
Rl L tynese (i -
ALCOA = Y " ’

. s (161,92 - - . o
and o v 8 ‘

=ZY7050 = (}/70;3)2 = (.65 ’ ) . . -
Py7u7s (1/57.0) ) ] ' . -~

RCEGEDUR

The results revealed that the size of the plane stress
' E

plastic ;ones'created at the specimen sides are .larger in tpe
case of 7475 Al Alloy than in the cése of 7050‘A1 Alloy.§né'
therefore the crack will propagate slower a€ the speéihen

- ‘sides intihe-casé of 7475 Al Alloy than in the case of %QSO  ”

o

Al Alldy.“This will create a more pronounced crack _ } s

oS , .
““tunnelling for 7475 Al Alloy than for 7050 Al Alloy.

Based on the aboye,observbtions, it was considered thag' ' A

o=



n

-~ . the fractographic examination provided more realistic Fesults

than the crack monitoring during the test.

b ' .
: The second objective, to verify the accuracy of the
Bates and Clark equation for culculating the stress intensity

e - . ' \

"factor AK from thg,sﬁ:iation spacing measurements was carried
out as well. *Comparéfive results of the two methods tb
compute AK are shown in Figures 66-69 where AK was plotted

-~ Vversus the distance from the or1g1n as calculated from both
fractographlc examlnatloﬁ and from macroscoplc observatlons

% The. comparlsoh rpvealbd a quite good correlation between the
+ two mgthods for the AK range examiped. However, it must be
"‘F\Efépphasized that in the regions adjacent to the initiaéion the

.-
macroscopic observations cannot provide accurate data due to

the small cracﬁ length visible 6@ the specimen edges and due

L to the phénoména of “crack tunnelling and it is rather obvious

. from the Figures 66 = 69 that fractographic exam#nations can

A .
provide a much accurate estimation of the stress intensity
¥ ¢

* - factor, AK, in these regions.

N
iy

With respect to the Bates and Clark equation it was
demonstrated again that itxis_an accurate numerical todl to
estimate the stress intensity factor from the striation

spacing. , .

$‘;



A -
. R .
¢

~ L4

* -

o
. N
’
? ‘,“ /
- ]
-
Figure 65 e
‘ @
F = Fatigue crack 0 = Overload fracture N= Machined notch &

Evidence of Mack tunnelling; deeper crack penetration in the
center than on the edges.
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COMPONENTS_SUBJECTED _TO _FLIGHT _SIMULATED_LOADING_SPECTRUM 7
e

b - — - = -

The general objective of the test was "to determine the

' Ty
fatigue and damage tolerance characteristics of the inboard

. and ‘outboard flap and yvane assemblies and their attachment to

pr

the wing box“s;ructure" [ 85,86 |. '&he test speéimens'Used 1L -
these tests consisted of:
- a complete }lap and vane assembly 1nc1uéi;g flap arms,
hinge béx assemblies, vane supports and w;ﬁg attachment
fittings manufactured as per the 1at§%t des1i1gn
.modifications to tﬁe stahdanﬁ requirement\for‘CL 600 ‘601
producilon aircraft.
The schematic loading ar;angemenxs a;é ghown in Figures
70 & 71. Figure 72 shows the loading arrangement on the test
rig. The applied loading sPecg}a {87] are tabulated in Table.
15.

~
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gpanun, the N
loading cylinders applied
lcads normal to the line .
of intersection of the . .
ﬁ::: ot ﬂi‘:h vh';uh tree
(T ']
L. refsronce planes of the
vane and flap.

37.3% chord

. Figure 70
© -
Outbosrd flap/vens fatigue snd damage tolerence test, loadidg .
srrangement. .
N Spanvise, tie loading cylinders A
N ' applied loads normal to the line @ M
. of intersection of the plane of Load4in .
a . the whiffle tree linkages with '
the reference planes of the
vane and flap. ’ V-
4
‘ " 7
A} &,

508 Chorad

138 Chorxd

)

. . ‘'Mgure 71
, . - Isboard flep/vane, fatigus and damsge tolersnie test, losding
- . " arraagesent. .

— A
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Figure 72 ?

A géneral view ofpthe teit rig. The encircled numbers .
.indicate the apptoximate location of each of the four parts
examined. The fuselage is visible in.the background.
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_ Table 15
Loading Spectrum App11ed During The Flap /Vane Assembly'’s,
-Fatigue Test
LQ&DINQ_.S_EEQIBHM_QE_QEE_ELQQK

| - Outboard Flap & Vane Assembly
TEEEEEEE'T"iGT'8?'?—VEEE'ESEEIEE“E;IIEEEF"T'FiES'iSEEIHE"E;IIHEE?“T
isequence! Cycles | Min Max ' ‘Min Max N
T A S | S T T T T T (bs) T !
' a ' 20 : 0 ' 536 ' 0. ' 1860 '
' b ' 66 ' 0 ' 701 ! .0 ' 2432 '
boe L 14, 0 ! 879 - 0 ! 3052
: d : 15 ' 0 : 1745 N 0 ! 2120 !
: e ' 63 H 0 ' 2002 - ' 0 : 2447 '
' f ' 22 ! 0 ' 2304 : 0 ' 2800 '
‘ Total ¢ C T STt T T
! per 1200 : - -
'1 Block ! ' /

Inboard Flap & Vane Assembly

Tloading | No. of ! Vane Loading Cylinder | Flap Loading Cylinder |
iSequence: Cycles ! "Min Max : Min -Max :
o N S L Y T T T T (Abs), T !
' a : 20 : 0 ' 531 : 0 ' 2268 '
: b ' 66 ! 0 ' 695 ! 0 ' 2966 :

I~ Y ' 14 ! 0 ' 871 ' 0 : 3720 '
: d : 15 : 0 ! 1651 ! 0 H 2437 :
! e : 63 ! 0 v 1906 : 0 ' 2813 H
' f ' 22 : 0 ' 2180 ' 0 : 3218 X
[ ] . ¢ [ ] ] ] 1

\  Total : VT TTTT T T . Tt
! per ' 200 ! .
S | Block : ! Aﬂ> &
200 cycles = 100 flights =‘1 block
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As stated above the test objectives was the
determination of fatigue and damage tolerance characteristics -

¢
of the assembly. Some components use tests for fatigue life

and other componenetg were tested for damage tolerance,
depending on ﬁhe design philosoph§ used. In the case of the
compongnts tested for damage tolerance after a long period of
fatigue testing without any‘visible natural cracking
occu}iﬁgff::;w cﬁts" were introduced at critical loqatiqns,
tp facilitate the crack .initiation. Thp cuts‘yere produdzd
with a very fine Jewwlqr’s saw, approximately 0.008" wide.
Thé intended saw cut depth was in the range of 0.050". TQE
crack-freé period was 72000 flights on the outboard f]ap/\éne
assembl} and 92400 flights on i1nboard flaps/vane assembly. At

these points té@\test was halted and the saw cuts were

introduced. J ~

LY

The objecti@es of the fractographic exmination wete: 1

t; identify the predominant loading spectrum 2 to prqvide
the noecessary data t6 construcl the F.C.P. curves and to
determine the first N.D.T. inspection intervales.

The fractographic techn&ques used toﬁac%icve these
objectives are described in the next paragraph.

With respect to the results of the quantitative
fractographic examination it must be reminded that there is a

basit differentiation between the interpretation of these

results.



In the case of fatigue testing (no saw cuts) where the

"initiation stage plays an important role, the number of

cvcles determined by the fractographic examination was
normalized by a safety factor. Because the selection of

these safety factors were not 1n the responsability of

-Materials and Process Engineering Laboratory, the real values

of the fatigue life and the first 'N.D.T. idspectjon interval

as submitted to the flight safety authorities are not

"presented in this thesis. However, the reader must be

perfectly aware that this procedure was carried out and the
fatigue life of each éomponent was determined conservatively
and was considered to be safe.

In the case of damage tolerance testing compon?ﬁts with
saw cuts' it must be emphasized tha} the fatigue life was
artificially shorﬁ?hed and in real life service we evpect
longer lives tgan those determined in testing.

The entire progranm of~fractograph1é enaminations of the
broken components froﬁ these fatigue and damage tolerance

tests represents an effort which was extended over a

L 4
t

three-year period. Clearly, it is beyond the s!ope of this
thesis to cover all the aspects of this program. A selection
&

of the most representative parts examined during this program

is tabulated in Table 16, and the fracto%iephic analyvsis of

the above parts igggetailed in the following sections.

i



Table 15

N

Representative parts of fractographic examination program.

L4

Assembly

Ref.

Part Nama

Cracking

RepresentatiVe of:

Outboard
Flap/Vane

88

Forward Outboard ~
Lug, Hinge Box
Assembly

Matural

«[dentification of

the Loading

Flap Arm, Hinge
Arm Assembly

0t

Saw Cuts

*[denti fication of
the Loading
Spectrum, -
*Retardation and’
Accaleration

Inboard
Flap/Vam

Vane-Actuator
Cradle Assembly

Natural
& Saw Cuts

*ldentification of
the Loading ‘
Spectrum.
+Comparison Between
Natural and
Artificial (Saw .
Cut) Initiation

Inboard
Flap-Hinge
Box

80

Hinge Box

Natural

+Identification of
the Loading
Spcgtm.

sCrack Front 3
Tunnelling and
Tensile Junping.

The general fractographic technique followed strictly

.

)

-t v - " ——

the principles and the rules detailed in previous gectioﬁs.

Majority of the fractured parts, submitted for.examinatiqp'_

2

exhibited clean fracture surfaces without significant

mechanical or corrosion damage.

As shown in Table 15, the fiap/vaﬁé assembly was

subjpcfed to loading from two sources: flap:loads anq_van%

loads.

S

~

—~

~ N

Due to the assembly complexity, it was difficult to

visualize the interaction between thgse different loads and

-

137 -
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.
their influence on each component. Therefore one of the
major tasks of the fractographié examination was to determine
for each coqpongnththe's;urce of stresses (vane origigéted or
flap orig{nated) in order to ;erify the accuracy of the
theoretical analysis. The source of stresses can be

1

determined based on the identification of,the microscopic
fracture ihprint with the loading spectra. -

The analysis of the loading spectra given in Table 15
revealed that one must expect to see pr different types of
microscopic fracture imprints: )

- One type will exhibit crack advancess due to all

loading sequences (from "a" to "f"). This m%frdécopic
fractpre imprint wiil be produced when the flap loading
Qre;ailgd because the loading succession is SGGL that no
uaﬁor retgrdation effect is expected. Some minor retardation
is expected to be seen between cyele "f" and "a" and between
cycle "c" and "d". A typical microscopic fracture imp;?sﬁ of
this type is shoﬁn.in Figure 73.

) - The second type will'exhibiticrack advances due to
.%oading sequences "d", "e" and "f" only. This microscopic
frapture imprint.will -be produced when the vane loading
ﬁrevaiied be;ausé the highest peaks loading ("d4d", "e", "f")
wili‘hreate a plastic zone large‘enough to retard the minor

loadings ("a", "b", "c"). A typical fractographic imprint of
™)

this type of loading is shown in Figure 74.
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) R Figure 73

The identification of the loading spectrum with the , :
microscopic fracture imprint. The direction of propagation’

is from the bottom’ to the top, -The letters represent the’ :
corresponding sequence (seé Table 15) of the spectrum.- All

-}oad1ng sequences contributed to the crack advance and only

minor retardatlon was found. (Flap loading condition
prevailed).
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The identificatlon of thef}dﬁding spéctfum with the ' ‘ :
l:croscop1c fracture imprint. The direction of propagation . .
is from bottom to the top. The letters represent the ' )
corresponding sequence (see Table 15) of the spectrum. The
sequerices "a", "b" and "c" were almost completely retarded by
the high loading of aeqﬂﬁnce "g", (Vane loading condition
.prevailed).
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"striation count) techniquédwas carried-6ut, following, as

?

After this identification, the block Count (rather than

——

stated before the rules.established in literature.i Two
' L4

speéif}c techniques were developed:

- when the block density was high.and it was not &

~

possible to measure ea¢2 individual block, a general

micrograph at lower magnification was taken and R he biock .

a
¢ s

count was carried out on this micrograph. - N

-
°

- when the block density was relatively low and it was

possible to measure each individual block, this was'done°by

‘using the microscope micrometer. These results were then

v

used in constructing the F.C.P. curves. ‘%' .

The microfractographic heasuremepts were dene in the
metric system because the SEM is calibrated in this system.
. ' . 1% %
A conversion to the American .system was done in 4he building

of the F.C.P. curves. C o o ‘

°

»

. .
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Failed at: 87400 flights " SR

r

A general view of the part as received is shown in

(Figﬁre“75. Thp paré contained two fractures, both originated

3
)

at thg inner‘circumferqnce and propagating outwards. The o

fracfure marked as #1 (upper cr ' originated at the

.r

indicated corner and proph@ateg.diago ally in respect to the .

»

part ®hickness. The fracture plane was smooth and relatively

[+
} . . ;
. \ .
‘ .

“
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flatry Figure 76. The fracture marked as #2 (lower crack)
oriéinatéd from multiple'origins and propagated radially.

The fractureﬁplane was curved, but relative1§'smooth, Figure

77. ’ ' ’ ' , 1

. o - Figure 75 Magnfficationw 1.62x ’
"General V1ew of the Forward Outboard Attacpment Lug, - Hlnge
Box Assembly.
0 = One Origin MO = Multiple Origins
. SR o , ’
r 7 ) ‘
’ , . \ -
. ) RS )
. . # . ’ : -
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- Figure 76

General View of the Fracture #1.
of propagation are indicated.

Figure 77 Ma

General V1ew of the Fracture #2,

o

/

Magnification: Bx )

The origin and the direction

-

gnzflcation. 8x

Multiple orig;ns are

indicated as well ‘as the direction of propagatioh..
. [ =3

0 = Origin :

B P



scanniﬁg electron microscope examingtions’wgre ?arried'
out across both fractures; fhe‘identificatioq of the loading .
speétrumrwith the microscopic frgcturé ihprint revealed that Ay -
the flap loading conditions ﬁre&ailed over the vane loading
conditions and thereforé the_strésses én this part‘were;
originated from flap loading. The microscobie fracturef
impr{ht‘islshown in Figure 78. Aftgr:ideﬁtffication of the
.predominant loading condifibns, a quantitative fractagrapﬁic .
examination was performed.l The resu}t; of this gxamina{ion, o
tabulated in Tables 17 & 18 revealed that a minimum of 25600
flights were necessary to propagéte the crack #1 from the
oriéin to a point lécated appfoximately 7.6 hm from'&he
origin. In the 6a;eiof crack #2, the results indicated that
) 2%00 flights were nec;éséry to propagate the crack from‘tﬁé
origin to a point located approximately 4.5 mm from the.
origiq.l It is evident frog ‘these results that the stress
; . .lével whfch‘generated d}ack #2 was Aighér fhaﬁ the stress
“level which‘induced crack #1. This is alsé substantiated by
the presence of mulgiple origins of *the crack #2 ‘'as well as

the evidence of secondary c¢racking across ;he micromorphology

of crack #2. It must be emphasized, however that in the case

. of crack #2 beyond the positon 4.5 mm a sudden increase in
' the striation density was bbserved.~ This sudden decrease of
» N . , '

the crack propagation rate (and thereby, the applied loading)

cou%d be ,attributed to a possible tr&nsfer of load to other

144 ;
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" This microscopic fracture imprint can be identified with a - ’
. predominant flap loading spectrum. \ .
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BLOCK COUNT '

. Table 17
€L-600, OUTBOARD FLAP, HINGE BOX ASSY, FWD OUTB, LUG, FRACTURE # .
. 1 pist - Block 8lock Estimated Avg.
Pos from Block Count 1 Density Snacing | Numoer of Cumm. dau_ig
B al LI O length’ Mag. Block/mm | x10 Blocks x10
-am of -mm wm/Block mm/cycle
1 | o.4826 |1 0.01M1 - . - m.o I “ 5.48
2 | 0.5588 |6 54 910 - | 99.0 8 52 5.37
3 |osns 1| oomz |- - 17.0 1 53 5.39
4 | 0.87%3 |1 0.0146 . - 146.0 2 - 74 5.92
5 1.419 |4 60 91D - 164.0 KK} 107 6.63
6 1.5%7 |1 0.0283 - - 283.0 4 m 6.92
7 | 2.2860 |3 61 950 - 2140 | 3 146 7.83
8 | 3.0 1 0.0273 - - 279.0 21 173 8.76
- 9 | 3.9878 |1 0.0381 - - 381.0 2% 198 10.07
" o0 | a2 1| o030 |- - 3000 | 12 210 10.46
. 1 | s.2984 |1 0.0558 - - 558.0 16 226 n.n
12 | 6.2458 |1 | 0.0660 . - 660.0 14 240 13.00
13 | 6.6628 |1 0.0672 - - 672.0 6 246 13.54
) 14 | 7.3837 |1 0.0914 - - ‘914.0 8 | 258 1453
15 | 7.5768 |1 0.0939 - - 939.0 2 256 14.80
' 1:otal number of cycles 51200
Total number of flights 25600
.: t ‘
BLOCK COUNT | Tabla 18
) CL60D, OUTBOARD FLAP, HINGE BOX ASSY, FWD QUTB LUG, FRACTIRE #2
. Pas. 2:05:' _B_ank_c:mn"o I t | g::::ty g;:ging ?Elmud Cles. s:;g
Origin +| InLlength | Mag. Block/mm- | x10 of Blocks x1077 «,
i of -mwm m/Block m/cycle
1 |o.s089 | 1 0.208 - : “| 2080 2 2 102.2
2 o.8077 | 1 0.165 » - wso 3 5 80.77
3 frwwo |1 o030 | - - “3%0 2 7 99.79
. ’ 4 2839 [V | 0208 - - 2260 -y 14| 101.42
s |38 |1 0.167 - - 1670 < 6 20 9.08
6 fa4r29 | 1+ | 0.093 - - 92 ? 27 | ™“-s2.83
- 1 |s.nso |3 B 830 - 152 8l 108 | 26.46
8 |5.8M5 | 2 47 . 8% - 283 . nz | 2.09
kY w . ( R ]
. . L3
. . T Total numer of cycles - 224005
A , Total number of flights 11200
A ¢ , ' .
R -4 0
- . : \ -
- " ] 146 .
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compénents of the assemﬁly, and therefore the crack
.propagation rate of the fracture #2 beyogd the position 4.5
mm becqmes_irielevant. As indipated above the total number
of flights necesséry to prd?aéate the qrack up :o 4.5 mm from
the origin was estiméted at 2700 and this number :was taken
into furthér computation/ of the fatigue lifé”

g o

e — e e e i e - i G o w — - ] —— ——— —

.t < Using the data,obtained from fractographic analysis thel

“crack growth curves were plotted, Figure 79.

/

' ' J 76.3 87.4 RST 45 Thru 28

e Fllghts .
| . . - . Ve o] J\-——o
. Do e ae ..&::‘.‘E_"_ : '_.__j IR ,
* X ' '

Crack th N 1-..,.-.-2 R Y/ 5 I 4
[T SESSNSSU S § 3 .E}-’:‘:_,.- -
(inches) R —{- WL A 101,900

[V .
.. |Hin. Crack Length ' K Flights

" lfor WOT . _
|y K

A L .
N : ¥-.

g ‘ I O SR 1Y _.__,:I‘l-l__.ﬂ:l - N
b . Flights (x103)

O - Upper Crack
O - Lower Crack

ﬂ] Figure 79

?/CP curve of the for»{ard outboard lub, hinge box assembly,
W.S. 178.0. _ ¢ ,

.
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The final failure of the comgonent‘océurred in the lbwer
crack gt 87400 flighté. The fractoggpphic examination .
revealed thatﬁa higher stress lavelﬁ;as_applieJ on crack #2
than the‘stre;s level applied on craqk'¥1. These findinfs
helped in elaborating a hypothesis thaé the initial crack
nucléation occured at the upper section (cragk #1) which

propagated for 25600 flights, until the residual strength of

this upper cross-section became smaller than the applied,

load. The complete failure of the upper section produced a

transfer of load to the lower cross-section (crack)#2), where
the crack propagated at a higher rate.than did e crack #1,
until kinal failure of the entire component. Based on this

A

rationale‘%Qgtfatigue cracking initiation moment was

determined by the following equations:

Ner comp = NFFp by
NINIT comp = NInIT,

- NFFy = Npe,~ NPRoP
NINIT coMp = NFry~NPROP,
, \
here Mpp gy Totel number of cveles for complete
P NFFZ § =, Total numbgr of cycles foy failure of
_ cross-section #2 (lower)
NFF]' . = , Total number of cycles for\ failure of

cross-section #1 (upper)

148



Total number of cycles requfred to

N
PROPI propagate crack "#1 (upper)

Wo-

NPR p "Total number of cycles required tp

0 2 propagate crack #2 (lower)

NINYTCOMP = Total number of cycles to initiate kthe
first crack of the component.

)NINIT] ‘= Total number of cvcles to initiate the

cracking of cross-gection #1 (‘upper).-

Substituting the datd one will obtain:

1

NFF(mMP = 87400 (recorded jn the test logbook)
ﬁﬁ%ﬁg = 270b (determined fractographﬁca}ly)
‘.NPROP] = 25600 (determined\f%actographigally)
Therefore '
NFF coMp . T Npr,' = 87400 flights
NFF] = 87400 - 2700 = 84700 flights
NINITCOMP = NMﬂT ].= 84700 -~ 25600 = 59100 flights

Considering a minimum detectable crack size as 0.8 x 10
inches (2.0 mm) one can determine the first non-destructive
test interval (as seen on the curve in Figure 79) as 76300

flights. The F.C.P. curve shows that the failure to detect

the crack initiation will allow another 11100 flights until

"~ final failure of the component.

-
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Faileé at: 81600. flights - . -
, General views of the part are shown in.Figures 80;83.

Visual examinati;n of the part revealed that cracking
hag initiated at the saw cuts 48A and 49A on both the bottom
and the-top plate: No other cracking wés obséfved. All four
cracks were broken open after visual examination, Figure 84.
Visual examination of the exposed fféctﬁre surfaces revealed .

- that fatigue cracking had initiated at all four saw cuts.
The fatigue cracking progaggted‘outwards from the saw cuts
48A and inwards from the saw cuts 49A, respectively.

Scanning electron microscope examinations were carried
ou{ a;ong all fou; fractures. The first step was to identify
-the microscopic fracture imprint and fo'determine which type
of loading was predominant in the crack propagation. This
identification is shown in Figure 8. Based on the rationale

déscribeé in section 4.2.1.2. it was evident that the

microscopic fracture imprint could be identified with a vane

” " ” b " ”

loading spectrum, where the sequences "a", and "c¢" did
not contribute significantly to the crack advance.

ﬂowever, the microscopic fracture imprint exhibited
another important feature: A quite deep step in the crack
advance (approximately 5% of one block advance) had occurred

between sequences "e".and "f". (See Figure 85,

150
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Figure 80 Magnification: .33x

General View of the Flap Arm, Hinge Arm Assembly,

A Figure 81 Magnifiéation; .33x

Another general view of the assembly showing the poslt{on of
crack originated from the saw cuts 48A & 49A.

f
. ey



Figure 82 Magnification: 1.25x%

'

Enlarged view of the damaged area adJacent to saw cuts 48A
and 49A, bottom plate.

-
.

P s . ?‘ -
Figure" 83 Magnification. 1.25%

Bnlurced.view of the danaged area adjacent to saw cuts 48A
and 48A, top plate.
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é§ . , Figure 84 Magnification: 2x //
o ,

- General view oé&the four cracks after breaking oﬁ{i.

, , . ' . Figure 35

( & SEM Micrograph Magnification: 230x
The fracture area immediately adjacent to the saw cut #49A
bottom -plate. (The saw cut is at the top of this photo).

Note the well-defined narrow band (avg. depth 0.004")

Figure 85 is shown“on Page 155
/ ' . L e
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( -
identified with the letter "x"). This step may be consjdered ©
" as the fir;t cycle of sequence "f", however no rationale

could‘be formulated to'explain the sudden acceleration of the

}

crack advance. Several/fe

uncontrolled increasggg;—the load at the?mo)
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) tabulated in Tabites 1L9-22.

) . ’
Scanning electron microscope examindbigg/of the

wfracQures 49A top and bottom revealed also the existance of a
! hs . .

well-defined narrow (avg. depth 0.004") band immediately

' o adjacent to the origins, Figure 86 . The block degsity with&n

LY

this band was evidently much higﬁer than the, block densit& on

the remainder of the tractiire surface. The existance of this’

Ve
“ well defined narrow band and the higher block density witRin

i
it are indicative of ‘an initiaf low stress level.

Subseduently a suddep overload and a higher stress level may

o

be associated in time with -the complete penetra&ion of £he

part cross section by the cracks originated at the ﬂpw cuts

48A. When this complete penetration has Rfcurred, the entire
Ja load would be transferred on the side which contained the

cracks originating at the saw cuts 49A.
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: ' ngure 85 - .

~

Showing a microscopic fracture imprint typi al of vane
predominant loading sﬁﬁctrum.
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) tﬁ - 5 . E ~
N - A
0 { L
- . : 8LOCK COUNT g
- ’ ) Table 19
CL-600, OUTB, FLAP, HINGE ARM ASSY, FLAP ARM - SAW CUT 48A TOP ’
. lorst o "'Block Block . |Estimated tvg.
Pob. from Block Count ’ Density Snacfqu LNumber of} * Cusm. dg/o‘g
Fiorigin In length Mag. Block/mm | x10° Blocks ‘ x10~
et e Lo} In len3 mm/Block ‘ra/cycle
of -mm _—
1 0.0635 | 1| 0.0279 - - 219 2 2° .|' 15.88
2 |oasrs 1| o.0258 | - - ‘256 | 4 6 1303 7
3 Jo.2%2 |1 o0.0432.{ - 7 32 |- 8 14.76
e 4- | 0.3429 | 1| 0.0432 - - 432 2 o, | . "
® 5 0.4267 | 1| 0.0406 - - -406 2 R 17.78
6 0.5537 | 1| 0.0584 - - 584 ] 14 7| 19.78
. 7 0.7569 | 1| 0.0859 - . T 559 ~ |4 18 21.03 -
I 8 |o0.8382 | 1| o0.0682 - - 682 1 19 .06 o
. v <l . _ Total number of cycles 3800 -
N - ,Total number of flights 1900°
' . " Depth of Saw Cut = 0.0477 -
- : . <
P . - ’
3 3 “ B .
T BLOCK: COUNT ’ .
. . L « *  Table 20", .
. . CL-60Q, OUTB FLAP, HINGE ARM ASSY, FLAP ARM, SAW CUT 49A TOP -
. Ipist 'Block Block |Estimated .| Avg.
Pos from Block Count Density Spacing | Numoer of Cum, | das .
0%+ | origin In length Mag. * |Block/em | x10-4  |Blocks * xl0- . ,
o : . T" of ~mm . #lBlock | | | em/cycle .
‘ / ‘1, jo.0812 |3 13 75 525 19.0 43 ~43\/£ 0.94 )
-2 |o,0651 |1 Jo.0%00 - - 330.0 3. 46 N 1.79 :
P 3 |6.2387 |1 [o.0355 - - £ 365,0 2 48 2.49 °
4 |o.4546 |1 [0.0549 - - 549.0 "4 52, 4.37
5 {0.6705 |1 |0.0457 - - 457.0 5 57 . 5.88
. 6 |o.6908 |t [o.0533 - - §33.0 1 s6- | _5.96% -
7 |0.%804 |1 |0.0454 - - 454.0 6 - 64 .66 .
& 8 |1.09%8 . |1 Jo.0sB4” - - 584.0' 2 66 8.33
. - 9 |i.e992 |1 lo.0762 - - 762.0 8 - 74 11.48
] P 10 [r9e0s5. 1 oloore2 . | C- - 762.0 3 7 12:60
¢ "N 243420 11 f0.0813 - " 813.0 7 s L1 - .
12 §3.1597 1 jo1143 - . 1143.0 6 %0 17.55°
. - 3 '
) s ’
' Y , Total number of cycles 18000, v
A - L Total nuwber of flights 9000 :
. i '3 \ - .
| . . . , ) ( Depth of sépcut = 0.041" .
. -‘/,—//f__\-\‘ ﬁ o
,/ - , ; : ’
4 v ral \‘ - - - 2
1 1 “
i N ,.. L3 LY L] !
;' N ~
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BLOCK COUNT

) o L Table 2V .
CL-600, OUTB. FLAP, HINGE ARM ASSY. FLAP ARM - snu'um* sortow ~ * a
loist . /816K B10ck  [Estimatpd Avg.
Pos. | from Black Count Dens ity JSmgng Numoer Cumm. dugg
origin L T n length Hag. Block/m x10 Blocks x10
-m of -m mm/Block m/cycle
1 |o.038 |2 n 500 58.06 172.2 2 2 9.53
2 |o.2006 |3 72 8s0 .40 |l .| s 8 12.54
3 |o0.32726 |1{ o0.03% - - Jawz | 4 12, | 13.68
4 o}.sus 1| o0.0508 s 1 - 508.0 6 18 17.07
5 0'7816 |1 0.0584 O 584.0 2 20 18.54
6 |1.0033 |- - - - 584.0* | 5 . s 20.07
LY + .
" *Assumed " Total number of cycles 5000 --?
Total number of flights 2500
Depth of saw cut = 0.048"
- %
- s .
Y BLOCK COUNT
' . Table 22
CL-600, OUTB. FLAP, HINGE ARM ASSY, FLAP ARM, SAW CUT 49A BOTTOM
Joise R 'Block Block { Estimated Avg.
Pos from | Block Count . Density SMST Humber of Cum. \0:6-
* lorigin .| In tength Mag. BTock/mm x10 '8 ocks :“/ el
. -m of -mm . mm/81lo , ] cy
v | oaesz [ee) 65 910 336.0 29.7 % 35 1.50
.2 |o.2%m |2 56 910 2.5 | 017 6 | & 2.88
3 | 0.4398 | 1] 0.033% - - 330.0 6 47 4.67
s |o.55 |1]0.038 - - . 381.0 2 a9 5.26
s |o.coss |1]o00esr |2 - 45m® 2 51 '5.93
6 |o0.7m162 | 1| 0.0558 ’. - 558.0 2 53 6.76
7 | o0.8077 | 1] 0.038 - . 381.0 2 55 7.34
8 | o0.9575 | 1] 0.0482 - - 482.0 3 58 8.25
9 |1.m25 | 1] 0.0660 - Y- 660.0 3 61 9.12
10 | v.aa78 | 1] 0.0857 - - 457.0 7 68 10.65
n | 1.6016 | 1] 0.053 . . 533.0 5 7 .59
12 | 23002 | 1] 0.1193 - < - 1193.0 5 78 14.75
13 | 3.0099. | 1] 0.1520 - - 1520.0 5 83 - 18.13
. Total nudm'- of cycles 16600

. Total number of f1ights 8300
- o

Depth of the saw cut = 0.043"

>



cycIeQ necessary to jﬁitiafe the first crack could be

4

. ;

determined by employing the formula:

-

- - ——— o> - ] - ——— o amt v B o oy T e e = . —

—— - — - — —— o — e e v e e S M —————

The crack growth curves for all fkﬁr‘c[gcks are shown in
Figure8'87—88u Based on the'fractogréphic examination
findings it was cqpcluded that each pair of crack starfed

more or less simultaneously ana thérefore the number of

-+

¢

-

oo MiNrT=Nee-Nerop

.
8
1

where NiNIT-z total cycles neceésary to initiate the crack

Ll

NEF" ~ to*ph‘dumbg;‘of ébplied cyple§ fo final

. N t ¢ / *
failure , - w o T

» NprOP number of cyéies necgssary'to'pfopaﬁaté thé
‘ . crack . - S :
LIn‘tag case of both 484 'and 49#<"top” cracks °

I

' Nppop. = 9000 flights &
Npp = 81600 flights s ﬂ
G (w
Therefore e .
w [y , ) N ) ‘ A
-" . . . - b
NINIT = 81600 - 9000 = 72600 flights

‘Using a minimum detectable crack size of 0.075"‘i==2mh), the‘

A}

first NDT inspection'intervai can be determined a§.76700

another 4900 flights to.tetal failure of the component.

4

flights. Failure to detect the crack initiation will allow

-t

s
4
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In the case of both 48A and 49A "bottom™ cracks

NPROP . . ' “‘") ‘ “l ‘/;‘--‘

Neg ' = 81600 flights p

8300 flights

Therefore . L Y

NINIT

‘ .
8160%3— 8300 = 73300 flights
Using a minimum detectable crack size of 0.075" (=2 mm); the

first NDT in;pectiod interval can be détermined'at 76200
flights, and anpther 5400 flights can be performed befoare
final failure of Ehé component.

' It must be emphasized that the real life of this
compo;ent may be longer if one accounts that 511 {ouf\éracks
griginated from saw quts approximately 0.050 inches deep,
thch were introduced in the component after 72000 crack-free .
flights. This is al§o conf}kmed by the F.C.P. cu;@es from
Figures 87-88 which revealed that even after the introduction
of the saw cuts the crack growth rate stays relatively hflat"
and begins taﬂincrea;e only after fhe crack reaches‘l .
0.047"-0.048" in depth, which seems to be the critical crack

size for this comﬁonentﬁgnd these particdlar"loédiﬁg

conditions.
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. O- Crack #5.2
O- Crack #h.
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Figure 87

F.C.P. curves of the flap arm, hinge arm assembly, W.S.
20.0, bottom cracks 48A (crack #4.1) and 49A (crack #5.2).
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Figure 88

F.C.P. curves of the fiap arm, hinge arm assembly, W.S.
220.0, top crac'kg 48A-(ecrack #4.2) and 49A (crack #5.1)
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4.3.1.5. Inboard_and_outboard sidsﬂall members

—— e — —— — ——— — - —— —————— . = —— e a— — el —  — - — -

——— el i e = —— —— — —— i ———————

Failed at 119000 flights

A general'vie. of the damaged assembly as received is
shown in Figure 89. Visual examination revealed two cracks,
one located on the inbéard ;idewall member and the other one
symhetnically located on the ou%board sidewall member of the
cradle assembly{ Figure 90; : .M ) : ’

Both crécks were broken open to expose the fracture
faces. Visual examination of the outboa;d gember fracture
revealed that fhe fatigue cracking origina%ed at saw cut #40
from mul?iple origins, and pfop;gated diagonalfy through the
member thickness, Figure 91. (As specified in sect{on
4.3.1.1. the saw cut #40 has beeM introduced after 92400
crack-ifee flig%ﬁs).‘The fracturg }Tage was inclined
approximately 45 J; in respect to thg ;aw cut, indicating
that the~P1ane stress~cdd&i&iins vgyé/

- . ,
fatigue morphology covered an extensive area of ‘the cross

<

'predominant. Typical

section, and only a narrbw band immediately adjacént to the
outboard side of the member-;xhibitéd a shear lip. The
fatigue pracking of Fhe inb;ard.member originated-at a
symmetric position to thé fai;:jf cracking of the oufboar%
membgr, but did ;ot initiate om a saw cuf. Visual

examination of the fracture revealed the existence of two

. separate fields of propagation each having its-own

‘

i
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Figure 89 Magnification: .33x
General view of the cradle assembly as received.
?
o Figure\SO Magnifjcatipn:,l.gﬁk
L ,Enlarﬁed view of the cracked members (indicated)

162 - - S



Cana

initiation. One field "Pa" had initiated from multiple
origins located adjacent to the corner of the inboard side of

- .
the member and the upper face {symmetrically oriented '%s saw

cut #40). The fatigue cracking which initiated from fhese

-origins subsequently propagated parallel to the inboard sideﬁ<

up to a central ridge, Figure 92.

v

- " Figure 91 Magnification : 13x
General view of the outboard sidewall (0S) membef. Saw .cut

#40 is at top right corner.” The direction of propagation is
indicated.
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‘Figure 92 ‘Magnificatioﬁ: 13 -~

General view of the inboard sidewall /IS) member. *The
origins and the directions of propagation»are indicated.

The second fatigue field ("Pe") had initiated from
pultiple origiﬁs located on the inboard Side, adjacent to the
central rnge. The directioﬂ of propagation was
perpeﬁdicu]ar tolthe inboard side, Figure ?3. Scanning
electron pivroscoee!psamination carried out across both
fractures revealeﬂ that vane loading conditions prevailed:
‘the microscopic fracture imprint was similar to the one
described in section 4.3.1.2., Figure 74 (i.e. no significant
: ‘crack advance due to sgqﬁgnces "a", "b" and "c" of the block
loading spectrum). THerefore the stresses which initiated

Y . 1
b

and propagated the fatigue ocracking originated from the vane

loading.
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Qualitative fractographic examination revealed in the
case of the fracture o;iginated at saw cut #40, a fatigue
morpholog§ typical of relatively high stress concentraiion
level zsecondary crgiking, and tearing). In the case of the

inboard member crack, the fatigue morphology was typical of

low growth rate regime (cleavage like morphology: which is

indicative of a lower stress level. )

3

Quantitative fr?ctographfc examinations were carried out
across both fractures and the results are tabulated in Tables
23-25. These results indicate that, in the case of the
fracture originated at the saw cut #40, a minimum of 17500
f]ightsﬂwere necessary to propagate the crack from the bottom
of the saw cut, to a point located approximately 3.7 mm from
the origin. In @he case of the fracture of the i1nboard
member, both fields "Pa" anq "Pe" respectively required a
much higher number of flights to propaéate the crack from the
surface of the member: B3800 flights to a poi?t located at
approsimately 3.05 mm from the corner (field "Pa") and 76600
flight§ to a point located at approximately 1.7 mm from the
inboard side (field "Pe"). It is considered that field "Pa"
iﬁitiatéd and propagated before field "Pe". The injtiation
and propagation of field "Pe” could be associated with a‘
shifting of loads, possibly as a result of the~complet€

fracture of the outboard member.
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_ BLOCK, COUNT Table 23

CL-600, INBOARD FLAP, CRA SsY, burqonno UPPER SIDEWALL MEMBER SAW CUT #40
) - 8lock Block Estimated ) Ava.
o] drom | moorcomt |y, | S | e | ML, 0| S0
r1gin W—QTE2W v mm/Block mn/cycle
. _ mm 1.
' 1 lo.s3ss | 1 0.0127 - - 127 66 66 6.33
! 2 [o0.9am [ 0.0127 - - 127 9 75 6.32
3.01.2675 | 0.0177 - - 77 18 93 | 6.8
4 2.1641 1 0.0228 - - 228 39 132 8.20
5 ig2.%2 | 0.0254 - - 254 8 140 ! a.uo
6 ,2.302 ) 1 | 00219 ! - - 2 1 141§ 8.48
7 o12.6772 1 0.030 ¢ - - 30 o 9 150 8.92
T 8..3.1978 , 1 | 0.038 - - om 14 164 9.75
; 9 3447 0 1 0.0432 - . 3 ‘432 f 6 170 10.12
10 3.7084 | 1 | 0.0508 2o b0 s A7 10,60
| \ | | ‘
: Total number of cycles 35000

Total number of flights 17500

Saw Cut Depth = 0.060"

oo BLOCK COUNT Table 24

. CL-600, INSOARD FLAP, CRAILE ASSY, INBOARD UPPER SIDEWALL MEMBER, FIELD “PE*
N . st ) ] ¢ g::?i(ty g;‘:g:kng ﬁﬁzim ‘Cumm. 3:/0&'1
L ortain | e Titenger—| M- Block/m | rvetock | °F PO :t:\(/’;ick'
~mm of -m ’
i ® : <
1 |o.266! 8 9 8200 1682 5.9 “o 440 0.3
2 o223 8 1000 | 1500 6.7 % |swe | 0.
3 (oxsosl2 | 10 wo |, so |12 3 547 0.32
s o.mol ? 3 4000 g8 | 1.8 54 601 0.3
- s !o.a978 !4 2 4000 121 | 138 61 662 0.88
6 | 0.6629 .6 40 2000 300 B3 - 50 ne 0.47
7,TM%s 1 0.003 . - jwo o2 T oo,
8 . lam 1 oo g - - hme 5 179 ! o.m
9 Cwemy - . L. - 177.00 27 " 766 .09
' *Assuned , i Total number of cycles 153200

: ‘ l ' Total number of flights 76600
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¢ BLOCK COUNT Table 2%
CL-600, INBOARD FLAP, CRADLE ASSY, INBOARD UPPER SIDEWALL MEMBER, FIELD “PA"
bist . lloc: g;o:i 5::;:at-d . ::7.‘
H ‘1 Dansity scing r r N
os.| from _Block Count - Yock 10
Origin | Mo 1 TaLength— | ™9+ | Block/m R L oLy S
- of -m :
v} 0a2ea] 9 21 4000 17ia 5.83 213 a3 0.29
2 | o0.3937 13 6 1875 9.5 25.00 108 2 0.6
3 (04N 8 3800 | 500.0 . 20.00 LY 8 0.68
4 | 0.6909] 5 20 1950 487.5 20.5 109 467 0.74
5 | 1.Me2| 7 % 1950 . | 3.2 26,37 249 ne 0.94
6  1.®M0| 7 &5 3900 606.6 16.48 N w 0.94
7 D aaas | 0.0127 - - ?/ 121,00 58 s | 1.3
8 2.3%B |1 0.0254 . - 254.00 (] 813 “_
9 25461 | o0.003 |- - 0000 |9 822 61 N\
10 27061 | oo ! -° - 271900 , 8 - 8% 1.65 \
n 3.0429| 1 | 0.038 - |- 8.0 | 8 lm 1.82 )
' + ‘ * } . ‘

. Total number of cycles 167600
Tota! number of flights ' 83800

showing the perpendicular propags ions'of‘fiel.ds "Pa" and
"Pe". i " R -

.
)
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4.3.1.5.1. Determination_of fatigue_cracking initiation_and

e mL e e e e S e e o Wt e e o e e e e o) o e i i o e e Ml e R A A n e - o

<

N.D.T. inspection_intervals -

- ol - - - e o o — v —

The F.C.P. curves are shown in Figure 94. The moﬁent of

fatigue cracking initiation can be determinéd.from\the

- . -

y

NFr - Nprop
119000 flights

NINIT

NFF
Npgp  for field Pa = 83800
NINIT 3 119000 - 83800 = 35200 flightéa‘

Based on a mjnimum inspectable crack size of 0.10" ( 2.5 mm)

the first N.D.T. inspection interval was established at 99900

«muiﬂigh&s. The failure to detect it will allow another 19100

. - .
flights before the final failure of the component.

4.3.1.5.2. Discussion_regarding_the_fatigue_crack closure

R - L R - PR gy - PR A AN~ B -—— e o e~

-— e - -

This particular test was considered to be representative

e

of the crack closure effect on the F.C.P. If one

extrapolates the F.C.P. curve generated from the saw cut, it

is clear.that the F.C.P. rate of this crack is highe; than
the F.C.P. rate for the crack initiated without the saw cut.
This is a confirmation of Elber’'s crack closurg.pod;] (see
’section 2.3.1.2). -As'shown in this section, it was

determined that i%ﬁthe case of real fatigue cracks the -

plastic zones left in the wake of the crack tip have a

tendency to decrease the crack opening di?p1€E€Eent and
\ 3

i 3

\

N /l
M .
.
. )
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therefore to decrease the F.p.P..rateﬂ*;hence whén‘conparing
a fatigue crack intiated from a saw,éﬁt,“wgth a fatigup craék

initipted"without the saw cut, one must expect to see
) [ 4

({according to this theory) higher F.Cfﬁ.’rates in the fatigue

cracking initiated frof 'a saw cut. 6ur.findiﬁgs,’inathis

particular component confirm this‘hypo{hésis: a

~u
S 92.47 .
RET #4 109.9 -
asT 42 .
— e . PO N RET 43 thru b8
RST 01| msT &3 9.9 o 11%.0
A 20 | ‘ Y - = = -- - )
. . , , ’
\;‘” p ‘ :. .
£
-
. 2 w
- - -l
) 3 = v
Crack Length ua‘_cucUOﬁeh_!o;_ _
: 3 NDT Imspectability ™ :
(x 10-4) )
L4

l:z" 400
rilights

L

1 (xaches) 8

\

i

A

- . , Saw Cut

(1/8 Upper Sidewa

Fallure

a

- x2 M 59.2 e oK. m 1014 .2
Piighes (x 10%)

O - Crack #11
O - Cravk 022

A

- )

~

. Figure-94 . "
F!CjP. curves of the Qane actuqﬁorﬁc§ad1e assembly initiated
at saw cut #40 (crack #2]) and without saw cut (crack #22}.

~
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\ 4.3.1.6 Inboard _flap,_ hmgj ox, W.S. 76.50

—— e —— i - — — -—.—.—-—_-.__..__

Failed at 67800 flights
Atgeneéal view of the.damagedﬂassembly‘as received in
\ ~the La;oratoﬂytgslshOWh in Figure 95. Visual examination of
" the fractures‘rpvealéd the‘origins'and ﬁhé directions of
propagatiqp, F{gure 96 and Figure 97. fiﬁ fatigue g}ackiﬁg
had_initiated on both components at the rivet” holes }ocated

<« /
on the lower side, and propagdted first diagonally in respect

to the lower side and subseqqeﬁtly‘albng the outboard and the

inboard sides, respectively toward the upper side.

. . N
/}/ ’ Scanning electron miccroscope examinations werercarried
. Lt » \‘
" . - . » L
sout - acraqss ‘all four fractures. The identification of the

loading spectrum with the»microscopic fracture merint,
\
'y

m

Figure 98" revealed that the flap loadlng condlgions
\preéam1nated ove;sthe vane load1ng conditions. The

examiﬁtiiéa of the microscopic fracture imprint reveéled th}‘

5 6ﬁt gf’S.sequences of the bdock contributed to the créck
s : ' -

3

) . . .
advance. However, the sequence "a", seems to be retarded by
4 « ' 0

the higher loads of érevaously applied sequence "f".

»

) ‘Theé qualitative fraqtographic examination suggested that
/ *

the fatigue, crack1ng wa§ first initiated probably on the:
outboard hlnge from the‘iowar side rivet hole and prop&gated

diagqna]}y along the lower ‘side . in both directions A#n ~out"”

¢

ind “out in". "No ev:dence of crack fronhwtunne111ng was

’

" found. The fa*xgue cracklng of Phe 1nboard hinge was .



* t !
[

‘ v
4
’ 1' ) . 3 ‘l \’ 13 " ‘ '
Figure 95 ‘Magntflcatlon:ith !

,Genéralxviéw of the damgged‘assqhbly,és received. g

LOWER SIDE ;

‘ ) .
("

e Figu?g 96 Magnif1catxon,,lf44x

Geneﬁal v1ew of the frgbtures. (see Flgure 97 ﬁor deta1ls)
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Figure 97

Sketch showing the general morphology,_origins and the

fatigue crackihg directions.
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\} . - Figure 98
o g"@ ]
Showzng a typical flap predominant loadxng spectrum
m1croscopic fracture imprint. .
. “ .
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initiated somewhat at a later stage, and‘propaéated‘in a

¢

similar nanner;' Adjacent‘to tﬂe corniﬁ‘offfﬁé'ioder sidewand,
the outboard side (in 'the outboard hinge) and tﬁe{ipboard
side (in the inboarq hlnge),:§gspec€ively.‘the fatigue
morphology changea into a mixed mode of coarse,faﬁigué ‘
striations and Overst}ess rupture. %he fatigue cracking

front changed its orientation ag well, from "diagéﬁal" to the

P f N

. lower s&de to "perpendicular" to lower side, wifh evident
( s ] i ‘
signs of front tunhelling. The fracture morphology along the

lateral sides of the assembly consisted of alternate zones
™

conta1ﬁing patches of, coarse fatiéue ptriatiobs, followed by

tie]ds with a tybical overstress fracture morphology.
A [N ’ .

Quantitative fractographic examinations were carried out

,along the.fracturgs of the lower side, from the origins to
. N . .

positions located approximately at 6 - 7 mm from these
.. ® cu s S
origins (see Tables 26-29). No quantitative fractogrpphlf

examinations were carriéd out along the fractures of the

outboard and inboard sides because the evideﬂfe of the crack
i ¥ ’ .
-~ front tunnelling: moreover the alternative patches of fatigue

striations and overstress rupture, indicate an instability of

the craék front which make the computation of the crack

‘

growth\rqre irrelevant. ‘The extent of &hese‘alternative

?

zones of fat{gue and overstress }upthre was measured and the

‘approximative rq;%gts are indicated in Figure 97.1
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examinatipn are shdwn in FPigures 99-100. The fatigue
cracking initiation couid be determined bv using:the simple
formula given in previous sections:
Ninit. = YEFT Nprop
- for inboard hinge the earliest initiation was

estimated to occur on outboard-inboard prqpagafion and

tﬁerefbre
N e = 67200 flights R “
NPROP = 19300 flights . ‘

- for outboard hinge the earliest initiation was

estimated to occur on inboapd—outboard propagation and

‘therefore )
| Npr = 67800 flights
, Nppop = 21600 flights
| NiniT 67800 - 21600 = 46200‘°f1q_ghts

"Consigering a. minimum detectable crack size of 0.08
inches (=~2 mm) the first N.D.T. inspection must be
carried-out at 59000 flight; for the outboard hinge and 56900
flights for the inboard hinge; Fa%lure to dgifgk these .
cracks will still ailow 4300 flights until the outboard hinge

will reach the minimum residungstrength and 5700 flights,

B/ o .



respectively until the inboard hinge will reach the mini&um

4

residual strength.

pP—g =~ PR T g P P la o =~ gho VR LT 2 -
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The mode of failure of tﬁis component/exemplifies very °
. /
well the phenomena of crack tunnelling and the phenomena of
tensile crack jumping as has been described by Forsyth {40 ,

41] (see section 2.3.2). The fractographic examination

revealed that the fracture on both outboard and inboard hinge

élong the lower side, propagated on a flat plane, which was

indicative that the plane strain conditions predominated.

Along théée'fréctures no signs of crack front tunnelling Qere
2 \ .
observed. Taking into acco“ql the small thickness of the

-
component as the crack penetrated deeper, the plane stress

™~

conditions are expected to become predominant. As the L

d

transition from plane straiq‘to plane stress occurs, the i
plane stress plastic zones @oéated at the specimeﬁ ;ide walls
(see Eigure 10) Eecome larger and therefore the am§uht of
energy used to create these plastic zones incre#ses as well.
The crack needs less energy to propagate in the middle of the
specimen than near the eﬁges and hence the crack propagates
faster in the specimen centier. Fractographic examination

confirned‘indeed the existanée of tunnelling as the crack

propagates along the outboard and tﬁe-inboard sidz.\The crack

- . Cd . . ) R tl

v - _ ) ]78 ‘ -



front assumes a curvature which becomes‘increasingly sharper
as the crack grows deeper. As Forsyth predicted when the

curvature reaches a critical size, the ratio\L}lka’= crack

depth and’1= total length of the crack front) becomés smaller
than the equilibrium ratio and therefore tensile Jumping is

~ expected to occur. Fractographic examination conférmed

\
-indeed the existance of overstress rupture morphology which

is i1ndicative of tensile Jumping ‘see Figure 97) along the

]

inboard and the outboard sides of the component.
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The experimental work was carried out at Canadair Ltd,

Materials and Process Engineering Laboratory between '

- 1981-1983. Two programs are presented in this thesis:

of quantitative fractographic examination as a reliable
method to determine the extent of thé propagation stage of
specimens subjefted to fatigue loading. This prograﬁ was
conducted on ASTM - standard specimens using ; constant
amplitude loading spectrun.

This experimental program proved the following:

a) Quantitative fractoéraphic'examiqation is a practical

—

method of détermlning the crack growth rate.

b Quantitative fractographic examination provides more

- ~

accurate data than the macroscopic monitoring of the crack
during testingé A good example of this accuracy is

illustrated in the case of 7475 Aluminum Alloy where the

[}

prgnobnced tendency of this alloy for crack tunnelling

produces a much S]OWB?WCf8C$ growth on the inspectable sides
!
of the specimen than in the center of the specimen, and \

therefore the macroscopic crack growth rate is lower than the

real crack advance. =

’

c) Determination of the stress intensity factor AK using

quantitative fractography and the Bates and Clark equation

» provides data which are in the same range as the stress

y ,"\___

/

-3



~

Jﬁroauction parts and the loading spectrum was of a block-type

analysis eguations. Moreover, for the regions close to the
origin, qugntitative fractography provides more accurate data

than macro{sopic observations.

[N - A k]

Program\)é Basically this proé%am consisted of the

findiﬁgs of the failure analysis investigations carried out

. during the Qhallenger c1600/601, fatigue Qnd demage tolerance -

tests. For the purpose of this thesis four components from
the flap/vane assembly were chosen. The parts were real
designed to accurately represént typical missions of a -
business jet airplance.

This experimental program proved the following:
a' Quantitative fractography is an alternative method to
construct fatigue crach growth curves; particularly in

situations where macroscopic crack growth monitoring during

the test is impossible or cannot provide the necessary data.

Based on thé results of the qyantitative fractographic
exanination of these aircraft components the fatigue cracking

initiation moment was estimated, as well as the first N.D.T.

inspéction intqrva].

b)) In cases wherg a complicated loading system is involved,

qQquantitative {ractography is the only method that can .,

identify the source of loading for a speﬁifié,component.

c) Quantitative fractography was instrungntnl in determining

the effects of retardation and acceleration of the c?ack

1’ “
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. d) A compar1son between fatlgue crack1ng initiation from a

saw cut member and from an uncut member conflrmed the effect

of fatigue crack closure phenomena. . o

- - e) The effggis of éraék'front tunnélling and tengile'jumping

£l

were studied.and appeared to cppfirm_ihe th;oretical

X «
v o = -

hypothesis. .~ ) " ’
:f) The numeriﬁai resulis of this experimental program,

together with the F:éqP. curves and addit{ona{yinfornation
sucH as: fatigue cracking initiation moment and the fi;st

H

N.D.T.,inspection interval formed a qprt of the official
. * .

1

submission for éertifiea{ion of the CL-600/601 Challengerl\
large body businéss éirplané to flight safety”authoritieSain“i
A | . . . , ; "
Canada ‘MOT® and Unjited, States (FAA . ‘ g
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